Neuropsychological and neuroimaging
findings in traumatic brain injury and
post-traumatic stress disorder

Lisa A. Brenner, PhD

Advances in imaging techinology, coupled with military
personne! returning home from Iraq and Afghanistan
with traumatic brain injury (TBI) andfor post-traumatic
stress disorder (PTSD), have increased interest in the ney-
ropsychefogy and neurobiology of these two conditions.
There has been a particular focus on differential diagno-
sis. This paper provides an overview of findings regarding
the neuropsychological and neurcbiological underpin-
nings of TBE andlor PTSD. A specific focus (s on assessment
using neurcpsychofogical measures and imaging tech-
nigues. Challenges associated with the assessment of indi-
viduals with one or both conditions are also discussed.
Although use of neuropsychological and neuroimaging
test results may assist with diagnosis and treatment plan-
ning, further work js needed to identify objective bio-
markers for each condition. Such advances would be
expected to facilifate differential diagnosis and imple-
mentation of best frestment practices,
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ai. e goal of this publication is to briefly summa-
rize meuropsychological and neuroimaging findings
among adults with fraumatic brain injury {TBI) and/or
post-traumatic stress disorder (PTSD), and highlight cur-
rent thinking in the field. Tables have been used 1o con-
solidate evidence. The existing data is vast, and complete
discussion is outside the purview of this paper, Readers
are encouraged o review publications noted for further
discussion of specific areas of interest,

Traumatic brain injury (TBE

Diagnostically, to have suffered a TBI one must have
experienced an event (eg, motor vehicle accident, fall)
which resulted in a structural injury to the brain or a phys-
iological disruption of brain function {eg, alteration of
consciousness [AOC], loss of consciousness [LOC]). TBI
severity is classified according to the extent of injury to
the brain or altered consciousness post-injury, not to the
severity of sequelae reported or observed. See Table I for
further information regarding classification of TBI sever-
ity. Secondary to a cascade of cellular and molecular
events, primary neurological injury associated with a trau-
matic event can also cause progressive tissue atrophy and
related neurological dysfunction. Ultimately, such
processes can result in neuronal cell death (secondary
brain damage).! Cellular mechanisms that modulate
pathophysiological and neuroprotective processes appear
to contribute to the nature and extent of damage post-
injury.’ Diffuse axonal injury (IDAT), preferential multifo-
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Selected abbreviations and acronyms

ACC anterior cingulate cortex
AOC alteration of consciousness
Loc loss of consciousness

MRI magnetic resonance imaging
OEF Operation Enduring Freedom
(HF Operation Iragi Freedom
PCS postconcussive symploms
PTS posi-fraumatic symploms
FISD post-fraumatic stress disorder
TBI trawmatic brain injury

cal involvement of myelinated tracks, often occurs and
can be related to the primary injury or secondary brain
damage. As the severity of the injury increases, so do find-
ings noted on imaging and neuropsychological measures.?
According to the Centers for Disease Control and
Prevention, approximately 1.7 miltion people per vear in
the United States sustain a TBL* Most injuries incurred
by civilians and military personnel are mild in nature.*®
That is, the associated AOC immediately following the
injury is limited (eg, I.OC less than 30 minutes).
Individuals serving in Traq and Afghanistan are sustain-
ing TBIs secondary to blast exposure.’ Reported esti-
mates of TBI vary between 8% and 23%.%¢ Blast expo-
sure can result in TBI via multiple mechanisms including:
(i) primary blast—injury caused by the overpressuriza-
tion wave; (ii} secondary blast—injury secondary to
object being thrown by the blast towards the person; and
(iii) tertiary blast—when individuals are thrown and
strike objects. Additionally, some explosions are accom-
panied by electromagnetic perturbations which result in
“small” and “brief” radiofrequency impulses.” The phys-
iological implications of these impulses in unclear.” In
terms of the overpressurized wave and brain injury, the
primary means by which blast energy (ransduction occurs

%
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remains a topic of debate. Potential hypotheses include:
(i) transcranial propagation; (ii) the vascular system; and
(iii} cerebrospinal fluid entering the foramen magnum.’
Injuries noted post-blast exposure include edema, con-
tusion, DAL, hematoma, and hemorrhage*

Clear evidence exists regarding the relationship between
injury severity, impairment (eg, cognitive) and functional
status In comparing postinjury neuropsychological
test performance among individuals with moderate and
severe TBI, Bercaw et al" identified a pattern of perfor-
mance which suggested that scores at 1 year post-reha-
bilitation predicted functional outcomes at year 2.
Whereas most individuals with a mild TBE return to
baseline functioning within one year, between 7% and
33% report persistent symptoms.”? Regardless of injury
severity, one of the most frequently reported symptoms
posi-TBI is cognitive dysfunction (eg, memory prob-
lems).™ Particularly among those with mild TBI and
persistent post-acute symptoms, there is often a discon-
nect between subjective (eg, self-report) and objective
markers (eg, neuropsychological test performance) of
such dysfunction. Nevertheless, among those with mild
to severe TBI, observed cognitive disturbances have
been linked to poorer psychosocial functioning (eg,
return to work).”

Post-traumatic stress disorder (PTSD)

Postdeployment, military personnel are also reporting
posi-traumatic symptoms.” To meet criteria for PTSD an
individual must be exposed to a psychologically trau-
matic event which facilitates the onset of persistent symp-
toms. These symptoms must also cause significant distress
or impact functioning. The Diagnostic and Statistic
Manual of Mental Disorders, Fourth edition (DSM-IV)©
defines a “traumatic event” as one in which “(i) the per-

TBI severity
Criteria Mild Moderate Severe
“Structural imaging - " Normal Normal or abnormial Normal or abnormal
Loss of consciousness 0-30 minutes > 30 minutes and < 24 hours > 24 hours

Alteration of consciousnessimental state**
Post-traumatic amnesia '

. .- 0-1day
Glasgow Coma Score (best available score in first 24 hours)

A moment up to 24 hours

" 13t 15

> 24 hours; severity based on other criteria
>1 day and < 7 days -
91012

> 7 days
<

Table L Departments of Defense and Veterans Affairs consensus-based classification of closed traumatic brain injury (TBI) severity™ ** Alteration of
mental status must be immediately related to the trauma to the head. Typical symptoms would be looking and feeling dazed and uncertain
of what is happening, confusion, difficulty thinking clearly or respending appropriately to mental status questions, and being unable to describe

events immediately before or after the trauma event.
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son experienced, witnessed, or was confronted with an
event or events that involved actual or threatened death
or serious injury or a threat to the physical integrity of
seif or others; and (ii) the person's response involved
intense fear, helplessness, or horror” (p 467). PTSD
symptoms are clustered info three categories including
re-experiencing of the traumatic event, avoidance of
trauma-related stimuli and/or emotional numbing, and
hyperarousal. PTSD has been conceptualized as a disor-
der of fear in which the individual has exaggerated fear
responses or the inability to control fear responses.™ It
has also been described as a disorder of memory., in
which individuals suffering from PTSD seem {o “relive
their trauma in the form of involuntary recollection,”
(p 271)." In addition to demonstrating enhanced recall
for traumatic memories, distressing recollections for
those with PTSD are often “vivid” and “long-lasting,” **

Halimark PTSD symptom {Over)activation
Re-expetiencing
Brain regi'on- Arnygdala
_ insufa
Neurachemical ' - Cortisol
' . Glutamiate
o : Norephinephrine
Hyperarousal
Brain region © Amygdala
E Thalamus
Neurcchemical Cortisol
Dopaimine
Epinephrine .

) : ) Norepinephrine
Avoidance/Numbing/Pissociation
Brain region - :

Newrochemical-
) . . Cortisol
Dopamine
Glutamate

Prefrontal cortex
Superior temperal cortax

- Beta-endorphins

It is in part these “reliving” experiences that take the
form of nightmares, intrusive thoughts, and/or flashbacks,
coupled with observed cognitive disturbances that have
Tostered interest regarding the neurobiological and neu-
ropsychological underpinning of this condition.

Despite knowledge that genetic variability, gender, and
developmental history appear to impact neurobiological
systems and responses to traumatic stimuli,”” PTSD
sympioms are believed to be related to an individual’s
dysregulated biological response to stress.” Table il
shows brain regions and neurochemical dysfunction
often discussed in association with PTSD symptoms.
During traumatically stressful situations, neurotrans-
mitter systems and neuroendocrine axes are activated.”
According to Langeland and OIff* research has primar-
ily focused the hypothalamus-pituitary-adrenal (HPA)
axis. The sympathetic-adrenomedullary (SAM) system

(Underjactivation

Prefrontal cortex
Anterior cihgulate cortex
inferior frontal cortex

Prefrontal cortex

Serotonin

Hippocampus

- Insula
Prefrontal cortex

" Anterior dingulate cortex
Superior temporal cortex
Inferior frontal cortex

Table 1. Brain regions and neurachemical dysfunction often discussed in association with post-traumatic stress disorder (PTSD) symptoms.
Adapted from information presented in ret 66: Hopper W, Frewen PA, van der Kolk BA, et al. Neural correlates of reexperiencing, avoidance, and dissodiation in
PTSD: Symptom dimensions and emotian dysragulation in responses to script-driven trauma injury. J Trauma Stress. 2007;20'713-725; Copyright © Wiley, 2007
ref 67: Weiss 3). Neurobiclogical alterations associated with traumatic siess. Perspect Psychiatric Care. 2007; 43:114-122. Copyright © Wiley, 2007
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has also been implicated in that it releases epinephrine
which [acilitates the flight/fight response.” On the con-
trary, the contribution of the HPA axis, glucocorticiods,
take time to produce. As such their impact, which is pri-
marily on the brain, develops and continues over a
longer period.” The SAM and HPA systems are regu-
lated by “limbic brain circuits that involve the amygdala,
hippocampus and orbital/medial prefrontal cortex” (p
150).* Neurobiological activation is thought to impact
brain functioning and hypothesized o alter the structure
of brain regions including the amygdala, hippocampus,
locus coeruleus, dorsal raphe nucleaus, and prefrontal
cortex.” Although activation of these systems supports
functioning, chronic activation seems to be problematic
in terms of psychological and physical health.

Al the same time, it has been suggested that neurobio-
logical findings (eg, reduced hippocampal volumes) are
instead premorbid characteristics that contribute to the
development of PTSD.* For example, van Zuiden® and
colleagues found that predeployment glucocoriicoid
receptor numbers were elevated in soldiers reporting
higher PTSD symptoms postdeployment; thereby, high-
lighting the question of whether such biological differ-
ences are pre-existing characteristics, the result of the

PTSD, or a combination of the two. Much the same dis-
cussion has been had in terms of cognitive dysfunction
often noted in those with PTSI.® A specific focus has
been on whether lower intellectual functioning is a pre-
cursor of PTSD or a sequela of the condition.®*

TBi and PTSD co-ocourring

Historically, some controversy has existed regarding
whether PTSD and TBI can coexist; however, more
recent work in this area suggests that they can. If the
injury and psychiatrically fraumatic event are co-occur-
ring, those with a less severe AOC seem to be at greater
risk for developing PTSD. As noted above, complaints
are frequently shared between those with TBI and/or
PISD (eg. poor attention); thereby complicating differ-
ential diagnosis, This particularly true for those with mild
TBI, and/or repeated exposure to trauma (physical, psy-
chological). For example, work by Brenner et al,® sug-
gested that in retuning soldiers with histories of physical
injury, mild TBI and PTSD were independently associ-
ated with self-reported memory problems. Moreover, a
combination of the conditions was found to be more
strongly associated with memory problems than either

Brain Region Function PTSD and/or TBI
Amygdala Generation and maintenance of emational respones™ _PTSD®, TBI'
Ceralyellum Movement and motor coordination; processing fear memorles“° © PTSD®; Chronic mild TBP

Corona radiata --
Corpus coltosum

Attentional pracesses®
Intrahemisphenc_ communic_ati_on“

Hippbéampus

Chronic mild TBI®
Acute and chronic mTB#;
Moderate to severe TBF?; TBi‘

Explicit and declaratl\re memory, working memary, eplsodldautob;ographlcal memory, PTSD*; TBI'

<ontextual leammgmu controf of stress responses and contextual aspects of fear conditioring”

Insula

", Core affect, asociated consciousness of subjective feelings, developing and updating = PTSD®

motivational states, autobiographical memory, cegnitive control, affective processing,

Iriternal capsule -
“Medial temporal lobe -
Parietal cortex

Motor and sensory commuinication
Dedlarative memory

) episodic memoties™
Prefrontal cortex
) ' inhibitory action on the amygdala™
Anterior cingulate
cortex

Volitional and avclitional allocation of attentional resourcas during the retrieval of
Manipulation of emotions and memories®; emngmshmg condltaoned fear32

Pracessing of cognitive and emationat interactions™ including interference from
emotional stimull and performance monitoring, response selection, error detection,

‘pain, and conveyance of homeostatic information™

Acute and chronic mTBI
Chronic mitd TBI¥'; TBI'
PTSD®

PTSD_S2,J\_2‘Q7,51; TBIT.GB

PTSD;;»:,-ME

and, decision making®; conflict monitoring, attention and pain®

Uncinate fasciculus ~ Working memory”

Chronic mild TBI*

Table ll. Brain regions and functions often discussed in refationship to post-traumatic stress disorder (PTSD) and/or traumatic brain injury (TBI).**Acute

mild, moderate, and severe
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condition alone. In looking at post-traumatic symptoms
(PTS) and postconcussive symptoms (PCS) (eg, slowed
thinking, poor concentration) among returned
Operation Enduring Freedom/Operation Iragi Freedom
(OFEF/OIF) Veterans, Benge and colleagues® found that
PTS and PTC were not independent variables, thereby
suggesting that incorrect attribution of PCS to history of
TBI may preclude referral to appropriate treatment.
Challenges associated with symptom attribution are at
least in part related to the fact that common areas of the
brain are implicated in both conditions (Table HI shows
brain regions and functions often discussed in relation-
ship to PTSD and/or TBI). Whereas neurocimaging and
neuropsychological findings have contributed to the
understanding of each of these conditions, and are fre-
quently employed in clinical practice, guidance regard-
ing how to best use these diagnostics tools to inform
practice with these populations is limited. Moreover,
contextnal andfor person-specific factors such as deploy-
iment to a combat zone, effort (eg, fatigue, distraction
secondary to psychiatric condition) and potential sec-
ondary gains (eg, monetary compensation related to
legal proceedings) impact performance on diagnostic
tools in ways that further complicate interpretation. For
example, among returning OIF Soldiers, Vasterling and
colleagues’ found increased reaction time, poor concen-
tration, and short-term memory problems. Similarly,
higher levels of combat intensity have been shown to be
related (o more efficient reaction time even 1 year post-
deployment.®

Further complicating interpretation, for individuals with
TBI and/or PTSD deficits in primary areas of cognitive
functioning (eg, attention, processing speed) may under-
mine more complex processes (eg, executive function-
ing). For example, Nelson and colleagues” found that
among OEF/OIF Veterans with TBI, processing speed
contributed significantly to performance on measures of
execulive functioning, Challenges also exist in terms of
using experimental findings to guide clinical practice.
Research studies frequently discuss significant differ-
ences in test scores among those with and without PTSDD;
however, lower scores do not equal impairment (a score
that is two standard deviations below the mean of the
general population). McNally™ highlights this point by
suggesting that above-average intelligence be considered
a profective factor against PTSD versus lower [Q being
a risk factor for developing the disorder. A clinician eval-
uating an individual’s performance on objective mea-

sures of functioning must note whether scores are actu-
ally impaired, or simply below personal expectations or
previous levels of functioning. Making this determination
can be particularly difficult if the premorbid data avail-
able for review is limited and/or anecdotal in nature.

Cognitive functioning

Cognitive deficits associated with TBI, particularly mild
TBI, generally diminish over time. Alternately, PTSD has
been associaled with enduring cognitive disturbances.
Although the etiology of deficits differs between indi-
viduals with each of these conditions, significant areas of
overlap exist both in terms of subjective complaints and
objective findings {(eg, attention). Below, the reader will
be provided with summarized information regarding
neuropsychological findings, clinical and experimental,
among {hose with TBI (mild/moderate and severe) and
PTSD. To augment this material readers are encouraged
to review Tuble IV, the neuropsychological findings often
discussed among those with TBI or PTSD.

TBI (mild)

Although there appears to be general consensus regard-
ing the presence of acute cognitive dysfunction in those
with mild TBL,”* findings regarding the overall effect of
mild TBI on long-term neuropsychological test perfor-
mance have been mixed. Frencham and colleagues™ pub-
lished a meta-analysis of neuropsychological studies
post-mild TBI and found that measures of processing
speed, working memory, attention, memory, and execu-
tive functioning were most impacted immediately
postinjury.® Overall, their findings indicated that the
effect of mild TBI on neuropsychological test perfor-
mance was small, and that problems decreased as time
since injury increased.” This assertion is supported by
a recent study by Brenner and colleagues,® in which 45
soldiers post-mild TBI completed neuropsychological
measures. Twenty-seven had enduring PCS, including
cognitive complaints, and 18 did not. Mean time since
mjury was approximately 41 weeks. Presence of mild
TBI symptoms did not impact test performance, and
mean participant scores were overwhelmingly unim-
paired. Alternately, it may be that neuropsychological
measures frequently used in practice are not sophisti-
cated enough to identify subtle postinjury impairments.
Imaging studies may increase our understanding regard-
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ing neuropsychological test performance in those with
mild TBI. For example. Van Boven and colleagues™ sug-
gested that those with mild TBI may require larger areas
of cortex to complete tasks. In addition, the impact of
injury on performance may grow as lifetime injury bur-
den increases. This assertion is supported by the work of
Belanger and colleagues™ who found that a history of
multiple self-reporied TBI was associated with poorer
performance on tests of delayed memory and executive
functioning.

TBI (moderate and severe )

Widespread and enduring cognitive deficits are often
noted in those with moderate to severe TBI. Senthani-
Raja and colleagues™ compared (he neuropsychological
test performance of 112 individuals with complicated
mild to severe injuries with matched controls and iden-
titied deficils in attention, processing speed, visual and
verbal memory, executive functioning, and working

Traumatic brain injury

Mild

Acute/chronic
" Acutelchronic

Cognitive domain
Attention

Publication

Sustainéd attention ~ . Chronic

Emotional processing

Kraus et af

Executive dysfunction  Acutefchronic

Working. memory - Atute/chronic  Frenchatn et al; Peskind et al**
Intelligence

Language and comrmunication . . _
Learning - B Acute Frenchametal®

Processing speed - Acute/chronic

Peskind et al®

Verhal memory - Acute/chronic  Frencham et af*

Visual memory Acute Frencham et al* -

memory. These significantly worse scores were noted
long postinjury. The performance of older individuals
and long-term survivors was worse. Among a cohort that
had been referred for rehabilitation, Draper and
Ponstord® evaluated neuropsychological performance
10 years post-injury and found persisting deficits in pro-
cessing speed, learning, and executive functioning. Level
of impairment was associated with injury severity.
Finally, Mathias and Wheaton® conducted a meta-ana-
lytic review regarding attention and information pro-
cessing speed deficits post-severe TBI. Findings sug-
gested large and significant deficits in the areas of
information processing speed, attention span,
focused/selective attention, sustained attention, and
supervisory attentional control. In reviewing the litera-
ture on functioning post-severe TBI, Van Boven and col-
leagues” suggested that deficits such as those noted
above may be related to difficulty adequately recruiting
the cortical resources necessary to complete complex
cognitive tasks.

Frencham et aI?S;Pe_skind et al*

Frencham et af*;Peskind et af*

Frencham et aPf% N_iogi et aP*;

Moderate to severe
Publication

. Mathias and Wheaton®;

Senathi-Raja et al®
Mathias and Wheaton®

Mathias and Wheaton®;
Draper and Ponsford®;
SenathiRaja et al™”
Senathi-Raja et al®

-Levin and Chapman™

Draper and Ponsford®;
Vanderploeg et al**
Draper and Ponsford®;
Mathias and Wheaton®;
Senathi-Raja et al';
Wiillmott et al”®

- Senathi-Raja et al';

Lezak et al*®

Senathi-Raja et al®

Post-traumatic stress disorder
Publication

Aupperle et al’; Golier et al™;
Samuelson et al*

Vasterling et al”%; Vasteriing et af”
Halligan et al”; Milad et al'%;

 McNally”; McNally® _
“Aupperle et al®; Vasterling et al™

. Aupperle et al*;Moores et al*;

McNally% Samuelson et al;
Vasterling et al”

‘Gilbertson et af*; Vasterling et al”

McNaily®

Samuelson et al®; Vasterling et af%
Vasterling et al®

Nelson et al; Samuelson et al*

Golier; McNally’? van Pragg

Marx et al*

Table IV. Neuropsychological findings often discussed among those with traumatic brain injury or post-traumatic stress disarder.
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PTSD

In studying Vietnam combat veterans and their nonex-
posed identical twin brothers, Gilbertson and col-
leagues™ found that performance on cognitive tasks (ie,
intellectual, verhal memory, attention, executive func-
tioning, and visuospatial skills) was more strongly asso-
ciated with familial factors than PTSD. Patterns of vul-
nerability in terms of verbal memory and executive
functioning were identified among both exposed and
unexposed members of the twin pairs. Further study
regarding learning, processing speed, intelligence, and
visual recall have supported the theory that pretrauma
performance on neuropsychological measures is related
ta PTSD symptom development.®* In a recent publica-
tion, Aupperle and colleagues®” summarized investiga-
tions regarding executive function and PTSD, and iden-
tified subtle impairments in response inhibition and
attention regulation among those with PTSD. The
authors described these areas of impairment as poten-
tially predating PTSD, thereby acting as risk factors for
the disorder. At the same time, they noted that impair-
ments may be exacerbated by trauma exposure.® This is
supported by the work of Vasterling and colleagues”
which suggested that neurocognitive and intellectual
performance deficits are independently associated with
PTSD. Pretrauma deficits may exacerbate responses to
trauma exposure thereby causing subtle impairments “to
morph into significant symptorus” which are identifiable
on neuropsychological measures and impact day-to-day
functioning.* Although patterns of cognitive deficits
have varied between cohorts with PTSD¥#* difficulties
in the areas of attention, learning, and memory, particu-
larly verbal, have consistently been identified.”*'** The
impact of stress on neuropsychological functioning may
in part be time-dependent. For example, in comparing
performance on measures of sustained attention
between Guif War and Vietnam Veterans, Vasterling and
colleagues” hypothesized that PTSD-related arousal
dysregulation may change over time from a pattern of
hyperarousal to disordered arousal. Moreover, recent
work suggests that although absolute performance
among those with PTSD may be normal, use of neu-
roimaging techniques allows for the exploration of sys-
tems and compensatory recruitment. This is evidenced
by the work of Moores and colleagues® who found that
individuals with PTSD must recruit larger areas of cor-
tex to complete working memory tasks.

An additional focus has been on whether those with
PTSD encode, process, experience, and/or express trauma-
related information differently that individuals without
this disorder. McNally” noted that those with PTSD selec-
tively process trauma-relevant material. Emotional Stroop
tasks in which individuals are asked to respond to emo-
tionally loaded content are frequently used to assess such
processing. Studies using the Stroop have consistently
shown that those with PTSD take longer to name trauma-
laden content. Halligan et al” conducted a study regard-
ing assault victims and found that trauma memories were
more disorganized in those with PTSD symptoms, and
that the magnitude of disorganization predicted PTSD
symptom severity. In addition, it has been demonstrated
that those with war-related PTSD fail to retain extinction
from learned fear.* This deficit was not identified in sub-
ject’s co-twins; thereby suggesting that it is acquired and
related to PTSD versus a pre-existing vulnerability.
Finaily, Banich et al* discussed how attentional biases for
threat in those with PTSD may be moderated by an indi-
vidual’s tendency to dissociate. Dissociation appears to
impact aspecis of attention and cognitive control.
Alterations in these cognitive control mechanisms can
influence memories retrieved.

Neurcimaging

To improve diagnosis and treatment of TBI andfor
PTSD, identification of objective biomarkers is of sig-
nificant clinical impori, As evidenced by current
advances, neuroimaging in certainly is a key tool in this
process. Table V shows magnetic resonance imaging
{MRI) neuroimaging techniques. Nevertheless, signifi-
cant challenges exist in terms of summarizing existing
findings and translating data to improve clinical practice.
Studies often involve diverse cohorts (eg, mild TBI, com-
bat veterans}, and employ different paradigms (symp-
tom provocation, cognitive activation) and modalities
(eg, diffusion tensor imaging [DTI], functional magnetic
resonance imaging [fMRT], single photon emission com-
puted tomography [SPECT]).* As such, findings have
varied. Peskind and colleagues noted that fluo-
rodeoxyglucose positron emission tomography (FDG-
PET) abnormalities in those with PTSD versus those
without this disorder have been “limited and conflicling”
{p 5).** In terms of validation, experiments supporting
newer functional imaging techniques often rely on neu-
ropsychological paradigms. For example, in response to
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findings regarding the positive relationship between DTI
results and neuropsychological test performance among
those with mild, moderate, and severe injuries, Kraus et
al* suggested that white matter load may be a “useful
index.” Much work is being conducted to support these
new imaging techniques, and findings are increasing our
knowledge regarding those with TBI and/or PTSD.

TBI

Although newer techniques have begun {o allow clini-
cians to explore questions regarding pathogenesis, nat-
ural history, neuroplasticity, and treatment response,”
historically, neuroimaging has been used to identify and
manage acute moderate-to-severe TBL. Less sophisti-
cated structural imaging techniques such as computed
tomography (CT) or MRI have been useful in identify-
ing skull fractures or more severe injuries (eg contusion,
intraparaenchymal hemorrhage); however, they gener-
ally fail to adequately detect DAI or brain volume loss.
Moreover, in combat or deployment settings these gen-
erally common diagnostic tools may not be available to
the clinician.”® Research among both Veteran and civil-
ian populations suggests that use of CT and MRI has
limited utility in confirming acute or post-acute mild
TBL** In looking at MRI results of veterans long post-
TBI, Brenner and colleagues™ found that those with
moderate to severe TBI were significantly more likely

to have trauma-related findings (physical) than those
with mild TBI In specific, 11 out of 16 veterans with
moderate to severe TBI versus 0 out 16 with mild TBI
had MRI findings.

Research regarding newer functional imaging tech-
niques (eg, FDG-PET, DT1, SPECT) suggests that in the
future they may be of significant clinical utility, particu-
farly in the context of mild TBI and/or post-acute
injuries. For example, DTT findings can be used to cre-
ate maps of regional connectivity within the brain, oth-
erwise known as tractography, and as such may be a use-
ful tool for highlighting white matter damage
post-injury.® Recent studies using such techniques
include work by Matthews et al*” who used DTT and
IMRI to examine the structural and functional neural
correlates of major depressive disorder (MDD) in
OEF/OIF war veterans with self-reported histories of
mild TBI. Those with MDD showed greater activation
in the amygdala and other emotional processing struc-
tures, lower activation in emotional control structures,
and lower fractional anisotropy in several white matter
tracts. Using FDG-PET and neuropsychological testing,
Peskind and colleagues” compared results from 12 OIF
veterans with mild TBI and/or PTSD to community vol-
unteers. A decreased cerebral metabolic rate of glucose
in the cerebellum, vermis, pons, and medial temporal
lobe as well as subtle cognitive impairments (eg, verbal
tfluency, cognitive processing speed) were noted in the

Technique What it measures Applications
BOLD fivR indirect measure of blood flow, BOLD signal changes Evaluate regional brain activity related to particular
R - originate in venules. BOLD #MRI takes advantage of cognitive tasks or sensory/motor stimulation. Evaluate
* - susceptibility differences between oxygenated and . brain networks related to cognitive states. Evaluate
deoxygenated biood. brain “resting state” or “default” networks.
PW-MRI - Direct measure of blood flow, allows guantification of Assess braln perfusion or resting cerebral blood flow.
' blood perfusion. - ' Evaiuate brain function in manner similar to fMRI. .
DTl . iridirectly measures diffusion of water rmolecutes. Use diffusion anisotropy measures as marker of
- Mean diffusion, diffusion direction, and anisotropy disease. Improved visualization of edema. Evaluate
white matter tracts. o structural “connectivity” between brain regions.
MRS " Proton ('H) MR spectra typically contain signals Evaluate changes in brain metabolites related to
{rom the metabalites N-acetylaspartate, creatine, myelination, neuronal density, edema, etc.
Chaline, glutamate/glutamine, and myo-inositol,
SWI . MR! sequences that are espedially sensitive to changes Improved detection of hemorrhages. Improved imaging

in magnetic susceptibility, in particular blood

of blood vessels.

Table V. Magnetic rescnance imaging (MR1) neurcimaging techniques. BOLD, blood oxygen level dependent; DT, diffusion tensor imaging, MR, func-
tional MRI; MRS, magnetic resonance spectroscopy; PW-MRI, perfusion weighted MRI; SWE, susceptibility-weighted imaging
Reproduced with permission from ref 37: Van Bover RW, Harrington GS, Hackney DB, et al. Advances in neuroimaging of traumatic brain injury and posttrau-
matic strass disorder. J Rehabil Res Dev. 2009;46:717-757. Copyright © Dept of Veterans’ Affairs 2009
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veteran sample. Study limitations as described by the
authors included the controf group being 21 years older
than the veteran group, and 10 out of the 12 veterans
having a history of co-occurring PTSD. Readers are
encouraged Lo review the following for more through
discussions of functional imaging techniques and TBIL:
Belanger et al,* Nicgi and Mukherjee,” Wortzel et al,*
and Van Borgen et al.®

Newer techniques such as those described above are fre-
quently unavailable to practitioners. Moreover, based
upon the current state of knowledge regarding these
measures, significant controversy exists regarding
whether they can appropriately be used in clinical set-
tings.” In a recent Letter to the Editor, Adineff and
Devous® suggested that at present there is an absence of
empirical evidence to support using SPECT to diagnose
and treat psychiatric illnesses. This assertion is consistent
with opinions expressed by Niogi and Mukherjee” who
stated that “because of substantial overlap in the range
of DTI metrics between age-, gender-, and education
matched controls and mild TBI patients, diagnostic inter-
pretation in the individual patient relying solely on DTI
results remains problematic” (p 251).

PTS>

Garfield and Liberzon™ elegantly summarize neu-
roimaging studies among those with PTSD, by high-
lighting the convergence of findings regarding the amyg-
dala, anterior cingulate cortex {ACC), medial prefrontal
cortex, insula, and hippocampus. The authors note that
that findings “lend tentative supporf to a neurocircuity
model that emphasizes the role of dysregulation in
threat-related processing” (p 379). A selection of specific
structural and functional findings in support of this
model are provided below.

In terms of structural imaging, findings suggest that
PTSD is related to reduced hippocampal and ACC vol-
umes.* Reported bilateral reductions in hippocampal
volume have ranged from between 5% and 26%.%
Gilbertson and colleagues® suggested that hippocampal
volumes may represent a pre-existing, familial vulnera-
bility to PTSD. Equivocal evidence in support of
reduced bilateral amygdala volume, and Hmited findings
regarding the insula have also been reported.™ Recent
work by Eckart and colleagues® noted reduced volume
in the prefrontal and parietal regions of refugees with
PTSD, and suggested that such disturbances along with

previously reported findings regarding the medial tem-
poral region may highlight memory “disturbances” asso-
ciated with PTSD.

Functional imaging studies in those with PTSD gener-
ally utilize symptom provocation or cognitive activation
paradigms.® Symptom provocation entails the partici-
pant relating autobiographical information regarding
their trauma history.™ “Generally evocative” material
may be also be used to elicit symptoms.® Cognitive acti-
vation paradigms are designed to assess dysfunction in
“neuronal processes associated with PTSD” utilizing
neuropsychological or neuroscience tasks (p 327).%
Garfield and Liberzon™ discuss the second strategy as
being advaniageous in that in that it generates a larger
number of general or non-trauma-related responses
without eliciting symptoms. Findings among those with
PTSD demonstrated an exaggerated amygdala response,
deficient prefrontal functioning, and decreased hip-
pocampal activation.” The ACC and insula have been
areas of focus, with repeated findings regarding reduced
ACC activation among those with PTSD and emerging
data regarding hyperactivation of the insula among anx-
ious individuals.™ Increased awareness of the intercon-
nected nature of brain processes and the important role
of receptors have further supported the use of functional
imaging techniques among those with PTSD. Readers
are encouraged to review the following publications for
a more complete discussion of imaging and PTSD:
Garfinkel and Liberzon,” Heim and Nemeroff,” Van
Boven et al”

Co-ovcurring TBI and PTSD

As demonsirated above, TBI and PTSD are each indi-
viduaily complex conditions whose sequelae are contin-
gent on a wide range of individual and systemic factors.
Moreover, currently knowledge regarding the two con-
ditions when they are co-occurring is limited. Recent
studies suggest that the relationship between TBI and
PTSD is complicated. In addition, to the above-noted
challenges associated with differential diagnosis, there is
mounting evidence that a history of TBI increases risk
for developing PTSD.® Bryant and colleagues suggested
that damage to the frontal regions of the brain may com-
promise neural networks which are required to regulate
emotional experiences and as such predispose such
patients to increased anxiety and depression.® Using
functional imaging techniques Matthews and col-
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leagues™ identified differences among OEF/OIF combat
veterans with mild TBI and with and without MDD. The
authors noted that significantly more subjects with
MDD reported L.OC, and suggested that this alteration
in consciousness may uniquely contribute to the devel-
opment of mental health conditions post-injury by exac-
erbating pre-existing vulnerabilities or independently
increasing the probability of developing a mental health
disorder such as depression or PTSD, Work conducted
regarding cognitive processing during psychological
frauma, such as the development of disorganized trau-
matic memories and PTSD, may be of use in increasing
understanding regarding the increased rate of PTSD
among those with TBL# That is, alterations in con-
sciousness associated with TBI may contribute to the
development of disorganized traumatic memories and a
subsequent increased risk for PTSD. Co-occurrence may
also exacerbate existing symptoms, For example, frank
neurological insult such as a TBI may exacerbate PTSD
symptoms by creating an inability to self-regulate and
inhibit behavioral responses. Further study regarding
the relationship between these two conditions is neces-
sary to facilitate increased understanding and vltimately
develop assessment and treatment strategies for those
with co-occurring disorders.

Condlusions and implications
for dinical practice

Among those with TBI and/or PTSD neuropsychologi-
cal measures in the context of a comprehensive evalua-
tion may help clarify an individual’s strengths and weak-
nesses. However, the overlap of cognitive disruption
noted by those with PTSD and/or TBI suggests that such
measures are unlikely to assist in differential diagnosis.
'This is certainly in part related to the "the complex inter-
play of neurological, psychological, and physical factors
in veterans with [mild] TBI” and/or PTSD, and highlights
the need for “specialized evaluation” and manageinent
(p 271).» This stance is supported by best practices out-
lined in the Departments of Veterans Affairs and
Defense updated mild TBI clinical practice guidelines.®
The fact that brain regions of interest (eg, hippocampus)
are involved in complex cognitive processes such as
learning and memory, and as such require a high degree
of plasticity, are capable of “life-long neurogenesis,” and
are vuinerable to physical and emotional insult have cre-
ated significant challenges for those studying or working

with individuals who have PTSD and/or TB1.¥ To assist,
resources are being deployed to develop biomarkers for
both conditions. Identification of such laboratory bio-
markers may assist in the early identification of each of
these conditions, and as such facilitate timely interven-
tion. Hlowever, until such biomarkers are identified, clin-
icians will be required to rely upon data {eg, clinical his-
tory, neuropsychological testing results, neuroimaging
findings) which may or may not result in a definitive
diagnosis.

The lack of definitive biomarkers can also place clini-
cians in the challenging position of determining how and
when to use existing experimental data and/or employ
newer imaging techniques in clinical practice, In terms
of imaging, experts in the field would suggest that cau-
tton is warranted until our understanding and ability to
integrated findings catches up with our ability to pro-
duce such data.™" As our knowledge regarding individ-
ual risk factors, neural networks, genotypes, and gene
expression patterns grows, so may our ability to effec-
tively use both neuroimaging and neuropsychological
findings in clinical practice. In the aim of beneliting
those with TBI and/or PTSD, experts in the field (eg,
clinicians and researchers) should be encouraged to
wark together to identify means of translating experi-
mental findings to clinical practice. For those with PTSD,
understanding may also be enhanced by continued
exploration of the neurobiology and neuropsychology
of specific symptoms or symptoms clusters versus PTSD
on whole.” This focus may also allow for more individu-
alized treatment approaches,

‘While awaiting the above-described advances, clinicians
should be encouraged to include measures of function-
ing (eg, cognitive, psychosocial) when assessing the
impact of a condition. Such measures are frequently
employed in the TBI community, and may be of use
when evaluating those with co-oceurring psychiatric con-
ditions or PTSD. Further study regarding such measures
among those with mild TBI and/or PTSID is warranted.
Clinicians are also encouraged to contact family mem-
bers and friends to obtain collateral information regard-
ing their clients’ everyday functioning.

In summary, the recent advances in neuroimaging, cou-
pled with the high number of United States military per-
sonnel returning from Iraq and Afghanistan with TBI
and/or PTSD, have resulted in an increased focus on the
neurobiological and neuropsychological underpinning
of these two conditions. As data becomes available, so
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must guidance regarding how to employ new findings in
clinicai practice. At present, use of neurcimaging and
neuropsychological/psychological test results can cer-
tainty assist with diagnosis and treatment planning, par-

ticularly for those moderate to severe TBIL Nevertheless,
further work is needed to identify objective biomarkers
to facilitate this process among those with one or both
of these conditions. [

Hallazgos neuropsicoldgicos y de neuroimé-
genes en ef dafio cerebral traumético y ol
trastorno por estrés postraumatico

£l aumento del interds en la neuropsicologia vy a
naurobiclogia del dafio cerebral traumético (DCT)
y del trastorng por estrés postraumdtico {TEPT) se
ha facilitado por los progresos en fa tecnologia de
las imégenes y af retorno del personal mititar, desde
Irak y Afganistan, con una o ambas de estas condi-
clones. El diagndstico diferencial ha constituide un
foco de espedial interds. Fste articulo entrega uns
pancrdrnica de los hallazgos relacionados con las
bases neuropsicolégicas y neurobioldgicas del DCT
yfo def TEPT. Se hace mencidn especifica a la eva-
luacidn que emplea mediciones neuropsicoldgicas
y Técnicas de imdgenes. Tambign se discuten los
desafios ascdiados con fa evaluacion de sujetos con
urta o ambas condiciones. Aungue el empleo de
resuftados de fas pruebas neuropsicoldgicas y de fas
neurpimégenes pueden ayudar con el diagndstico
¥ fa planificacicn del tratamiento, se requiere de
trabajos adicionales para identificar biomarcadores
objetivos para cada patologia. Es de esperar que
tales avances fadiliten el diagnostico diferencial v la
implementacion de fas mefores practicas terapéuti-
cas.

Meuro-imagerie et neuropsychologie des
tésions cérébrales traumatiques et du
syndrome de siress posi-traumatique

Les avancées en imagerie, associées au retour des
militaires dirak et d’Afghanistan atteints de lésions
cérébrales traumatiques (LCT) etfou dun &tat de
stress post-traumatigue (ESPT) ont entrainé un
regain d'intérét pour étude de la neuropsycholo-
gle et la nevrobiclogie de ces deux pathologies. Le
diagnostic différentiel a été 'objet d’une attention
particuliére, Cet article propose une revue des
connaissances actuslies concernant les anomalies
neuropsychologiques et neurobiologiques scus-ten-
dant les LTT etfou les ESPT et en particuifior de Péva-
luation au moyen de mesures neuropsychologiques
et de techniques d'imagerie. Nous analysons éga-
lement les difficuliés assocides & Pévaluation des
individus atteints d'une ou des deux pathologies.
Bien gue Putilisation des résultats des fests de neu-
ropsychologie et de neuro-imagerie puisse aider au
diagnostic et & fa mise en place du traftement, il
faut encore travailler pour identifier des biomar-
gueurs objectifs de chague pathologie. De tels pro-
gres sont attendus pour permetire un diagnostic
différentiel et la mise en ceuvre de meiileurs traite-
ments.
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Structural alterations in lateral prefrontal, parietal and
posterior midline regions of men with chronic
posttraumatic stress disorder

Cindy Eckart, PhD; Christian Stoppel, MD; Jorn Kaufmann, PhD; Claus Tempelmann, PhD;
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Eckart (at the ime of writing), Elbert, Kolassa (at the time of writing) — Clinical Psychology and Neuropsychology, Department
of Psychology, University of Konstanz, Germany; Eckart — Department of Systems Neuroscience, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany; Kolassa — Clinical and Biological Psychotogy, University of Ulm, Ulm, Germany;
Stoppel, Kaufmann, Tempelmann, Hinrichs, Heinze — Department of Neurology, Otte-van-Guericke University, Magdeburg,
Germany, Kolassa — Zukunftskolleg, University of Konstanz, Konstanz, Germany

Background: So far, the neural network associated with posttraumatic stress disorder (PTSD) has been suggested to mainly involve the
amygdala, hippocampus and medial prefrontat cortex. However, increasing evidence indicates that corticai regions extending beyond
this network might also be implicated in the pathophysiology of PTSD. We aimed to investigats PTSD-related structural alterations in
some of these regions. Methods: We enrolled highly traumalized refugees with and without (traumatized controls) PTSD and non-
fraumatized contrels in the study. To increase the validity of our resuits, we combined an automatic cortical parcellation technique and
voxel-based morphomeiry. Results: In ali, 39 refugees (20 with and 19 without PTSD) and 13 centrols participated in the study. Partici-
pants were middle-aged men who were free of psychoactive substances and consumed litile to no alcohol. Patients with PTSD {and to a
lesser extent traumatized controls) showed reduced volumes in the right inferior parieta! cortex, the ieft rostral middle frontal cortex, the
bilateral iateral orbitofrontal certex and the bilateral isthmus of the cingulate. An influence of cumulative traumatic stress on the isthmus
of the cingulate and the lateral orbitofrontal cortex indicated that, at least in thase regions, structural alterations might be associated with
repeated stress experiences. Voxel-based morphometry analyses produced largely consistent results, but because of a poarer signal-to-
noise ratio, conventional statistics did not reach significance. Limitations: Although we controlled for several important confounding vari-
ables (e.g., sex, alcohol abuse) with our particular sample, this might limit the gensralizibility of our data. Mereover, high comorbidity of
PT8D and major depression hinders a definite separation of these conditions in our findings. Finally, the results concerning the lateral
orbitofrental cortex should be interpreted with caution, as magnetic resorance imaging acquisition in this region is affected by a general
signal loss. Conclusion: Our results indicate that lateral prefrontal, parietal and pasterior midline struciuras are implicated in the patho-
physiclogy of PTSD. As these regions are particularly involved in episodic memory, emotional processing and executive control, this

might have impertant implications for the understanding of PTSD symptoms.

Introduction

Posttraumatic stress disorder ("TSD)} is a psychiatric condi-
tion that may emerge in reaction to a severe threat to life or
bodily integrity. On a neuronal level, its symptom develop-
ment has so far mainly been attributed to disturbed function-

ing of a network located in medial prefrontal and medial
ternporal lobe structures.™™ Indeed, reports of PTSD-
associated structural alterations within these regions have
been numerous. Reduced volumes were reported for the hip-
pocampus,* amygdala' and anterior cingulate cortex
(ACC).5* Furthermore, a thinner prefrontal cortex has been
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shown in war veterans with chronic PTSD*® Notwithstand-
ing, it has repeatedly been highlighted that the network
introduced above cannot satisfactorily account for the com-
plex symptom pattern associated with the disease!

Research in healthy individuals has revealed that the neu-
ronal network mediating episedic memory and/or emotional
processing (functions that are thought to be disturbed in
P'TSD) is widespread. Based on functional neuroimaging and
brain lesien studies, the role of parietal,»* lateral prefrontal**
and posterior midline structures” was particularly empha-
sized in this context. On a functional level, there is sorne ovi-
dence that these regions might be disturbed in PTSD. During
trauma-related, script-driven imagery, increased neuronal ac-
tivity was reported in retrosplenial and/or posterior cingu-
late,” lateral prefrontal® and parietal cortices.® Furthermore,
patients with PTSD showed an increased resting cerebral
blood flow in postericr cingulate and parietal sections.®

On a structural level, PTSD-associated alterations in these
cortical regions have received little attention so far. This
might he partly owing to methodological problems with the
evaluation of broader cortical regions. Manual segmentations
are very time-consuming and not practicable for major sec-
tions. The alternative, classical automatic procedures would,
on the other hand, not be accurate and sensitive enough to re-
veal the subtle structural alterations more typical for psychi-
atric conditions.®* Moreover, brain structural research on
PTSD is impeded by the long-term pharmacological treat-
ment and,/or aleohol or substance abuse that is frequently as-
sociated with chronic PTSD.* In particular, enduring and ex-
cessive alcohol consumption has repeatedly been shown to
have a strong effect on brain structures and may thus distort
findings.**

We aimed to investigate PTSD-related, structural alterations
in cortical regions extending beyond the conventional psycho-
biclogical model of this disease. In doing so, we chose specific
regions of interest (ROIs) in prefrontal, parietal and posterior
midline regions that have previously been associated with
episodic memory'>** and/or emotional processing,'*" and
we predicted that patients with PTSD should show reduced
volumes in these structures. Furthermore, we speculated a
“puilding-block effect” of traumatization, with greater cumula-
tive exposure to traumatic stress leading to smaller brain vol-
umes. As the currently most popular method of structural
brain research, voxel-based morphometry (VBM), has recently
come into question,®™* we used 2 independent methods
(a cortical parcellation technique and VBM]) to improve the va-
{idity of our results. By choosing a study population that took
no regular psychiatric medication and barely consumed alco-
hol, we controlled for confounding variables that often have
hampered PTSD-related brain research.

Methods
Participants
We recruited participants from local shelters for asylum-

seekers and Kurdish recreational facilities. Participants were
included if they were healthy refugees between the ages of 18

and 55 years. Exclusion criteria were lifetime or current abuse
of substances (particularly alcohol), neurclogic diseases, any
contraindication for magnetic resonance imaging (MRI) and
psychiatric conditions other than PTSD or major depression.
The objective of the study was to investigate the effects of
traumatization and PTSD on brain morphology. Accordingly,
we explicitly screened participants for PTSD having de-
veloped as the primary disease in reaction to traumatic stress.
In all participants, rnajor depression had developed as a sec-
ondary, comorbid disease, and some fulfilied criteria for ma-
jor depression according to DSM-TV.* As sex influences on the
results of morphometric analyses are well-documented, ™ we
selected a male sample to minimize the level of variability not
awing to traumatization and /or PTSD. Gur final sample com-
prised participants who currently had PTSD, participants
who did not have PTSD but who had repeatediy experienced
traumatic stress (traumatized controls) and nentraumatized
controls who had not experienced severe traumatic stressors.
We conducted the investigation in 2 stages. At the first
meeting, the purpose and the course of the investigation
were explained in detail, informed consent was acquired, and
diagnostic procedures took place. Magnetic resonance imag-
ing measurements were obtained on a separate day (the time
interval never exceeding 2 weeks) at the university hospital
of Magdeburg, Germany. Participants received compensation
of 70 euros. All procedures were conducted in accordance
with the Declaration of Helsinki and approved by the Ethics
Committee of the University of Konstanz, Germarny.

Diagnostic fnferviews

Interviews were structured and administered in the maternal
language of the participants with the aid of trained inter-
preters. Initially, sociodemographic information was ob-
tained, and participants were questioned about their health
status and smoking habits. Subsequent diagnostic procedures
proceeded as follows.

vivo Checklist of war, detention and torture events

We evaluated exposure to traumatic stressors with a short-
ened version of the vive Checklist of war, detention and tor-
ture events® The shortened scale is based on the unweighted
sum of 28 imprisonment- and nonimprisonment-related
traumatic event types (e.g., being beaten or receiving elec-
trical shocks as imprisonment-related items, witnessing
the murder of a relative or experiencing bombings as
nonimprisonment-related items).

Clinician Administered PTSD Scale

We assessed current and lifetime PTSD symptoms with the
Clinician Administered PTSD Scale (CAPS¥). This 30-item,
structured interview corresponds to PTSD criteria according
to DSM-IV* and allows a quantification of the 3 clusters of
PTSD symptoms (intrusions, avoidance and hyperarousal).

Mini-Intemational Neuropsychiatric Interview
The diagnosis of major depression, suicidal ideations and
alcohol or substance dependency or abuse according to
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DSM-IV* was based on the corresponding sections of the
Mini-International Neuropsychiatric Interview (MINI).®

MRI acquisition and data analyses

High-resclution, whole-brain, 3-dimensional (3-D} structural
MRI scans were acquired on a 3 T Siemens MAGNETOM Trio
scanner with an 8-channel phased-array head coil using a
T-weighted 3D-magnetization prepared rapid acquisition gra-
dient echo (MPRAGE) sequence in sagittal orientation (echo
time [TE] 477 ms, repetiion time [TR] 2500 ms, TI 1100 ms,
flip angle 7°, bandwidth 140 Hz/pixel, matrix 256 x 256 x 192,
field of view [FOV] 256 mm, isometric voxel size 1.0 mm?).

FreeSurfer cortical parcellation and volume measurements
We performed certical reconstruction and volumetric seg-
mentation with the FreeSurfer software package (http:/ /surfer
nmr.mgh harvard.edu /), The precise technical details of these
procedures are described elsewhere™® In short, each scan is
registered into Talairach space, intensity-corrected and skull-
stripped. Fmages are then segmented to identify the boundary
between grey and white matter and to create a surface repre-
sentation of the cortical white matter. Finally, the cerebral cor-
tex is parcellated into units based on its gyral and sulcal struc-
ture.*¥ According to probabilistic information estimated from a
reference atlas, a neuroanatomical label is assigned to each ver-
tex of the surface model, and the corresponding informaticn
{Le., volumne) is calculated for each section. All procedures
with FreeSurfer are conducted in native space.

The quality of the skull-stripping and the accuracy of the
grey/white matter boundary as well as the pial surface were
reviewed by an anatomically skilled operator, who was blind
to any group membership. I necessary, results of the surface
reconstruction were edited manuaily. The following regions
that have previously been associated with episodic mem-
ory**" and/or emotional processing®*® were chosen for fur-
ther anaiysis:
¢ prefrontal cortex (superior frontal cortex, rostral middle

frontal cortex, inferior frontal cortex, orbitofrontal cortex

and ACC),

° posterior midline structures (posterior cingulate cortex,
isthmus of the cingulate, precuneus), and

¢ lateral parietal cortex {superior parietal cortex, inferior
parietal cortex and supramarginal cortex).

Voxel-based morphometry

As specific preprocessing steps may enhance the accuracy of
VBM,” MRI scans were skull-stripped with BET2* and bias-
corrected® before analyses. Subsequent VBM analyses were
performed. using SPM5 (Wellcome Department of Cognitive
Neurology, Institute of Neurology, London) running in MAT-
LAB R2006a (Mathworks). Magnetic resonance images were
spatially normalized and then segmented based on their in-
tensity distribution and spatial information derived from
prior probability maps.* To keep our analysis comparable to
previous VBM in patients with PTSD,”” we smoothed the
images with a 12-mm full-width at half-maximum isotropic
Gaussian kemel, As the VBM analysis further aimed to repli-

cate the previous cortical parcellation analysis, we focused on
the ROls that have been included in the cortical parcellation
analysis. Bilateral ROIs were created based on an average par-
ticipant {the so-called Bert} provided by FreeSurfer and were
then normalized in Montreal Neurological Institute {MNT)
space and smoothed with the identical parameters as the par-
ticipants” MRI scans. Subsequent statistical VBM analyses
were masked for the ROIs under investigation.

Statistical analysis

Sample characteristics

We compared sarnple characteristics and clinical parameters
using analyses of variance {ANOVAs). All data were tested
for normality with the Shapiro-Wilk test.” If the normality
assumption was not fulfilled, we calculated nonparametric
alternatives (Kruskal-Wallis rank sum tests). For post-hoc
comparisons, we used pair-wise ¢ tests and, as a nonparamet-
ric alternative, pair-wise Wilcoxon rank sum tests. Post-hoc
tests were corrected for multiple comparisons according to
Hemmel.” We analyzed count data using Fisher exact tests.

Cortical parcellation

As age and intracranial volume (ICV) are potential confounds
for volumetric measures of brain structures,® we considered
these 2 parameters as covariates in all structural analyses.
Volumetric group differences were analyzed with linear
mixed-effects models, in which hernisphere was included as a
within-group factor. Specific group differences were clarified
by inspection of the corresponding parameter estimates in the
linear mixed-effects models. If a significant group x hemi-
sphere interaction (indicating a lateralized group effect) was
revealed, cach hemisphere was considered separately in a
linear model. To control for an effect of lifetime PTSD on
volumetric variables, analyses were repeated under exclusion
of participants with a diagnosis of lifetime PTSD.

Voxel-based morphometry

We initially explored group differences in SPM5, applying a
full factorial model with age and intracranial volume as co-
variates. Directional t contrasts were defined between
groups. The corresponding SPM(t) values were transformed
to the normal distribution (SPM(z)) and thresholded at
p < 0.005 (uncorrected) with a minimum cluster size of
25 voxels. We extracted mean infensity values in the encoun-
tered clusters using MarsBaR.® Intensity values for each clus-
ter were then directly compared in linear models, again in-
cluding age and intracranial volume as covariates,

Effects of cumulative exposure to traumatic stress

We investigated a putative dosage effect of multiple trawma-
tic event types on the probability of PTSD diagnosis for
traumatized participants using a logistic regression model.
The effect of the number of different traumatic events on
PTSD symptom severity was explored using a bivariate re-
gression model. To reveal a possible relation between the
severity of trauma exposure and parcellation results/mean
intensity values, these variables were imcluded in a linear
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regressicn model and corrected for age and intracranial vol-
ume as covariates. Models were then compared with likeli-
hood ratio tests, We considered the number of traumatic
stress types experienced to be influential if the model includ-
ing trauma exposiure was favoured,

We performed all analyses (except the exploration of VBM
group differences in SPM5) using the statistical program R
(version 2.7.1") with the additional package nlme (version
3.1-90%).

Results
Participants

Fifty-two refugees were included in the study: 20 currently
had PTSD, 19 did not have PTSD but had repeatedly experi-
enced fraumatic stress (traumatized controls) and 13 non-
traumatized controls had not experienced severe traumatic
stressors. In 3 of the traumatized controls, an earlier episode
of PTSDD had remitted.

The main population characteristics of the sample are
summarized in Table 1. Participants’ mean age was 36 years
in the PTSD group (standard deviation [SD] 7.7, range 23—
55yr), 34 years in traumatized controls (SD 9.9, range
21-53 yr) and 29 years in nontraumatized controls (5D 7.2,
range 18-48 yr). The group difference regarding age reached

significance: Kruskal-Wallis y* = 7.35, p = 0.025, Post-hoc
tests revealed that nontraumatized controls were younger
than participants with PTSD (Wilcoxon rank sum test,
p = 0.010). However, nontraumatized controls did not differ
significantly from traumatized controls, and traumatized
conirals did not differ from patients with PTSD. In an at-
tempt to control for this confound, age was considered as co-
variate in every subsequent analysis. Groups tended to differ
regarding the years of formal education: Kruskal-Wallis
)(,22 =5.06, p = 0L08. Post-hoc tests revealed that traumatized
controls tended to have had more years of formal education
than patients with PTSD (Wilcoxon rank sum test, p = 0.06),
Participants were mainly of Kurdish (n = 48) race. The 4 re-
maining participants were Albanian, Serbian, Romanian and
Turkish, respectively. Forty-nine participants were right-
handed, and 3 participants (1 in each control group and 1 pa-
tient with PTSD) were left-handed. One participant in the
PTSD group had taken antidepressant medication on an ir-
regular basis (maximally once a week). Twenty-nine partici-
pants were smokers: 9 nontraumatized controls (mean 18.00,
5D 6.40 cigarettes/d), 10 traumatized controls (mean 22.18,
5D 13.66 cigarettes/d) and 10 patients with PTSD (mean
23.10, 5D 16.04 cigareites/d). Group differences in the num-
ber of smokers or cigarettes stnoked per day were nonsignifi-
cant. Other than that, none of the participants conswmned any
psychoactive drugs or medication.

Table 1: Population characteristics of refugees who underwent magnetic resonance imaging to assess the

effects of traumatization and PTSD on brain morphology

Group; mean (SD}*

Nontraymatized  Traumatized

Kruskal-

Characteristic controls, n= 13 controls, n=19 PTSD, p=20 Walisy,t  pvaluet
Age, yr 29.0 {7.2) 34.1 9.9 36.2 (7.7) 7.4 0.025
Years of formal education 8.5 (B.0) 10.7 {4.4) 78 (4.0) 5.1 0.08
Cigarettes smoked, no./d 12.5 (10.1) 12.8 {15.2) 11.6 {16.2) 0.75
Age at first traumatic experience — 15.5 (6.8) 18.4 (6.8) 0.86
Ne. smokers 9 11 9 0.38
No, participants fulfilling criteria for 1 1 15 < 0,001
major depression
FPTSD = posttraumatic stress disorder; SD = standard deviation.
*Unless otherwise indicated.
TAH test results were 2-taited.
Table 2: Traumatization and symptoms of postiraumatic stress disorder
Group; mean (8D)
Traumatized conirals, PTSD, Kru.skalz—
Measure n=19 n=20 Watlis y”* p value*
Chacklist 7.68 (4.68) 14.80 (5.63) 13.28 < 0.001
CAPS score
Sum of event Jist 468 (224} 6.60 (2.19) 5.53 < 0.001
Intrusion subscale 7.05 (519 2270 (6.14) 25.68 < 0.001
Avcidance subscale 316 (4.95) 26.10 (6.10) 27.42 < 0.001
Hyperarousal subscale 2.84 {4.22) 2010 ({5.99) 25.42 < 0.001
Sum 13.05 (11.98) 68.90 (15.46) 27.04 < 0.001

CAPS = Clinician Administered PTSD Scale;™ Chechist = shortened version of the vivo Checklist of war, detention and torture events;”

FPT8D = postiraumatic stress disorder; S0 = standard deviation,
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Most of the traumatized participants were exposed to se-
vere traumatic stress more than a decade age: 44% reported
their first travmatic event 10-20 years ago; 41% reported that
traumatic experiences had started even more than 20 years
ago. Participants were between 5 and 35 years old when they
experienced their first traumatic event (mean age 15.8, 51D
6.6 yr). Patients with PTSD and traumatized controls did not
differ regarding their age at first traumatic experience. As ex-
pected, patients with PTSD reported experiencing a greater
number of different types of traumatic events {see Table 2 for
means and SDs of clinical instruments in traumatized partici-
pants). Seventeen participants (1 in each control group and 15
in the PTSD group) fulfilled criteria for major depression ac-
cording to DSM-IV.* Eleven participants showed either low

{(# = 10) or high (n = 1) suicidality, with higher suicidality in
participants with PTSD: Pearson y2, = 11.26, p = 0,024,

Of the 52 participants, 3 {1 in each group) were excluded
from further analysis because their MRI data were of ex-
tremely bad quality owing to movement artifacts.

Group differences in cortical volume and cerebral grey matter

See Figure 1 for a graphic depiction of cortical parcellation re-
sults and Table 3 for a succinct summary of corresponding
statistical models. No significant group differences were
found regarding the cortex as a whole (F,,, = 0.53, p=0.59 or
total grey matter (F.,, = 0.42, p = 0.56). However, groups dif-
fered in the bilateral isthmus of the cingulate (F,,, = 3.98,

Inferior parietal cortex
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Fig. 1: Graphic depiction of group differences in coriical regions associated with episodicfautobiographical memory. Depicied are the fitted values
(predicted group means with the covariates kept constant at the mean of the whole poputation} and standard errors (ariginal uncorrected volumes
were given in millimetres). Significant group differences were found in the bilateral isthmus of the cingulate, the left rostral middle frontal cortex
and the right inferior parietal cortex. The bilateral lateraf orbitofrontal cortex showed a trend toward group differences. Age and intracranial volume
were considered as covariates in all analyses. Precise statistical parameters are presented within the main text. MFC = medial frontal cortex;
OFC = orbitofrontal cortex; PTSD = posttraumatic stress disorder.

Table 3: Summary of group differences in cortical volume and cerebral grey matter

Parameter statistics™ Covariate statistics™

_TCwv.P78D

W NICV.PTSD - NTCv. TG e BE IS ...Hemisphere
Imagmg;”?rain region ) Foe  pvalue t, pvalle  t  pvalue t, pvalue F . pvalue F.. pvalue
Parcellation
Bilateral isthmus of the 398 0.025 -2.69 0.013 -248 0.017 -0.04 0.97 1466 <0001  41.65 <0.001 112 0.30
cingulate
Bilateral lateral orbitofrontal 238 010 -1.49 0©.14 =217 0.035 0.84 041 9.02  0.004 1357 <0.001 123.85 <0.001
cortex
Left rostral middle frontal 412  0.022 -2.68 0010 -0.84 040 -2,03  0.048 833 0.006 682 0.012 —
coriex
Right inferior parietal cortex 457 0.016 -3.02 0004 -1.90 0.06 -1.20 024 492 0031 2822 <0.001 —
YBM grey matter volumes -
(extracted with MarsBaR)
Lett isthmus of the cingulate 545 0,008 -3.26  0.002 -241 0.020 -0.87 0.39 369 0.0 16.46 <0001 -
Right inferior parietal cortex 6.62 0.003 -3.68 <0.001 -2.03 0.043 175 0.09 12.93 < 0.001 962  0.003 —
Left rostral anterior cingulate  4.75  0.013 -3.03 0004 -230 0.026 -0.75 048 734 0010 1059 0.002 —
cortex
Right rostral anterior cingulate  6.01  0.005 -3.24  0.002 296 0.005 -0.22  0.83 3.29 008 1220 0.001 —_

cortex

1CV = intracranial volume; NTC = nontraumatized conirol group; PTSD = postiraumatic stress disorder;, TG = traumatized control group; VBM = voxel-based morphometry.

*All tasts were 2-tailed, with p < 0.001 indicating a significant group difference.
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p=0.026). Compared with the noniraumatized contrals, the
PTSD group (t, = —-2.59, p = 0.013) and the traumatized con-
trols {f, =248, p = 0.017) showed lower volumes in this sec-
tion. Traumatized controls and patients with PTSD did not
differ significantly (t, = —0.04, p = 0.97). Purthermore, there
was & trend toward a bilateral group difference in the iateral
orbitofrontal cortex (F,,, = 2.38, p = 0.10). Traumatized con-
trols showed less volume than nontraumatized controls
{t, ==2.17, p = 0.035). However, the difference between non-
traumatized controls and patients with PTSD (with iess val-
ume in the PTSD group) did not reach statistical significance
(tw = =1.49, p = 0.14). Again, traumatized controls and the
PTSD group did not differ (£, = 0.84, p = 0.41).

We found significant group x hemisphere interactions in
the rostral middle frontal cortex (F,.. = 4.59, p = 0.015) and in-
ferior parietal cortex (F,. = 439, p = 0.018). Therefore, vol-
umes were compared separately for each hemisphere in these
regions. In the rostral middle frontal cortex, we found a sig-
nificant group difference in the left hemisphere (F,,, = 4.12,
p = 0.023). Participants with PTSD showed lower volumes

than both control groups {(nentraumatized controls v. PTSD,
ty = =268, p = 0.010; traumatized controls v, PTSD, {,, = -2.03,
p = 0.048; nontraumatized v. traumatized controls, £, = —0.84,
p = 0.40). In the inferior parietal cortex, there was a significant
right-hemispheric difference (F,,, = 4.57, p = 0.015). In this
case, patients with PTSD as well as travmatized controls
showed lower volumes than nontraumatized controls (non-
traumatized controls v. PTSD, t, = -3.02, p = 0.004; trauma-
tized controls v. PTSD, £, = -1.20, p = 0.24; nontraumatized v.
traumatized controls, £, = -1.90, p = 0.06). Excluding trauma-
tized controis who fulfilled the criteria of a lifetime PTSD or
left-handed persons did not affect the results.

Voxel-based morphometry grey matter volume

See Figure 2 for a graphic depiction of VBM resulis and
Table 3 for a summary of corresponding statistical models. At
the uncorrected significance threshold of p < 0.005 {mintmum
cluster size [k] of 25 voxels), clusters with lower grev matter
volumes in patients with PTSD than nontraumatized controls
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Fig. 2: Brain regions showing less grey matier volume in palients with postiraumalic stress disorder (PTSD) than in nonfraumatized conirols
(at a threshold of g < 0.005, uncorrected). Results of the voxel-based morphometry (VBM) analysis did not reach significance within a classic
voxel-wise comparison. Bar graphs depict the fitted values (predicted group means with the covariates kept constant at the mean of the whole
population) and standard errors of extracted mean volume ievels in the respective clusters. After extraction of mean volume levels, significant
group differences were found in the inferior parietal cortex (patients with PTSD and traumatized controls showed significantly lower grey mat-
ter velume than nontraumatized contrels and, as a frend, patients with PTSD showed lower grey matter volumas than traumatized contrels),
isthmus of the cingulate (patients with PTSD and traumatized controls showed significantly less grey matter volume than nontraumatized con-
trols) and bilateral anterior cingulate cortex (patients with PTSD and traumatized controls showed significantly lewer grey matter volume than
nontraumatized controls). Precise statistical parameters are presented within the main iext.
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were found in the vicinity of the Jeft isthmus of the cingulate
(peak coordinates x, y, z mm = ~10, 48, 28; k = 111, { = 3.3%),
the right inferior parietal cortex (peak coordinates x, ¥,z
mm = 30, -8, 32 and 34, -80, 20; k = 175, { = 3.43 and 3.08) and
the bifateral restral ACC (peak coordinates x, y, z mm =-14,
44, 14; k = 57, t = 3.38 in the left hemisphere and 16, 40, 15;
k=36, t = 3.08 in the right hemisphere). No significant differ-
ences were observed comparing healthy and traumatized con-
trols or traumatized controls and patients with PTSD.

In a direct comparison. of the mean volumes extracted with
MarsBaR, group differences reached significance in all SPM
clusters: in the vicinity of the left isthmus of the cingulate, pa-
tients with PTSD and traumatized controls showed less grey
matter volume than noatraumatized controls (F,., = 545,
p =0.008; nontraumatized controls v. PTSD, £, = -3.26, p = D.002;
traumatized controls v. PTSD, £, = —0.87, p = 0.39; nontrauma-
tized v. traumatized condrols, £, = -2.41, p = 0020} In the right
inferior parietal cortex, traumatized participants showed less
grey rnatter vohime than nontraumatized controls (F,,. = 6.69,
p = 0.003; nontraumatized controls v. PTSD, §,, = -3.65, < 0.001;
nontraumatized v, traumatized controls, £, = -2.03, p = 0.049).
Furthermore, there was a trend with traumatized controls
showing less grey matter volume than patients with PTSD
{ty = ~1.75, p = 0.09). In the bilateral rostral ACC, patients with
PTSD and traumatized controls showed lower grey matter vol-
umes than nontraumatized controls (left hemisphere: Fy, = 475,
p =0.014; nontraurnatized controls v. PTSD, #,, =-3.03, p = 0.004;
traumatized controls v. PTSD, £, =-0.75, p = 0.46; nontrauma-
tized v. traumatized controls, £,, =-2.30, p = 0.026; right hemi-
sphere: F.,, = 601, p = 0.005; nontraumatized controls v, PTSD,
b = =324, p = 0.002; traumatized controls v. PTSD, ¢, = -0.22,
p = 0.83; nontraumatized v. traumatized controls, #, = —2.96,
p = 0.005). See Figure 3 for a graphic depiction of the VBM re-
sults and the underlying, smoothed ROIs generated based on
the FreeSurfer parcellation.

Building-block effect

We found a strong positive relation between the number of
traumatic event types experienced by a participant and the
incidence of PTSD {{log P(PTSD) + P(1-PTSD)] = -3.10 + 0.28
% vivo Checklist; R?,, = 15.81, p < 0.001). Furthermore, a linear
regression analysis showed a significant relation between -
mulative exposure to traumatic stress and current symptom
severity of PTSD (CAPS sum 4.35 + 3.22 x vivo Checklist;
R2, =037, ANOVAF, ;s =21.91, p < 0.001).

Likelihood ratio tests supported a significant influence of the
sum score of traumatization in the isthmus of the cingulate
(3% = 592, p = 0.05). Furthermore, an influence was revealed in
the lateral orbitofrontal cortex (3% = 8.09, p = 0.018} In both
cases, this effect was mediated by intracranial volume (isthmus
of the cingulate: FICV x vivo Checklist: 1, = -2.35, p = 0.026; lat-
eral orbitofrontal cortex: ITCV x vivo Checklist: f,. = -2.73,
p =0.010). See Figure 4 for a graphic depiction of the relation
between the extent of traumatization and brain veolumes and
Table 4 for the model equalions and respective parameter sta-
tistics. No influence of traumatization could be shown for the
left rostral middle frontal cortex and the right inferior parietal

cortex. The influence of the sum score of traumatization on
parceliation variables could not be replicated for mean volume
levels in the respective clusters of the VBM.

Discussion

The scope of the present study was to investigate the influ-
ence of traumatization and PTSD) on cortical grey matter vol-
wmes. To increase the validity of our findings, we imple-
mented 2 independent methods: an automated cortical
parcellation analysis and VBM. According to the cortical par-
cellation, patients with PTSD (and to a lesser extent trauma-
tized controls) showed reduced brain velumes within several
lateral prefrontal regions, the right inferior parietal cortex and
the bilateral isthmus of the cingulate. Subsequent regression
analysis revealed that this volume loss correlated with the ex-
tent of traumatization at least in lateral orbitofrontal cortices
and the isthmus of the cingulate. These results were partally
confirmed by the VBM analysis, showing a PTSD-related de-
crease of grey matter volurnes in the right parietal cortex, left
postertor midline regions and, beyond the parcellation find-
ings, in the bilateral rostral ACC. However, VBM results did
not survive conventional correction for multiple comparisons
and should therefore generally be interpreted with caution.

So far, etiological concepts of PTSD considered its symptom.
pattern to be mainly associated with alterations in medial pre-
trontal and medial temporal lobe regions.™ Support for this
notion came from numerous studies reporting reduced vol-
umes in the hippocampus,’ amygdala,' prefrontal cortex”
and ACC* However, it has repeatedly been stated that these
structures cannot account for all symptoms and deficits ob-
served.” By demonstrating respective volume reductions
within lateral prefrontal, parietal and posterior midline struc-
tures the present results provide evidence that these areas
might be indeed implicated in PTSD and/or traumatization.

Reports of PTSD- and/or stress-related structural and
functional alterations in prefrontal regions are numerous. Be-
sides the previously mentioned volume reductions in the
ACC™ and lateral prefrontal cortex,” patients with PTSD
showed altered brain functions in reaction to trauma-related
memories in both regions.™** Moreover, a disturbed ability

Fig. 3: Graphic depiction of the overlap between the 2 analysis
methods in (A} the inferior parietal cortex and (B} the isthmus of the
cingulate. Brain regions showing lower grey matter volumes in pa-
tients with posttraumatic stress disorder than in nontraumatized
controls (at a threshold of p < 0.005, uncorrected) are depicted in
red. The underlying, smoothad regions of inlerest generated based
on the FreeSurfer parcellation are depicted in yellow.
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Fig. 4: Correlation between the extent of traumatization and brain volumes, There was a significant relation between the extent of traumatization,
the bilateral isthmus of the cingulate and the: bilateral lateral crbitofrontal cortex. Scatter plots depict fitted vaiuas (predicted group means with the
covariates kept constant at the mean of the whole population) of brain volumes. Precise stafistical parameters are presented within the main text,

Tabie 4: Influence of traumatization on cortical volumes

Farameter statistics

ICV x vivo
Age Hemisphere ICV Group vivo Checklist Checklist
Brain region £, p value t, p value , pvalue £, pvalue t, p value pvalue
Bilateral isthmus of the -2.18 0.037 1.12 0.27 492 <0001 0.64 053 2.38 0.024 —2.38 0.026
cingufate™
Bilateral lateral orbitofrontal -1.81 0.08 9.81 < 0,001 468 <0.001 -0.78 G.44 2.87 0.012 —2.68 0.012
cortext

ICV = intracranial volume; vivo Checklist = shortened version of the vive Chechlist of war, detention and torture events.®
“Madel equation: Isthmus of the cingulate = -2988 - 13.69 % age + 83 85 x hemisphers + (.003 x ICV + 87.2¢ x group + 272.12 x vivo Checklist - 0.0001 x ICV x vivo Checklist.
Tiodel squation: Lataral erbitofranial cortex = —4877 - 26 71 x age + 1162.27 x hemisphere + 0.007 » ICV ~248.08 x group + 716,78 x vivo Ghacklist — 0.0001 = 10V x vive Checklist.
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of traumatized individuals to down-regulate negative emo-
tional responses was directly associated with reduced brain
activity in the lateral prefrontal cortex.¥ Respective alter-
ations might emerge very early in reaction to traumatic
stress, as survivors of a severe earthquake showed an in-
creased resting-state activity in the left lateral prefrontal cor-
tex shortly after having experienced of this traumatic event.®

It has recently been highlighted that periods of repeated
(psychosocial) stress might alter the activity in the human pre-
frental cortex.” In light of corresponding findings of stress-
induced dendritic atrophy in rodents,” these processes might
manifest themselves in detectable structural alterations when
extrame and /or repeated traumatic stress is experienced. Sup-
port for this notion might come from the association between
the extent of traumatization and the volumes of the lateral or-
Bitofrontal cortex that has been revealed in our data. Substan-
tHal volume loss in the lateral orbitofrontal cortex was already
reported in war veterans with chronic PTSD.® We were able
to replicate this finding and add (in line with insights from re-
search in rodents™ and reports of the consequences of severe
psychosocial® and traumatic® stress on prefrontal brain func-
tions in humans) that this volume loss might be interpreted as
a consequence of repeated traumatic stress,

As a potential contribution of parietal and/or posterior
midline structures has received relatively little attention in
trauma and/or PTSD-related brain research so far, data con-
cerning this topic are still scarce. However, there is some evi-
dence in the literature that supports our suggestion that these
structures might play some role in the development of PTSD
symptoms as well. During trauma-related, script-driven im-
agery, an increased neuronal activity was reported in retro-
splental and/or posterior cingulate® and parietal cortices™™
of patients with PTSD. Furthermore, patients with PTSD
showed an increased resting cerebral blood flow in posterior
cingulate and parietal sections.

Taken together, our results and those in the literature point
oul that lateral prefrontal, parietal and posterior midline re-
gions might be involved in the pathophysiological medel of
PTSD. A congruency of the cortical parcellation and VBM
analysis, at least in some of the regions, provides further sup-
port for the validity of this finding. A previous combination
of these 2 methods™ in traumatized participants revealed
highly consistent results between the FreeSurfer parcellation
and VBM. These authors implemented the cortical parcella-
tion method to validate their whole-brain VBM analysis.”
However, we chose to apply the methods in an opposing or-
der. Apart from its popularity in clinical research, there has
been emerging concern about some limitations of VBM. Criti-
cism mainly concentrated on a potential distortion of results
owing fo spatial normalization,” a bias toward group differ-
ences that are spatially weil confined® and statistical proced -
ures that may generally be too strict to reveal subtle morpho-
logical alterations.” FreeSurfer procedures are, on the other
hand, performed in native space, thus avoiding spatial nor-
malization steps that might distort findings. Intersubject
and/or template registrations are performed by projecting
them onto spherical representations. This approach has been
shown to result in a good matching of homologous cortical

regions and should thus be more sensitive than clagsic VBM.

In line with these preceding considerations, our VBM results
generally did not survive conventional correction for multiple
comparisons, even though they tended to indicate atrophies in
gimilar regions as the cortical parcellation. Moreover, the results
differed between methods for some other brain regions, for ex-
ample, in the lateral prefrontal cortex where VBM failed to repli-
cate a volume loss that has been revealed with the parcellation
method. However, as mentioned previcusly, it has been sug-
gested that VBM findings might be distorted by normalization
steps.™7 As these nuisance effects might be especially pro-
neunced at the edges of the brain, this might help to explain
some of these inconsistencies. Moreover, VBM revealed PTSD-
related structural alterations in the rostral ACC that were not
observed with the parcellation procedure. This parallels previ-
ous reports in the literature” and emphasizes the notion that
VBM is not sufficiently able to differentiate between factual vol-
ume jess and alterations in shape and /or location of brain struc-
tures.” To summarize, our data indicate that FreeSurfer and
VBM are both suitabie for the investigation of cerebral atrophies.
However, our results still supportt some of the concerns men-
tioned above®®? and imply that VBM should be combined with
other methods to increase its informative value®

Limitations

Some major Imitations should be considered when interpret-
ing the present results. Our study population consisted of
mainly Kurdish, male refugees exposed to similar severe trau-
matic experiences in their home countries. As this specific
population took no regular psychiatric medication and barely
consumed alcohel, we controlled for confeunding variables
that frecuently have hampered PTSD-related brain research.
Nevertheless, this sample leads to a limited generalizibility of
our findings, as conclusions about potential sex differences or
the impact of different kinds of traumatization (e.g., child-
hood abuse} cannot be drawn. As most of our participants
had cormorbid major depression, we furthermore cannot defi-
mitely distinguish how PTSD and depression symptoms con-
tributed to our results. However, in light of the high preva-
lence of comorbid major depression in patients with PTSD, it
has already been suggested that major depression and PTSD
symptoms might emerge simultanecusly as 2 facets of a gen-
eral posttraurnatic psychopathology *® Accordingly, the strict
division between these 2 conditions might be artificial and not
representative of the factual clinical reality in chronic PTSD.
Another line of concern affects general methodological
issues. We had to calculate 12 independent statistical models
to investigate the effects of PTSD and/or traumatization
on our hypothesized ROIs. However, as we did not directly
correct for multiple comparisons within this procedure, we
carmot definitely rule out the possibility of false-positive re-
sults. However, given the mentioned 12 tests covering our
parcellation ROls, we would expect at most 1 random devia-
tion on a 0.05 significance level. Our finding of 4 regions dif-
fering between groups thus largely exceeds the expectations
of mere chance. Moreover, our a priori hypotheses were
1-sided, which would allow us to divide the respective p values

184 ] Psychiatry Neurosci 2011;36(3)



PTSD-related alterations in a fronto-parietal brain regions

by 2, thus further strengthening the group differences re-
vealed in our data. Finally, the validity of our findings was
further increased by the implementation of 2 independent
methods previding an overlapping pattern of results.

Another methodological concern that might limit the inter-
prefation of our results is linked to general constraints of MRI
acquisition. We revealed a significant volume loss in the lateral
orbitofrontal cortex that was associated with the extent of
traurratization, However, MRI acquisition is generally plagued
by signal loss in this region. It is hard to quantify or control for
the influence of this nuisance facter on our results. Notwith-
standing, acquisition parameters have been identical for all par-
ticipants and individuals have been scanned in an interleaved
manner. Accordingly, the measurement error in the lateral or-
bitofrontal cortex should be constant for the whole poputation
and should not have a systematicaily bigger effect in one group
than the other. Further support for this line of argument comes
from the literature. Similar volumetric differences in the lateral
orbitofrontal cortex have already boen shown in a relatively
large sample of former Vietnam veterans,” and it seems highly
improbable that MRI nuisance artifacts affected 2 completely
independent populations in the same direction.

Conclusion

Apart from the concerns mentioned, cur findings on PTSD-
and/or trauma-related structural alterations in lateral pre-
frontal, parietal and posterior midline regions might have im-
portant implications for the understanding of PTSD symptoms
and some associated memory disturbances. These regions are
part of a network that is particularly involved in episodic
memory, emotional processing and executive control, Pre-
frontal regions play a particular role in the deliberate mantpu-
lation of emotions™”* and memories™*#* ard might thus be
particularly important for the regulation of highly emotional
memeories in the aftermath of fraumatic experiences.” The pari-
etal cortex, on the other hand, has been suggested to play an
important role in the volitional and unvolitional allocation of
attentional resources®™ during the retrieval of episodic mem-
ories. Accordingly, the successful manipulation of emotional
memoeries seemns not only to rely on the interplay between me-
dial temporal and prefrontal cortices but also on an intact func-
tioning of parietal areas. Integrity of the posterior midline
structures might finally be particularly important for an unob-
structed communication between these structures, as this re-
gion is known to serve as a major route of information flow be-
tween them.® Disturbances in this hypothesized network, as
they are indicated by our data, might help to explain some of
the memory disturbances associated with PTSD, such as the
fragmentation of traumatic memories,” the generally less de-
tailed retrieval of autobiographical memories” or the high oc-
currence of recurrent, intrusive recollection of traumatic mem-
ories. It must be emphasized, however, that this interpretation
remains largely speculative. Even though we presented clear
evidence that lateral prefrontal, parietal and posterior midline
structures might be implicated in the pathophysiology of
PTSD, the factual significance of these regions in PTSD symp-
torm development still remains to be clarified.
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Post-traumatic stress disorder:
the neurobiological impact of

psychological trauma

Jonathan E. Sherin, MD, PhD; Charles B. Nemeroff, MD, PhD

The classic fight-or-flight response to percaived threat
is 2 reflexive nervous phenomenon that has obvious
survival advantages in evolutionary terms. However,
the systems that organize the constellation of reflex-
ive survival behaviors following exposure to perceived
threat can under some circumstances become dvsreg-
viated in the process. Chronic dysregulation of these
systems can lead to functional impairment in certain
individuals who become “psychotogically traumatized”
and suffer from post-traumatic stress disorder (PTSD).
A body of data accumulated over several decades has
demenstrated neurobislogical abnormalities in PTSD
patients. Some of these findings offer insight into the
pathophysiology of PTSD as well as the biological vul-
nerability of certain populations to develop PTSD.
Several pathoflogical features found in PTSD patients
overlap with features found in patients with traumatic
brain injury, paraileling the shared signs and symptoms
of these clinical syndromes,
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Overview of psychological trauma,
post-traumatic stress disorder,
and biological markers

& sychological trauma can result from witnessing
an event that is perceived to be Life-threatening or {o
pose the potential of serious bodily injury to self or oth-
ers. Such experiences, which are often accompanied by
intense fear, horror, and helplessness, can lead to the
development of, and are required for the diagnosis of,
post-traumatic stress disorder (PTSD).' It was originally
thought that PTSD represented a normative response,
at the extreme end of a response continuum, the sever-
ity of which related primarily to trauma’/stressor inten-
sity. However, it has become clear over time that the
respense of an individual to tranma depends not only on
stressor characteristics, but also on factors specific to the
individual* For the vast majority of the population, the
psychological trauma brought about by the experience
of profound threat is limited to an acute, transient dis-
turbance. Though transient, such reactions can be quite
unpleasant and are typically characterized by phenom-
ena that can be grouped for the most part into three pri-
mary domains: (i) reminders of the exposure {including
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Selected abbreviations and acronyms
5HT

serolonin

CRH corticotropin-releasing hormone
DA dopamine

GABA y-aminobutyric acid

HPA hypothalamic-pituitary-adrenal
NE norepinephrine

NFY neuropeptide Y

PTSD post-traumatic stress disorder

flashbacks, inirusive thoughts, nightmares); (ii) activa-
tion (including hyperarousal, insomnia, agitation, irri-
tability, impulsivity and anger); and (iii) deactivation
(including numbing, avoidance, withdrawal, confusion,
derealization, dissociation, and depression). As these
reactions are self-limiting by definition, in general they
provoke minimal functional impairment over time. On
the other hand, for a significant minority of the popu-
lation, the psychological trauma brought about by the
experience of profound threat leads o a longer-term
syndrome that has been defined, validated, and termed
PTSD in the clinical literature. PTSD is often accompa-
nied by devastating {unctional impairment.

PTSD is characterized by the presence of signs and
symptoms in the three primary domains described above
for a period extending beyond 1 month (such periods can
in some cases occur long after the original, precipitating
traumatic exposure). The signs and svmptoms of PTSD,
therefore, appear to reflect a persistent, abnormal adap-
tation of neurobiological systems to the stress of wit-
nessed trauma. The neurobiological systems that regulate
stress responses include certain endocrine and neuro-
transmitter pathways as well as a network of brain
regions known to regulate fear behavior at both con-
scious and unconscious levels, Not surprisingly, much
research has consequently focused on exploring these
systems in more detail as well as attempting to elucidate
the pathological changes that occur in patients who
develop PTSD. More specifically, there have been and
continue to be ongoing efforts to link neurobiological
changes identified in patients who suffer from PTSD to
the specific clinical features that constitute PTSD, includ-
ing altered learning/extinction, heightened arousal, and
intermittent dissociative behavior as examples relevant
to each of the three primary domains. Efforts to identify
neurobiological markers for PTSD originally presumed
that abnormalities were acquired “downstream” from an
exposure, as a consequence of traumatic experience. It

could be, however, that certain abnormalities in the
patient with PTSD simply represent pre-existing or
“npstream” pathology that is functionally dormant until
released by trauma exposure and detected thereafter
upon investigation. Along these lines, recent interest has
focused on factors that seem to modulate outcome vari-
ation in neurobiological systems following trauma expo-
sure including genetic susceptibility factors, female gen-
der, prior trauma, early developmental stage at the time
of traumatic exposure, and physical injury (including
traumatic brain injury—TBI) at the time of psychologi-
cal trauma; these parameters likely contribute to vulner-
ability for, versus resilience against, developing PTSD.

Although the biological, psychological, and social ram-
ifications of PTSD have been under scientific scrutiny
for some time now, and treatment has improved dra-
matically, much remains unknown about this condition
and controversy persists in both the neuroscientific as
well as the clinical/treatment literature. In this text, we
review the neurobiological impact of psychological
trauma from the perspective that genetic, developmen-
tal, and experiential factors predispose certain individ-
uals to the development of PTSD. More specifically. we
review the current database as pertains to biological
markers of PTSD and the possibility that some biologi-
cal markers may not be acquired but, rather, may in fact
predate trauma until functionally “unmasked” by stress.
Where relevant, we also make note of similarities
between PTSD and TBI, which extend beyond well-
known signs and symptoms (such as irritability and
social withdrawal) to include abnormalities in the same
neurcbiological systems. Lastly, the article includes a
short section on basic considerations for future direction.
Ideas put forth in this communication are done so in the
interest of developing a consistent model for conceptual
purposes. It is recognized at the outset that numerous
inconsistencies can be found in the literature that high-
light the multifactorial and complex nature of this field.

The biclogy of PTSD

There are a number of factors that must be considered
in contemplating the interplay between adverse envi-
ronmental stimulation, stress responses/reactions, and
pathology. In this section, basic findings are reviewed
from endocrinology, neurochemistry, and brain circuitry
research conducted on patients with a diagnosis of
PTSD (Table I).
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Endocrine factors

Core endocrine features of PTSD include abnormal reg-
ulation of cortisol and thyroid hormones, though there
is some disagreement about these findings in the litera-
ture. Of note, endocrine dysregulation is also found in
patients diagnosed with TBI as a result of damage to the
pituitary statk.

The hypothalamic-pituitarv-adrenal axis

The hypothalamic-pituitary-adrenal (HPA) axis is the
central coordinator of the mammalian neuroendocrine
stress response systems, and as such, it has been a major
focus of scrutiny in patients with PTSD {Figure ). In
short, the ITPA axis is made up of endocrine hypothala-
mic components, including the anterior pituitary, as well
as an effector organ, the adrenal glands. Upon exposure
to stress, neurons in the hypothalamic paraventricular

Feature
A, Neuroendocrine
Hypothalamic-pituitary-adrenal axis

Change

A Hypocortisolism

Sustained, increased level of CRH

Hypothalamic-pituitary-thyroid axis  Abnormal T3:T4 ratio
B. Neurochemical

Catecholamines Increased dopamine lavels

E Iricreased norepinephrine fevels/activity

Serotonin
' Dorsal raphé
Median raphé .
Dorsalfmedian raphé
Decreased GABA activity
Increased glutamate

Amino écids
Peptides -

C. Neurganatomic
Hippocampus -
Amygdala
Cortex

- Reduced volume and activity
Increased activity
Reduced prefrontal volume

 Decreased concentrations of 5HT in:

Decreased plasrna NPY concentrations
Increased CSF p-endorphin levels

-Reduced anterior cingulate veiume

nucleus (PVN) secrete corticotropin-releasing hormone
(CRH) from nerve terminals in the median eminence
into the hypothalamo-hypophyseal portal circulation,
which stimulates the production and release of adreno-
corticotropin (ACTH) from the anterior pituitary. ACTH
in turn stimulates the release of glucocorticoids from the
adrenal cortex. Glucocorticoids modulate metabolism as
well as immune and brain function, thereby orchestrat-
ing physiological and organismal behavior (o manage
stressors. At the same time, several brain pathways mod-
ulate HPA axis activity. In particular, the hippocampus
and prefrontal cortex (PFC) inhibit, whereas the amyg-
dala and aminergic brain stem neurons stimulate, CRH
neurons in the PVIN. In addition, glucocorticoids exert
negative feedback control of the HPA axis by regulating
hippocampat and PVN neurons. Sustained glucocorticoid
exposure has adverse effects on hippocampal neurons,
including reduction in dendritic branching, loss of den-
dritic spines, and impairment of neurogenesis.**

Effect

Disinhibits CRH/NE and upregulates response 1o stress
Drives abnormal stress encoding and fear processing
" Blunts ACTH response to CRH stimulation
Promotas hippocampal atrophy
Increases subjective anxiety

Interferes with fear conditioning by mesalimhic system
Increases arousal, startle response, encading of fear memories
Increases pulse, blood pressure, and response to memories

Disturbs dynamic between amygdala and hippocampus
Compromises anxiolytic effects

Increases vigilance, startle, impulsivity, and memory intrusions
Compromises anxiolytic effects

Fosters derealization and disseciation _

teaves CRH/NE unopposed and upregulates response to stress
Fosters numbing, stress-induced analgesia, and dissociation

Alters stress responses and extinction

Promotes hypervigilance and impairs discrimination of threat,
Dysregulates executive functions

Impairs the extinction of fear responses

Decreased medial prefrontal activation  Unclear

Table I. Summary of neurchiclogical features with identified abnormalities and functional implications in patients with post-traumatic stress disorder.
CRH, corticotropin-releasing hormone; SHT, serotonin; GABA, y-aminobutyric acid; NPY, neuropeptide ¥: ACTH, adrenacorticotroping NE, nor-
epinephrine; CSF, cerebrospinal fluid
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Although stressors as a general rule activate the HPA
axis, studies in combat veterans with PTSD demonstrate
decreases in cortisol concentrations, as detected i urine
or blood, compared with healthy controls and other com-

PITUITARY
GLANE

parator groups. This surprising finding, though replicated
in PTSD patients from other populations including
Holocaust survivors, refugees, and abused persons, is not
consistent across all studies.” [t has been suggested that

STEM

SYSTEM

Figure 1. The hypothalamic-pituitary-adrenal axis is the body’s major response system for stress. The hypothalamus secretes CRH, which binds to recep-
tors on pituitary cells, which produce/release ACTH, which is transported to the adrenal gland where adrenal hormones such as cortisol are
producedireleased. The release of cortisol activates sympathetic nervous pathways and generates negative feedback to both the hypothala-
mus and the anterior pituitary. This negative feedback system appears to be compromised in patients with post-traurnatic stress disorder. CRH,

corticotropin-releasing hormaone; ACTH, adrenocorticatropin
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inconsistent findings may result from differences in the
severity and timing of psychological trauma, the patterns
ol signs/symptoms, comorbid conditions, personality, and
genetic makeup.” Studies using low-dose dexamethasone
suppression testing suggest that hypocortisolism in PTSD
occurs due {o increased negative feedback sensitivity of
the HPA axis. Sensitized negative feedback inhibition is
supported by findings of increased glucocorticoid recep-
tor binding and function in patients with PTSD." Further,
sustained increases of CRH concentrations have been
measured in cerebrospinal fluid (CSF) of patients with
PTSD. As such, blunted ACTH responses to CRH stim-
ulation implicate a role for the downregulation of pitu-
itary CRH receptors in patients with PTSD.® In addition,
reduced volume of the hippocampus, the major brain
region inhibiting the HPA axis, is a cardinal feature of
PTSD.fTaken as a whole, these neuroendocrine findings
in PTSD reflect dysregulation of the HPA axis to stres-
sors.’

In the context of the above discussion, prospective stud-
ies suggest that low cortisol levels at the time of expo-
sure to psychological tranma may predict the develop-
ment of PTSD."* Therefore, hypocortisolism might be a
risk factor for maladaptive stress responses and predis-
pose to future PTSD. This hypothesis is supported in
principle by the finding that exogenously administered
hydrocortisone shortly after exposure to psychological
trauma can preveat PTSD."" In addition, it has been
shown that simulation of a normal circadian cortisol
rhythm using exogenously introduced hydrocortisone is
effective in the treatment of PTSD." In sum, it may be
that decreased availability of cortisol, as a result of or in
combination with abnormal regulation of the HPA. axis,
may promote abnormal stress reactivity and perhaps
{fear processing in general, That said, it should be noted
that glucocorticoids interfere with the retrieval of trau-
matic memories, an effect that may independently pre-
vent or reduce symptoms of PTSD.*

The hypothalamic-pituitary-thyroid axis

The hypothalamic-pituitary-thyroid (HPT) axis is
involved in regulating metabolic versus anabolic states
and other homeostatic functions, which it does by con-
trolling the blood level of thyroid hormones. A possible
role for the HPT axis in stress-related syadromes has
been suspected for some time because it is known that
Irauma can trigger thyroid abnormalities. To date, how-

ever, there has not been a significant research effort tar-
geting the relationship between the HPT axis and PTSD.
Studies have been conducted, however, on Vietnam
Veterans with PTSD who were found to have elevated
baseline levels of both tri-iodothyronine (T3) and thy-
roxine {T4). Of note, the level of T3 in these subjects was
disproportionately elevated relative to T4, implicating
an increase in the peripheral deiodinization process.™"
These findings were replicated for the most partin a
study of WWII Veterans with more longstanding PTSD
diagnoses. kn these individuals, isolated T3 levels were
elevated whereas T4 levels were normal.” Taken
together, these studies suggest that over time the impact
of trauma on T4 levels may abate. The authors suggest
that elevated T3 may relate to subjective anxiety in these
mdividuals with PTSD.

Neurochemical factors

Core neurochemical features of PTSE include abnormal
regulation of catecholamine, serotonin, amino acid, pep-
tide, and opioid neurotransmitters, each of which is
found in brain circuits that regulate/integrate stress and
fear responses. Of note, catecholamine and serotonin {as
well as acetylcholine) dysregulation is also found in
patients diagnosed with TBI, presumably as a resull of
diffuse axonal injury.

The catecholamines

The catecholamine family of neurotransmitters, includ-
ing dopamine {DA) and norepinephrine (NE), derive
from the amino acid tyrosine. Increased urinary excre-
tion of DA and its metabolite has been reported in
patients with PTSD. Further, mesolimbic DA has been
implicated in fear conditioning. There is evidence in
humans that exposure to stressors induces mesolimbic
DA release, which in turn could modulate HPA axis
responses. Whether or not DA metabolism is altered in
PTSD remains unclear, though genetic variations in the
DA system have been implicated in moderating risk for
PTSD (see below). NE, on the other hand, is one of the
principal mediators of autonomic stress responses
through both central and peripheral mechanisms. The
majority of CNS NE is derived from neurons of the
locus ceruleus (LC) that project to various brain
regions involved in the stress response, including the
prefrontal cortex, amygdala, hippocampus, hypothala-
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mus, periaqueductal grey, and thatamus. In addition,
there is evidence for a feed-forward circuit connecting
the amygdala and hypothalamus with the LC, in which
CRH and NE interact to increase fear conditioning and
en¢oding of emotional memories, enhance arousal and
vigilance, and integrate endocrine and autonomic
responses to stress. Like other stress pathways, this cas-
cade is inhibited by glucocorticoids,* which serve as a
“brake” for the system. In the periphery, stress-induced
sympathetic nervous system activation results in the
release of NE and epinephrine from the adrenal
medulla, increased release of NE from sympathetic
nerve endings, and changes in blood flow to a variety
of organs as needed for fight-or-flight behavior. The NE
effects are mediated via postsynaptic o, 3,, and B,
receptors, whereas another NE-activated receptor, the
o, receptor, serves as a presynaptic autoreceptor
inhibiting NI: release. Because of its multiple roles in
regulating arousal and autonomic stress responses. as
well as promoting the encoding of emotional memories,
NE has been a central focus of many studies investi-
gating the pathophysiclogy of PTSD.

A cardinal feature of patients with PTSD is sustained
hyperactivity of the autonomic sympathetic branch of
the autonomic nervous system, as evidenced by eleva-
tions in heart rate, blood pressure, skin conductance, and
other psychophysiological measures. Accordingly,
increased urinary excretion of catecholamines, and their
metabolites, has been decumented in combat veterans,
abused women, and children with PTSD. In addition,
patients with PTSD exhibit increased heart rate, blood
pressure, and NE responses to traumatic reminders.
Decreased platelet «, receptor binding further suggests
NE hyperactivity in PTSD."* Administration of the o,
receptor antagonist yohimbine, which increases NE
release, induces flashbacks and increased autonomic
responses in patients with PTSD. Serial sampling
revealed sustained increases in CSF NE concentrations
and increased CST NE responses to psychological stres-
sors in PTSD.** Taken together, there is an abundance
of evidence that NE accounts for certain classic aspects
of PISD symplomatology, including hyperarousal,
heightened startle, and increased encoding of fear mem-
ories.”

Interestingly, prospective studies have shown that
increased heart rate and peripheral epinephrine excre-
tion at the time of exposure to trauma predict subse-
quent development of PTSD.® Further, administration

of the centrally acting f-adrenergic receptor antagonist
propranolol shortly after exposure to psychological
trauma has been reported to reduce PTSD symptom
severily and reactivity to trauma cues.” Although pro-
pranotol administration in this study did not prevent the
development of PTSD, it may have blocked traumatic
memory consolidation.” and therefore may reduce the
severity and/or chronicity of PTSD. It is important to
note, however, that this finding contradicts those from
an earlier study.® Various antiadrenergic agents have
been tested for their therapeutic efficacy in the treat-
ment of PTSD in open-label trials; there is a paucity of
controlled rials.”

Serotonin

Serotonin (3HT), is a monoamine neurotransmitter syn-
thesized from the amino acid tryptophan. Neurons con-
taining SHT originate in the dorsal and median raphé
nuclei in the brain stem and project to multiple forebrain
regions, including the amygdala, bed nucleus of the stria
terminalis, hippocampus, hypothalamus, and prefrontal
cortex. SHT has roles in regulating sleep, appetite, sex-
ual behavior, aggression/impulsivity, motor function,
analgesia, and neuroendocrine funtion. Not surprisingly,
given its connectivity and broad homeostatic role, 3SHT
has been implicated in the modulation of affective and
stress responses, as well as a role in PTSD. Although the
mechanisms are not entirely clear, the effects of 5HT on
affective and stress responses vary according Lo stressor
intensity, brain region, and receptor type. It is believed
that SHT neurons of the dorsal raphé mediate anxio-
genic effects via SHT, receptors through projections to
the amygdala and hippocampus. In contrast, SHT neu-
rons from the median raphé are thought to mediate anx-
iolytic effects, facilitate extinction and suppress encod-
ing of learned associations via SHT, , receptors. Chronic
exposure to stressors induces upregulation of SHT, and
downregulation of SHT , receptors in animal models.
Further, SHT,, knockouts exhibit increased stress
responses.

The SHT system interacts with the CRH and NE sys-
tems in coordinating affective and stress responses.™™
Indirect evidence suggests a role for SHT in PTSD-
related behaviors including impulsivity, hostility, aggres-
sion, depression, and suicidality. In addition, SHT pre-
sumably mediates the therapeutic effects of the selective
serotonin reuptake inhibitors (SSRIs). A recent small
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and controversial study suggests that the street drug
3,4-Methylenedioxymethamphetamine {also known as
MDMA or “ecstasy”), which alters central serotonin
transmission, has therapeutic potential in the treatment
of PTSD.” Other evidence for altered 5HT neurotrans-
mission in PTSD includes decreased serum concentra-
tions of SHT, decreased density of platelet SHT uptake
sites, and altered responsiveness to CNS serolonergic
challenge in patients diagnosed with PTSD.*” However,
no differences in CNS SHT,, receptor binding were
detected in patients with PTSD compared with controls
using PET imaging.” Taken together, altered SHT trans-
mission may contribute to symptoms of PTSD including
hypervigilance, increased startle, impuisivity, and intru-
sive memories, though the exact roles and mechanisms
remain uncertain,

Amino acids

y-Aminobutyric acid (GABA) is the principal inhibitory
neurotransmitter in the brain. GABA has profound
anxiolytic effects and dampens behavioral and physio-
logical responses to stressors, in parl by inhibiting the
CRH/NE circuits involved in mediating fear and stress
responses. GABA's effects are mediated by GABA
receptors, which are colocalized with benzodiazepine
receptors that potentiate the inhibitory effects of
GABA on postsynaptic elements. Uncontrollable stress
leads to alterations of the GABA ,/benzodiazepine
receptor complex such that patients with PTSD exhibit
decreased peripheral benzodiazepine binding sites.”
Further, SPECT and PET imaging studies have
revealed decreased binding of radiolabeled benzodi-
azepine receptor ligands in the cortex, hippocampus,
and thalamus of patients with PTSD, suggesting that
decreased density or receptor affinity may play a role in
PTSD.#* However, treatment with benzodiazepines
after exposure to psychological trauma does not pre-
vent PTSD.”* Further, a recent study suggests that trau-
matic exposure at times of intoxication actually facili-
tates the development of PTSD.* Although perhaps
counterintuitive, the authors suggest that the contextual
misperceptions which commonly accompany alcohol
intoxication may serve to make stressful experiences
more difficult to incorporate intellectually, thereby
exacerbating fear. Taken together, while there are mul-
tiple studies strongly implicating the GABA/benzodi-
azepine receptor system in anxiety disorders, studies in

PTSD are relatively sparse and conclusive statements
would be premature.”

Glutamate is the primary excitatory neurotransmitter in
the brain. Exposure to stressors and the release of, or
administration of, glucocorticoids activates glutamate
release in the brain. Among a number of receptor sub-
types, glutamate binds to N-methyl D-aspartate
{NMDA) receptors that are localized throughout the
brain. The NMDA receptor system has been implicated
in synaptic plasticity, as well as learning and memory,
thereby contributing in all likelihood to consolidation of
trauma memories in PTSD. The NMDA receptor system
is also believed to play a central role in the derealization
phenomena and dissocation associated with illicit and
medical uses of the anesthetic ketamine. In addition to
its role in learning and memory, overexposure of neu-
rons to glutamate is known to be excitotoxic, and may
contribute to the loss of neurons and/or neuronal
integrity in the hippocampus and prefrontal cortex of
paiients with PTSD. Of additional note, elevated gluco-
corticoids increase the expression and/or sensitivity of
NMDA receptors, which may render the brain generally
more vulnerable to excitoxic insults at times of stress,

Peptides

CRH peurons in the hypothalamic PVN integrate infor-
mation relevant to stress and thereby serve as a major
component of the HPA axis. CRH neurons are also
found in widespread circuitry throughout the brain,
including the prefrontal and cingulate cortices, central
nucleus of the amygdala, the bed nucleus of the stria ter-
minalis, hippocampus, nucleus accumbens, periaqueduc-
tal gray, and locus coeruleus (LC) as well as both dorsal
and median raphé. Direct injection of CRH into the
brain of laboratory animals produces physiological stress
responses and anxiety-like behavior, including neopho-
bia (fear of new things or experiences), enhanced star-
tle, and facilitated fear conditioning. Anxiety-like behav-
iors have been specifically linked with increased activity
of amygdalar CRH-containing neurons that project to
the LC. Of note, glucocorticoids inhibit CRH-induced
activation of LC noradrenergic neurons, providing a
potential mechanism by which low cortisol may facilitate
sustained central stress and fear responses.

The effects of CRH are mediated primarily through two
CRH receptor subtypes, CRH, and CRH,. In animal
experiments, both exogenous administration of a CRH,
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receptor antagonist, and experimental knockout of the
CRH; receptor, produce attenuated stress responses and
reduced anxiety. A recent experiment demonstrated that
CRH, receptor blockade impacted not only gastroin-
testinal measures of chronic stress, but also prevented
stress-induced hair loss in redents.” Thus, CRH, recep-
tor stimulation may be involved in facilitating stress
responses and anxiety. By contrast, CRH, knockout
mice demonstrate stress sensitization and increased anx-
lety, suggesting a role for CRH, receptor activation in
reducing stress reactivity.’ (Given the central effects of
CRH, as described in animal models, increased CNS
CRII activity may promote certain of the cardinal fea-
tures of PTSD, such as conditioned fear responses,
increased startle reactivity, sensitization to stressor expo-
sure, and hyperarousal. These results suggest that CRH,
receptor antagonists and/or CRH, agonists might have
important therapeutic potential in the treatment of
PTSD.

Neuropeptide Y (NPY) may well be protective against
the development of PTSD in that it has anxiolytic and
stress-buffering properties. NPY has been shown to
inhibit CRH/NE circuits involved in stress and fear
responses and to reduce the release of NE from sympa-
thetic neurons. As such, a lack of NPY may promote
maladaptive stress responses and contribute to the
development of PTSD. Indeed, patients with PTSD have
been reported to exhibit decreased plasma NPY con-
cenirations and blunted NPY responses to yohimbing
challenge, compared with controls. Together, these find-
ings suggest that decreased NPY activity may contribute
to noradrenergic hyperactivity in PTSD." Moreover, it
has been suggesied that NPY may be involved in pro-
moting recovery from, or perhaps resilience to PTSD,
given that combat veterans without PTSD have been
shown to exhibit elevated NPY levels compared with
veterans with PTSD.*

Endogenous opioid peptides including the endorphins
and enkephalins act upon the same CNS receptors acti-
vated by exogenous opioid molecules such as morphine
or heroin. Endogenous opioids exert inhibitory influ-
ences on the HPA axis. Naloxone, an opioid receptor
antagonist, increases HPA axis activation as evidenced
by exaggerated HPA axis response to naloxone, PTSD
patients exhibit increased CSF f3-endorphin levels, sug-
gesting increased activation of the endogenous opioid
system. Alterations in endogenous opioids may be
involved in certain PTSD symptoms such as numbing,

stress-induced analgesia, and dissociation. Of additional
interest, the nonselective opioid receptor antagonist, nal-
trexone, appears to be effective in treating symptoms of
dissociation and flashbacks in traumatized persons.'**
Further, the administration of morphine has been
reported to prevent PTSD.™ Of note, an experiment
investipating the hypothesis that PTSD may play an eti-
ologic role in fostering opioid addiction in an opioid-
dependent group of subjects rendered negative results.®

Brain circuitry

Characteristic changes in brain structure and function
have been identified in patients with PTSD using brain-
imaging methods.* Brain regions that are altered in
patients with PTSD include the hippocampus and amyg-
dala as well as cortical regions including the anterior cin-
gulate, insula, and orbitofrontal region. These areas
interconnect to form a neural circuit that mediates,
among other functions, adaptation to stress and fear con-
ditioning. Changes in these circuits have been proposed
to have a direct link to the development of PTSD.®
Recent work raises the question as to which CNS ele-
ments are involved in circuit changes resulting from
stress, and suggests a critical role for myelin.® Similar to
PTSD, brain areas most impacted by TBI include infe-
rior frontal and temporal lobes, and it is likely that
myelinated circuits are subject to damage broadly as a
result of shear forces.

Hippocampus

A hallmark feature of PTSD is reduced hippocampat
volume. The hippocampus is implicated in the control of
stress responses, declarative memory, and contextual
aspects of fear conditioning. Not surprisingly, the hip-
pocampus is one of the most plastic regions in the brain.
As mentioned above, prolonged exposure to stress and
high levels of glucocorticoids in laboratory animals dam-
ages the hippocampus, leading to reduction in dendriiic
branching, loss of dendritic spines, and impairment of
neurogenesis.’ Initial magnetic resonance imaging
(MRI) studies demonstrated smaller hippocampal vol-
umes in Vietnam Veterans with PTSD and patients with
abuse-related PTSD compared with controls.*” Small
hippocampal volumes were associated with the severity
of trauma and memory impairments in these studies.
These findings were generally replicated in most but not
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all subsequent work. Studies using proton magnetic res-
onance spectroscopy further observed reduced levels of
N-acetyl aspartate {NAA), a marker of neuronal
integrity, in the hippocampus of adult patients with
PTSD.* Of note, NAA reductions were correlated with
cortisol levels.* Interestingly, reduced hippocampal vol-
ume has been observed in depressed women with a his-
tory of early life trauma® but not in children with
PTSD.®

Hippocampal volume reduction in PTSD may reflect the
accumulated toxic effects of repeated exposure to
increased glucocorticoid fevels or increased glucocorti-
coid sensitivity, though recent evidence also suggests that
decreased hippocampal volumes might be a pre-existing
vulnerability factor for developing PTSD.* Indeed, hip-
pocampal deficits may promote activation of and failure
to terminate stress responses, and may also contribute to
impaired extinction of conditioned fear as well as deficits
in discriminating between safe and unsafe environmen-
tal contexis. Studies using functional neuroimaging have
further shown that PTSD patients have deficits in hip-
pocampal activation during a verbal declarative mem-
ory task.” Both hippocampal atrophy and functional
deficits reverse to a considerable extent after treatment
with SSRIs* which have been demonstrated to increase
neuroirophic factors and neurogenesis in some preclin-
ical studies,” but not others.®

Amygdala

The amygdala ts a limbic structure involved in emoticnal
processing and is critical for the acquisition of fear
responses. The functional role of the amygdala in medi-
ating both siress responses and emotional learning impli-
cale ils role in the pathophysiology of PTSD. Although
there is no clear evidence for structural alterations of the
amygdala in PTSD, functional imaging studies have
revealed hyper-responsiveness in PTSD during the pre-
sentation of stressful scripts, cues, and/or trauma
reminders.* PTSD patients further show increased amyg-
dala responses to general emotional stimuli that are not
{rauma-associated, such as emotional faces.” The amyg-
dala also seems to be sensitized to the presentation of
subliminally threatening cues in patients with PTSD**
and increased activation of the amygdala has been
reported in PTSD patients during fear acquisition in a
conditioning experiment. Given that increased amyg-
dala reactivity has been linked to genetic traits which

moderate risk for PTSD,** increased amygdala reactiv-
ily may represent a biological risk factor for developing
PTSD.

Cortex

The medial prefrontal cortex {PFC) comprises the ante-
rior eingulate cortex (ACC), subcallosal cortex, and the
medial frontal gyrus, The medial PFC exerts inhibitory
control over stress responses and emotional reactivity in
part by its connections with the amygdala. It further
mediates extinction of conditioned fear through active
inhibition of acquired fear responses.* Patients with
PTSD exhibit decreased volumes of the {rontal cortex,”
including reduced ACC volumes.”** This reduction in
ACC volume has been correlated with PTSD symptom
severily in some studies. In addition, an abnormal shape
of the ACC.” as well as a decrease of NAA levels in the
ACC" has been reported for PTSD patients. A recent
twin study snuggests that, unlike the hippocampus, vol-
ume loss in the ACC is secondary to the development of
PTSD rather than a pre-existing risk {actor.” Functional
imaging studies have found decreased activation of the
medial PFC in PTSD patients in response to stimuli,
such as trauma scripts,®% combat pictures and sounds,”
trauma-unrelated negative narratives,” fearful faces,”
emotional stroop,” and others, though there are also dis-
cordant findings."" Reduced activation of the medial PFC
was associated with PTSD symptom severity in several
studies and successful SSRI treatment has been shown
to restore medial prefrontal cortical activation patterns.”
Of note, in the abovementioned conditioning experi-
ment,” extinction of conditioned fear was associated
with decreased activation of the ACC, providing a bio-
logical correlate for imprinted traumatic memories in
PTSD. Not surprisingly, given Lhe connectivity between
the amygdala and medial PFC, interactions in activation
patterns between these regions have been reported in
PTSD, though the direction of the relationship is incon-
sistent across studies.”

The crigin of neurobiclogical
abnormalities in PTSD

A number of studies have investigated the [undamental
question as to whether the neurobiological changes iden-
tified in patients with PTSD represent markers of neural
risk to develop PTSD upon exposure to exireme stress
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as opposed to abnormalities acquired through traumatic
exposure or, most likely, 2 combination of both. As an
example, low cortisol levels at the time of a trauma pre-
dict subsequent development of PTSD. Thus, low levels
of cortisol might be a pre-existing risk factor that engen-
ders the development of PTSD; low levels of cortisol
could disinhibit CRF/NE circuits and thereby promote
unopposed autonomic and neuroendocrine responses o
stress, as well as augmented fear conditioning and trau-
matic memory consolidation. Similarly, the reduced size
of the hippocamypus in PTSI} has remained an unre-
solved question for many years. There has been consid-
erable debate as to whether this brain region shrinks as
a result of trauma exposure, or whether the hippocam-
pus of PTSD patients might be smaller prior to trauma
exposure. Studies in twins discordant for trauma expo-
sure have provided a means to address this question,
though without compiete resolution. Gilbertson and col-
leagues™ studied 40 pairs of identical twins, including
Vietnam Veterans who were exposed to combat trauma
and their twins who did not serve in Vietnam, and mea-
sured hippocampal volumes in all subjects. As expected,
among Vietnam Veterans, the hippocampus was smaller
in those diagnosed with PTSD as compared with those
without a diagnosis. However, this brain region was
abnormally smaller in non-PTSD twins as well, despite
the absence of trauma exposure and diagnosis. These
{indings suggest that a smaller hippocampus could be a
pre-existing, potentially genetic, neurodevelopmental,
and almost surely multifactorial vulnerability factor that
predisposes to the development of PTSD (and perhaps
other stress-spectrum disorders). Recent results from the
same study group indicate, as above, that gray matter
loss in the ACC seems on the contrary to be an acquired
feature.® Studies are needed to identify the timing
and/or etiology of other hallmark neurobiological fea-
tures of PTSD.

Risk and resilience for developing PTSD

Individuals exposed to an event that either threatens
serious injury/death, or is perceived as such, respond in
different ways. Most will experience minimal (seconds)
to brief (hours) to short-term (days/weeks) abnormali-
ties while a smaller number will sufler from significant
psychopathology over longer-term (months) and chronic
(lifetime) time frames. In short, not all individuals who
face potentially catastrophic trauma go on to develop
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PTSD. Why some individuals will develop PTSD fol-
lowing trauma, whereas others do not, is of paramount
importance. Because the majority of trauma survivors
do not go on to develop PTSD, it is crucial going forward
to understand vulnerability and resiliency factors. In this
section, the role of genetic factors, gender differences,
and early developmental stress experiences in moderat-
ing risk for developing PTSD in response to psycholog-
ical trauma are discussed as is the increased risk for
developing PTSD in the context of co-occurring physi-
cal traumas (including TBI).

Genetic risk factors for PTSD

Studies on the genetics of PTSD have been hampered
by a variety of factors, such as genetic heterogeneity
(similar phenotypes develop {rom different genotypes)
and incomplete phenotypic penetrance (a person with
genetic risk for PTSD, who is not exposed to trauma, wilk
not develop PTSD). Despite these confounds, there is
accumulating evidence that risk for PTSD is heavily
influenced by genetic factors. Evidence frorm family and
twin studies has long suggested a heritable contribution
to the development of PTSD. In addition, there is evi-
dence for heritable contributions to some of the neuro-
biological endophenotypes of PTSD as discussed above,
such as decreased hippocampal volume™ or exaggerated
amygdala reactivity.® Although it is beyond the scope of
this review to comprehensively discuss the genetics of
PTSD, it should be noted that there is an emerging lit-
erature on genetic variations in those neurobiological
systems thal drive responses to frauma and, conse-
quently, risk versus resilience to develop PTSD.”?

One study has linked a polymorphism in the DA trans-
porter gene to PTSD risk. In this study, PTSD patients
were found to have an excess of the SLCO6A39 repeat
allele, This finding suggests that genetically determined
features of DA transmission may contribute to the
development of PTSD among trauma survivors.™ Several
studies have suggested polymorphisms in the D, recep-
tor as possible elements of PTSD risk, though results
have not been consistent.”™ In addition, there is evidence
linking a low expression variant of the serotonin trans-
porter to stress responsiveness and risk for developing
depression in relation to life siress, particulazrly in the
presence of low social support.” This finding is intrigu-
ing as the same polymorphism is associated with
increased amygdala reactivity™ as well as the trait of
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neuroticism,” which is another risk factor for PTSD. It
must be noted, however, that these findings of genetic
risk with regard to the serotonin transporter have
recently been questioned.™

Particularly exciting are findings that a genetic variation
of the glucocorticoid receptor cochaperone protein,
FKBPS5, moderates risk of developing PTSD in relation
to childhood abuse.” This study tested interactions of
childhood abuse, adulthood trauma, and genetic poly-
morphisms in the FKBPS gene in 900 noapsychiatric,
general internal medicine clinic patients. Childhood
abuse and adulthood trauma each predicted PTSD
symptoms and FKBPS polymorphisms significantly
interacted with childhood abuse to predict adult PTSD
symptoms. The FKBPS genotype was further linked to
enhanced glucocorticoid receptor sensitivity, as reflected
by dexamethasone hypersuppression, a hallmark feature
of PTSD.” Most recently, Ressler and colleagues have
demonstrated that a female-specific elevation of pitu-
itary adenylate cyclase-activating peptide (PACAP) cor-
related not only with fear physiology and the diagnosis
of PTSD™ but also a specific single nucleotide repeat on
an estrogen response element in the same subjects.
These findings and this type of work may shed new light
not only on the well-known differences in PTSD risk
beiween men and women that are discussed in the next
section, but on our mechanistic understanding of PTSD
in general,

Gender differences and risk for PTSD

Women more {requently suffer from PTSD than men for
reasons that are not entirely clear. Women and men are,
in general, subjected to different types of trauma, though
the differences in PTSD frequency (reportedly 2:1) are
unlikely to be explained solely on the basis of exposure
type and/or severity alone. In addition to those findings
by Ressler deseribed above, a number of gender-related
differences in the neurobiclogical response to trauma
have been documented.™ Rodent studies suggest that
females generally exhibit greater magnitude and dura-
tion of HPA axis responses to stress than males® though
findings in humans are not entirely consistent.* Sex dif-
ferences in neuroendocrine stress responses have been
altributed to direct effects of circulating estrogen on
CRH neurons.® Sex steroids also interact with other
neurotransmitter systems involved in the stress response,
such as the serotonin system.® Progesterone has been

implicated in modulating these systems as well.®
However, gender differences in HPA. responses to stress
have also been observed independent of acute gonadal
steroid effects.®

Factors that might determine gender differences in the
stress response include genomic differences {as above)
and/or developmentally programmed effects of gonadal
steroids.®#* Qf note, a very recent study of female
Velerans demonstrated that pregnancy raises the risk of
PTSD above that for nonpregnant females.” In addition,
sex steroids play a role in structural plasticity across the
lifespan of several brain regions, including areas involved
in stress responsiveness such as the hippocampus and
amygdala.® Functional imaging studies have identified
gender differences in the brain's response to fear stim-
uli.® Over time our understanding of this constellation
of processes may eveniually converge to allow for a bet-
ter description of the basis for gender differences and,
specifically, how the consequences of trauma translate
into differential risk for PTSD.

Early developmental factors and PTSD

Previous experience moderates risk for developing
PTSD in response to trauma, particularly when exposure
to stress occurs early in life. Thus, childhood adversity is
assoclated with increased risk to develop PTSD in
response to combat exposure in Vietnam Veterans.™
There is a burgeoning literature documenting that early
adverse experience, including prenatal stress and stress
throughout childhood, has profound and fong-lasting
effects on the development of neurobiological systems,
thereby “programming” subsequent stress reactivity and
vulnerability to develop PTSD.®** As an example, chil-
dren with a history of date violence have recently been
shown at risk of developing future PTSD.” Further, a
study of child survivors from the Hurricane Katrina dis-
aster indicates significantly increased risk of PTSD.*
Along these lines, nonhuman primates exposed to a vari-
able foraging demand condition, which causes unpre-
dictable maternal ¢care in the infant, leads to an adult
phenotype with sensitization to fear cues, CRH hyper-
activity and low cortisol levels, a pattern of the classic
features found in PTSD.* Consistent with these findings,
adult women with childhood trauma histories exhibit
sensitization of both neuroendocrine, and autenomic
stress responses.” Studies are needed that identify par-
ticular sensilive periods for the effects of early stress,
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determine parameters for their reversal, and scrutinize
the interactions of dispositional factors (genes, gender)
with developmental features in determining neurobio-
logical vulnerability to PTSD.

The influence of physical irawma (and TBI) on the
development of PTSD

It has been known for some time that physical injury con-
comitant with psychological trauma increases risk for the
development of PTSD. In studies of Vietnam Veterans
and more recently in a study of Iraq and Afghanistan
Veterans,” it was found that physical injury increased the
risk of PTSD at least twofold. Similarly, a literature
review of patients with documented TBI and program
evaluation data from surveys of US Marines following
blast exposures in Iraq® demonstrate that TBI presents
an increased risk for the development of PTSD. Though
differentiating the risk of developing PTSD in patients
with TBI is complicated by the subjective and objective
abnormalities common to both clinical entities, it is strik-
ing that each shares common endocrine, neurochemical,
and circuit abnormalities (see above, The biology of
PTSD). As such, it would follow that the existence of
both diagnoses in an individual patient mighi be additive
il not multiplicative from a clinical standpoint. For exam-
ple, in the context of TBI {with frontal lobe damage and
behavioral disinhibition) it would be reasonable to
expect a very high violence risk profile for a patient sui-
fering from the irritability and anger characteristic of
comorbid PTSD. Of additional note, the helplessness that
accompanies certain physical injuries (perhaps most
notably TBI) is certain to compound issues of limited
self-efficacy (and the overall lost sense of agency) that
characterize PTSD. The psychological challenges of TBI
may thereby introduce an additional chronic risk for the
victimization that fosters PTSI) in those patients with a
tendency to become increasingly dependent over time.

A basic model of PTSD neurchiclogy

The biological perturbations observed in patients suffex-
ing from PTSD are numerous, and likely reflect an endu-
ing dysregulation of multiple stress-mediating systems that
occurs as a result of a psychological “shock.” These patho-
physiclogical perturbations presumably occur in patients
with genetic, epigenetic, and experiential predispositions
when exposed to certain extreme conditions. Presumably

these changes signify an indelible sensory imprint of a mal-
adaptively processed experience that co-opts an imbal-
anced degree of emotional importance and thereafter
releases {or restraing) behavioral reactions that focus on
defending against future trauma via activation {or deac-
iivation) in a losing effort to secure homeostasis.
Considering neurobiclogical findings in PTSD patients
with this overview in mind, a relative lack of baseline
cortisol at the time of a psychological trauma may facil-
itate overactivation of the central CRH-NE cascade,
resulting in enhanced and prolonged stress responses.®®
This Increased stress responsiveness may be further
accentuated by inadequate regulatory effects of GABA,
serotonin, and NPY. Additionally, altered norpinephrine
and stress hormone activity may be critically involved in
processes of learning and extinction, both of which are
abnormal in PTSD; for example, norepinephrine
enhances the encoding of fear memories and glucoco-
corticoids block the retrieval of emotional memories.
The constellation of elevated noradrenergic activity and
relative hypocortisolism may lead 1o the enhanced
encoding of traumatic memories and the lack of inhibi-
tion of memory retrievat both of which presumably trig-
ger re-experiencing phenomena in PTSD.?

Further, an abnormally functioning hippocampus may
account for some of the cognitive symptoms of PTSD,
such as declarative memory deficits. In addition, because
the hippocampus is critical for context conditioning, an
impatred hippocampus may facilitate generalization of
{earned fear in contexts unrelated to a previous trau-
matic exposure and impair the ability to discriminate
between sale and unsafe stimuli. In combination with
exaggerated amygdalar responses seen in patients with
PTSD, a limited capacity for discerning threat due to
hippocampal and amygdalar dysfunction may promote
paranoia, hypervigilance, behavioral activation, exag-
gerated stress responses, and further acquisition of fear
associations. Disrupted prefrontal cortical function may
then serve to facilitate PTSD pathology further as a
result of deficient suppression of stress responses, [ear
associations, and extinction.

Future directions

In this article, we have selected findings lrom a broad
range of the PTSD literature to consider the impact of
psychological trauma on neurobiological systems. As
described, some neurobiological findings in patients with
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PTSD are controversial and need to be further examined.
In addition, there are a number of understudied yet
important topics in the field such as factors that impact
resiliency and vulnerability. For example, stress-protec-
tive neurobiological factors such as activity in oxytocin
and NPY-containing circuits could, in principle, be manip-
ulated to promote resilience. In addition, there is a gen-
eral need to explore further the molecular biology of
PTSD; identifying interactions between dispositional fac-
tors (genetic and epigenetic) and trauma exposure is crit-
ical to understand PTSD risk, gauge illness course, and
predict treatment response. The effects of trauma on neu-
rotrophic factors (in the hippocampus), neural plasticity
(CNS-wide), circuit remodeling (myelination patterns)
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Trastorno por estrés postraumatico:
el impacito neurobiclégico del trauma
psiguico
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pueden constituirse en procescs mal regulados. La
mala regulacion crénica de estos sistemas puede le-
var a un deterioro funcional en ciertos individuos
quienes pueden convertirse en “traumatizados psi-
cologicamente™ y presentar un trastorno por estrés
postraumatico (TEPT). Una gran cantidad de infor-
macidn acumulada en varias décadas ha demostrado
alteraciones neurobioldgicas en los pacientes con
TERPT. Algunos de estos haflazgos permiten aden-
trarse en la fisiopatologla asl como en la vulnerabili-
dad bioldgica de ciertas poblaciones que van a desa-
rroflar un TEPT. Algunas caracteristicas patoldgicas
encontradas en pacientes con TEPT se sobreponen
Con Caracteristicas de padientes con dafio cerebral
traumatico, estableciendo un parafelo de signos y
sintomas compartidos entre estas sindromes ciinicos,

Etat de stress post-traumatique !
impact neurobiologique du traumatisme
psychologigue

La réponse classique de lutte ou de fuite § une
menace percue est un phénomeéne nerveux réflexe
dont les avantages pour la survie sont dvidents en
termes d'évoiution. Cependant, les systémes orga-
nisés en constellation de comportements réflexas
de survie aprés exposition & une menace pargue
peuvent se déréguier dans certaines dirconstances.
Une dysragulation chronigue de ces systémes peut
entralner un déficit fonctionnel cher certaing sujets
qui deviennent « psychofogiquement traumatisés »
et souffrent de {'8tat de stress post-traumatique
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taines populations & développer un ESPT. Certaines
caractéristiques pathologigues de 'ESPT se super
posent & cefles trouvées chez des patiants atteints
de lésion cérdhrale traumatique, en paralldle avec
les signes et les sympidmes partagéds par ces deux
syndromaes,
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FOR IMMEDIATE RELEASE

EFFECTIVENESS OF MOST PTSD THERAFIES I8 UNCERTAIN, RESEARCH URGENTLY NEEDED TO DETERMINE WHICH THERAPIES
WORK

WASHINGTON -- Many people, including significant proparlions of active duty military personnel and veterans, suffer fram post-
fraumalic stress disorder (PTSD), often in conjunction with other njuries or iinesses. While several drugs and psychotherapies are
used to treat PTSD0, many of the studies concerning their eflectiveness have problems; as a result, they do not provide a clear
picture of what works and what doesn’l, says a new report from the Institute of Medicine.

Given the growing number of véterans with PTSD, the U.S. Department of Veterans Affairs (VA}, Congress, and the research
cemmunity urgently need te taka steps to overcome the problems that often plague sludies of psychiatric therapies for PTSD, and
to ensure the right studies are undertaken to yield data that would help clinicians ireat PTSD sufferers, said the commitige that
wrote the report.

The comimiltee reviewed 53 studies of pharmaceuticals and 37 studies of psychotheraples used In PTSD treatment and concluded
that because of shortcomings in many of the studies, there is not enaugh reliable evidence to draw conciustons about the
effectiveness of mosl treatmenls. There are sufficlenl data to conclude that exposure therapies — such as exposing individuats to a
real or surrogste threal in a safe anvironment to hielp them overcome thelr fears — are effective in reating people with PTSD, But
the committes emphasized thal its Andings shaould nol be misread to suggest that any PTSD treaiment ought lo be disconfinued or
that anly exposure therapies should be used 1o treat PTSD,

"At this time, we can make no Judgment about the offectiveness of most psychotherapies or aboul any medications In helping
patients with PTSD," said committee chalr Alfred O. Berg, professor of Tamily medicine, School of Medicine, University of
Washington, Seatlle. "These therapies may or may not be effeclive — we just don't know in the absence of good data. Cur
findings underscore the urgent need for high-quality studies that can assist clinicians in providing the best possible care to velerans
anid oifars who suffar from this serlous disorder”

T30 is the most commonly diagnosed service-related mental disorder among mifitary personnel returning from Irag and
Afghanistan. Surveys of these individuals indicate that around 12.6 percenl of personnel who fought in iraq and 8.2 percent who
were in Afghanistan have experienced PTSD. Moreover, significant proporlions of Vielnam veterans and veterans of earlier
conflicts also report suffering from PTSD. The vast majority of peopie who experience lhe disorder also have other concurrent
conditions, such as alecholism, depression, drug use, or anxiety disorders. Sexual assault during military service is another factor
that can lead to PTSD among service members, ’

Chinicians {urn to hoth drugs and psychotherapeutic interventions to treat PTSD. Anticonvulsants, antidepressants — including
seleclive serolonin reuptake inhibitors (SSRis) - moncamine cxidase inhibiters (MADOIS), and novel anlipsychotics such as
olanzapine and risperidone are among the drugs used 1o treat these palionts. Psychotherapies used in PTSD reatment include
exposure to trauma-relaled memories or stimuli, cognitive therapy, coping skills training. and hypnosis.

The committee identified 90 studies that met its criteria for irials from which it could anticipate refiable and informative data on of
PTSD tharapies. However, several prodlems and Fmitalions sharasierize souch of the ressarch on PTSD trealments, making the
data less informalive than expected, Many of the studies have problems in their design or how they were conducted, and high
dropoul rates - ranging from 20 percent to 50 percent of parlicipants -- reduced the certainty of several studies’ results. Moreover,
the majority of drug studies were funded by pharmaceutical firms and many of the psychotherapy studies were conducied by
individuals who developed the technigues or thelr close collaborators. Further investigation is needed lo know whelber these
treatments would produce the same results if tested by other researchers and in other seltings.

In addition, the research has not taken inte account potential diferences in the effectiveness of treatments for subgroups such as
those with Iraumatic brain injury, depression, or substance abuse, nor have sludies examined ihe effecls in ethnic minorities,
women, and oider ndividuals. Many studies excludad individuals with concutrent health probleims such as depression and
substance abuse, raising ouestions about whether the resulls apply to the many FTSD suiferers who have multiple condilions.

VA and other government agencies that fund clinicat research should make sure that studies of PTSD tharapies take necessary
steps and employ mathods thal would handle effectively problems that affect the quality of the resulls. Although the nature of
PTSD presents special chalienges to researchers, the committes did find some high-quality studies that show il is possible to
overcame the problems.
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Congrass should ensure that resources are available for VA and other federal agencies to fund quality research on freatment of
PTSD and that all stakeholders — including veterans — are represented in the research planning, the report said.

The commitiee emphasized that its role was solely to review what is known about the effectiveness of various PTSD treaiments,
and not to offer or suggest guideiines on what health care professionals or patients should do. Efficacy is one of many factors that
contribute to making decisions about freatment. Other factors include safety, clinician and patient preferences, access and
availability of different treatment options, and ethical issues.

The study was sponsored by the LS. Depariment of Veterans Affairs. Established in 1970 under the charter of the National
Academy of Sciences, the Institute of Medicine provides independent, okjective, evidence-based advice to policymakers, heaith
profegsionals, the private sector, and the public. The National Acaderny of Sciences, Mational Academy of Engineering, Institute of
Medicine, and National Research Council make up the National Academies. A committee roster foliows.

Pre-publication coples of Treatment of Posltraumatic Stress Discrder: An Assassment of the Evidence are avatlable from the National Academies
Prass; tel. 202-334-3313 ¢r 1-800-824-6242 or on the internet at hitpwww. nap.edu. Reporiars may obtain a copy from the Office of News and
Public Information (contacts listed above}  INSTITUTE OF MEDICINE
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Atypical Antipsychotic Drugs Directly Impair Insulin Action
in Adipocytes: Effects on Glucose Transport, Lipogenesis,

and Antilipolysis

Helliner S Vestri*!, Lidia Maianu', Douglas R Moellering' and W Timothy Garvey'?

"Department of Nutrition Sciences, University of Alabama at Birmingharm, Birminghar, AL USA; *The Birmingham VA Medical Center,
" Birmingham, AL USA

Treatrnent with second-generation antipsychotics (SGAs) has been associated with weight gain and the development of diabetes
meliitus, although the mechanisms are unknown. We tested the hypathesis that SGAs exert direct cellular effects on insulin action and
substrate metabolism in adipocytes. We utifized two cultured cell models including 3T3-L1 adipocytes and primary cuttured rat
adipocytes, and tested for effects of SGAS risperidone (RISP), dozapine (CL7), olanzapine (OLZ), and quetiapine {QUE), together with
conventional antipsychotic drugs butyrophenene (BUTY), and trifluoperazine (TFP), over a wide concentration range from 1o 500 uM.
The effects of antipsychotic drugs on basal and insulin-stimulated rates of glucose transport were studied at 3h, 15h, and 3 days. Both
CLZ and OLZ (but not RISP} at doses as low as 5 pM were able to significantly decrease the maximal insulin-stimulated gluccse transport
rate by ~40% in 3T3-Lt cells, whereas Cl.Z and RISP reduced insulin-stimulated glucose transport rates in primary cultured rat
adipocytes by ~50-70%. Conventional drogs (BUTY and TFP) did not affect glucase transport rates. Regarding intracellular glucose
metabolism, both SGAs (OLZ, QUE, RISP) and conventional drugs (BUTY and TFF) increased basai and/or insulin-stimulated glucose
oxidation rates, whereas rates of lipogenesis were increased by ClZ, OLZ, QUE, and BUTY. Finally, rates of lipolysis in response to
isoproterenal were reduced by the SGAs (CLZ, OLZ, QUE RISF}, but not by BUTY or TFP. These experiments demonstrate that
antipsychotic drugs can differentially affect insulin action and metabolism through direct cellular effects in adipocytes. However, only
5GAs were able to impair the insulin-responsive glucose transport system and to impair lipolysis in adipocytes. Thus, SGAs directly induce
insulin resistance and alter lipogenesis and lipolysis in favor of progressive Tipid accumulation and adipocyte enlargement. These effects

INTRODUCTION

In age-adjusted comparisons with the general population,
patients with schizophrenia have a higher prevalence of
cardiovascular {Davidson, 2002) and metabolic diseases
(Bridler and Umbricht, 2003), including obesity, metabolic
syndrome, and type II diabetes. Second-generation anti-
psychotics (SGAs) are increasingly replacing the conven-
tional neuroleptics used for the treatment of schizophrenia
because of their excellent antipsychotic efficacy in the
absence of extrapyramidal side effects (Lean and Pajonk,
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of 5GAs on adipocytes could explain, in part, the assodiation of SGAs with weight gain and diabetes.
Neuropsychopharmacology (2007 32, 765-772. doi:|0.1038/5npp. 1 301 142; published online 28 June 2006

Keywords: second-generation antipsychotics; adipocyte; insulin resistance; lipolysis; glucose transport; obesity

2003). Unfortunately, patients treated with SGAs are also
more likely to present with obesity, insulin resistance,
dyslipidemia, abnormal glucose tolerance, and overt dia-
betes (Bridler and Umbrichs, 2003). As early as the mid-
1960s, associations between diabetes and conventional
neuroleptic drugs were reported, but evidence has accumu-
lated that the risk is significantly greater for some of the
SGAs. Thus, the exacerbation of obesity, diabetes, and
cardiovascular disease risk in SGA-treated patients is
increasingly being recognized as a critical issue in the
overall care of the schizophrenic patient {Ananth and Kolli,
2005; Dwyer et al, 2001; Ananth et al, 2002; Casey, 2005).
Although SGAs induce or exacerbate obesity and diabetes,
there is a wide range of variance among individuals
regarding these untoward effects (Robinson et al, 2006),
and, although somewhat controversial, SGAs exhibit a
differential ability to impact body weight and glucose
tolerance (Bergman and Ader, 2005). Data indicate that
clozapine is associated with the greatest weight gain,
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followed by olanzapine, and then by risperidone and
quetiapine having intermediate effects, and ziprasidone
and aripiprazole conferring the lowest risk for weight gain
(Newcomer, 20052, b; Harvey and Bowie, 2005; Dwyer ef al,
2001). Obesity can increase the risk of overt diabetes in
high-risk individuals, and provides at least a partial expla-
nation for higher rates of diabetes in SGAs-treated patients.
SGAs are also known to exacerbate insulin resistance
{Newcomer, 2005b; Dwyer et al, 2001; Bergman and Ader,
2005) without commensurate increments in insulin secre-
tion (Ader et al, 2005), and these events are accompanied
by a predictable worsening of glucose tolerance. Although
progressive obesity can reduce insulin sensitivity, it is
not clear whether the ability of SGAs to induce insulin
resistance is entirely explained by weight gain or whether
there is a component of the insulin resistance that is
independent of the obesity. The fact that hyperglycemia can
improve quickly after stopping the antipsychotic medica-
tion, and that diabetes (Lean and Pajonk, 2003) can appear
in some patients who do not gain weight (Cohen, 2004),
suggests that SGAs can adversely affect insulin sensitivity,
or other functions contributing to glucese homeostasis,
independent of weight gain {Lean and Pajonk, 2003).

Although the mechanisms by which $GAs induce obesity
and diabetes are unclear, the common assumption is that
these effects are mediated by a central action, perhaps
through the meodulation of serotoninergic/noradrenergic
pathways in the central nervous system (Kapur and
Remington, 2001). For example, clozapine was found to
increase serum leptin levels days after initiation of treat-
ment, suggestive of a ceniral effect leading to leptin
resistance at the level of the hypothalamus and a resetting
upward of body’s ‘adipostat’ (Zhang et al, 2004). It is
unknown, however, whether SGAs could also direcily
impair insulin action and substrate metabolism at the level
of insulin target tissues such as adipose and skeletal muscle,
For this reason, we have examined whether SGAs exert
direct biological effecis in cultured adipocytes. As a key
feature of human insulin resistance involves a defect in
insulin’s ability to stimulate glucose transport (Hunter and
Garvey, 1998), we tested for alterations in the insulin-
responsive glucose transport system. In addition, we asses-
sed intracellular substrate metabolism, including effects
on substrate oxidation, lipogenesis, and lipolysis, as these
parameters could lead to alterations in cellular fat content
underlying a predisposition to obesity. Finally, we investi-
gated multiple antipsychotic drugs to determine whether
there were differential effects on adipocyte biology.

MATERIALS AND METHODS
Adipocyte Isolation

Adipocytes were isolated from rat epididymal fat using
collagenase digestion (Digirolamo et al, 1971). Briefly,
minced epididymal fat pads from male Wistar rats weighing
180-200g were placed in flasks containing 4.0 ml of EHB
buffer (Barle’s salts, 25 mmol/l HEPES, 4% BSA, 5 mmol/l
glucose, and 1.25 mg/ml type II collagenase, pH 7.4, at 37°C)
and incubated for 30min at 37°C in an orbital shaking
water bath (New Brunswick Scientific, Edison, NJ) at
120 r.p.m. The isolated adipocytes were filtered through a
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fine nylon mesh (200 um), washed three times with 25.0 ml
EHB (Earle’s salts, 20 mmol/l HEPES, 1% BSA, 2 mmol/l Na
pyruvate, and 4.8 mmol/l NaHCO,), pH 7.4, at 37°C, and
resuspended to a final 5% (vol/vol) cell concentration.
Adipocyte viability (Trypan blue exclusion) was determined
as described (Digirolamo er al, 1971) and cell sizing was
performed by microscopic measurement of cell diameter. A
visual field containing 100-150 cells, depending on the cell
size and density, was registered by means of a digital video
camera (Nikon, Japan) mounted on the microscope. Images
were captured by the digital camera, and the diameter of
100 cells registered and analyzed by IPLab v.3.6.1 for
Macintosh software.

3T3-LI adipocyte culture. 313-L1 fibroblasts were grown in
60 x 15mm culture dishes to confluence in Dulbecco’s
minimal essential medium (DMEM) with 4 mM r-glutamine,
4.5¢g/l glucose, and 10% bovine calf serum, at 37°C in a
humidified atmosphere containing 5% CO,. Two days after
confluence, adipogenesis was initiated by placing cells in
DMEM containing 25 mmol/l glucose, 0.5 mmol/] isobutyl-
methylxanthine, 1 pmol/l dexamethazone, 10 ng/ml insulin,
and 10% fetal bovine serum (FBS) for 3 days, and then for
2 days in DMEM containing 25 mmol/l glucose, 10 pg/ml
insulin, and 10% FBS. Thereafter, cells were maintained in
and refed every 2 days with DMEM, 25mmol/l glucose,
and 10% FBS. Experiments were conducted 10-14 days after
adipogenesis was initiated when between 90 and 95% of the
cells exhibited a fully differentiated adipocyte phenotype.

Cell treatment with antipsychotic drugs. Isolated rat
adipocytes and 3T3-L1 adipocytes were preincubated with
risperidone, clozapine, trifluoperazine, butyrophenone,
olanzapine, and quetiapine for the indicated time periods
and at concentrations varying from 1 to 500 uM depending
upon the assay being performed. Control cells were incu-
bated in an equivalent amount of solvent vehicle,

Insulin-Stimulated 2-Deoxyglucose Transport

In 3T3-L1 adipocytes, basal and insulin-stimulated glucose
transport rates were assessed as previously described (Mayor
et al, 1992) using 2-deoxyglucose (ZDOG) as a glucose ana-
logue. Fully differentiated 3T3-L1 adipocytes were cultured
in 60 x 15mm dishes, The media were aspirated, and cells
were washed twice with Krebs Ringer Phosphate Hepes
Buffer (KRPH) and then incubated with or without 10 nM
insulin for 1h. At the end of the incubation, cells were
pulsed with *H-2-deoxyglucose (0.2 pCifdish; 0.5 mM final
concentration), and glucose uptake was interrupted after
3min by aspirating the media and washing the cells with
2ml of KRPH at 4°C containing 3 x 107*M phloretin. The
cells were transferred into scintillation vials for counting of
the radioactivity. The intracellular concentration of 2DOG
was calculated by correcting for the label present in the
extracellular space (*H-i-glucose) and presented as nmol/
dish/3 min,

In isolated rat adipocytes, measurements of 2-deoxyglu-
cose uptake were performed as previously described (Garvey
et al, 1987). Briefly, isolated cells at a 5% (volivol)
concentration were incubated with SGAs (risperidone and



clozapine) at doses of 5, 10, 20, 50, and 100 puM for 3h.
Then, cells were incubated for an additional hour in the
absence and presence of insulin at the indicated concentra-
tions. Cells were then pulsed with *H-2-deoxyglucose
(0.2 uCi/dish; 0.1 mM final concentration), and the reaction
was interrupted after 3min by transferring 300 pl of the
assayed cells to microfuge tubes and centrifuging for 30s
at 14000g. In all assays, the intracellular concentration of
2-DOG was calculated by subtracting the distribution space
of radiolabeled 1-glucose that was used to correct for non-
specific carryover of radioactivity with the cells and uptake
of hexose by simple diffusion from total radiocactivity
accumulated in the pellet. Then, values were normalized by
cell surface area, which was obtained after microscopic
measurement of cell diameter.

Incorporation of [U-'*C]-p-Glucose into Lipids and
Oxidation to *CO,

Isolated cells were incubated with 100puM of SGAs (see
Cell treatment with antipsychotic drugs) for 3h, then a
10% adipocyte suspension (final concentration about 5 x
10° cells/ml) was prepared in Krebs Ringer Phosphate Buffer
(pH 7.4) containing 1% BSA and 5mM glucose, and was
saturated with a gas mixture of carbogen (CO, 5%/0, 95%).
Aliquots of 450 il were then pipetted into polypropylene
test tubes (17 x 100mm) containing 25l of [U-"C]-p-
glucose (0.1 pCiftube) and 2.0mM of p-glucose in the
presence and absence of 10nM insulin. The mixture was
incubated for 1h at 37°C in an orbital shaking water bath,
At the end of the incubation with “*C-labeled glucose, a
0.5ml eppendorf tube containing a small, loosely folded
piece of filter paper (2 x 2.5 cm) moistened with 0.2ml of
2-phenylethylamine/methanol (1:1, v/v) was suspended in
the center of the polypropylene test. The incubation
medium was acidified with 0.3 ml of 8N H,50, to rupture
cells and release '*CO,, which was then captured by the
filter paper placed in the eppendorf tube, saturated with
phenylethylamine/methanol during further 60 min incuba-
tion. The filter paper was then transferred into scintiltation
vials for measurement of radioactivity reflecting glucose
oxidation. The reaction mixture left in the tube was treated
with 5 ml of Dole’s reagent {isopropanol: n-heptane : H;80,,
4:1:0.25, v/viv) for lipid extraction (Lima et al, 1994), and
counts in the lipid phase represented glucose incorporation
into lipid (ie lipogenesis). Oxidation and lipogenesis were
calculated from the known concentration and specific
activity of p-glucose.

Lipolysis/antilipolysis. A 7% adipocyte suspension was
prepared (vol/vol, 2 x 10°cells/ml), and aliquots were
separately incubated with each one of the indicated $GAs
for 3h at 100 pM final concentration. After 3h incubation,
200ul of the suspension was transferred into 1.5ml
eppendorf tubes, treated with adenosine deaminase for
5min, and treated for 1h with either (i) 10 uM isoproter-
enol, a lipolytic agent and nonselective f-adrenoreceptor
agonist, (i) 0.5nM insulin, an antilipolytic hormone, (iii)
both insulin and isoproterenol, and (iv) buffer only for
the basal control, The tubes were then centrifuged at 3000¢
for 10min and the infranatant was collected and used for
glycerol measurement (Sigma Diagnostics-—Free Glycerol

Differential effects of antipsychotic drugs in adipocytes
HS Vestri et af

@

Determination Kit—enzymatic method with reading at
540 nm) as a lipolytic index.

Statistics

One-way ANOVA followed by Bonferroni post-tests for
multiple comparisons were used to compare means.
Student’s #-test was used to evaluate differences between
groups. Statistical significance was accepted when P<0.05.
The PRISM 3.01 software (GraphPad Inc.) was used for
statistical calculations.

RESULTS
Glucose Transport

We first examined whether SGAs could differentially alter
basal and insulin-stimulated glucose transport activity in
cultured adipocytes. Because we were uncertain as to the
time course of any effects, we first studied fully differ-
entiated 3T3-L1 adipocytes (Figure 1) as opposed to
primary cultured adipocytes (Figures 2 and 3), as the
former could be maintained over multiple days in culture.
In a time-course experiment (Figure 1a), 10 pM clozapine
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Figure 1 Effects of 5GAs on maximally insulin-stimulated glucose

transport rates in 3T3-LI adipocytes. (a) Time-course experimert: In fully
differentiated 3T3-Li adipocytes, cells were treated with |0 pM clozapine,
10 uM olanzapine, |0 uM risperidone, or vehicle alone (control) for 0~72h.
At the indicated time points, cells were stimulated with a maximally
effective insulin concentration (1GnM) at 37°C for | h, and the rate of 2-
deoxyglucose transport was measured, {b) Dose-response experiment;
3T3-L1 adipocytes were incubated with the indicated concentrations of
clozapine or risperidone for 3h. Then, cells were stimulated with a
maximally effective insulin concentration (10nM} at 37°C for 1h, and the
rate of 2-deoxyglucose transport was measured. All data represent the
means of results from five experiments. *P <0.05 compared with control,
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Figure 2 Cffects of 5GAs on glucose transport in primary cultured rat
adipocytes, Isolated adipocytes were treated with risperidone {a) or
clozapine {b) at the doses indicated for 3h and then stimulated in the
absence (basal) and presence (insulin) of a maximally effactive insulin
concentration (10nM} at 37°C for | h, and the rate of 2-deoxyglucose
transport was measured. All data represent the means of results from four
- experimerits, *P <005 compared with control.

decreased the maximally insulin-stimulated glucose trans-
port by 40% at 3 h, and this response remained suppressed
at this level for 3 days in culture. Olanzapine at 10pM
reduced maximal transport rates by 30% but this was not
observed until 15h of drug exposure. Treatment with 10 M
risperidone did not have any effects on transport compared
with controls. Dose-response experiments were also con-
ducted after 3h of drug treatment (Figure 1b}. Clozapine
reduced the maximally stimulated glucose transport rate
over a wide range of concentrations from 5 to 500 uM with
a maximal decrement of 30-40% at doses of 50-300uM
{(Figure 1b). In contrast, risperidone had no effect over this
same concentration range. Conveniional aniipsychotic
drugs (butyrophenone and trifiuoperazine) did not affect
basal or maximal insulin-stimulated glucose transport rates
over 72h {data not shown).

In primary cultured isolated adipocytes (Figure 2),
clozapine treatment reduced maximally stimulated glucose
transport rates by 50-70% at all concentrations tested from
5 to 100 pM. In contrast to the lack of effect noted in 3T3-L1
adipocytes, risperidone was observed to diminish maximal
glucose transport rates, and these effects were progressive
as the drug concentration was increased from 5 to 100 pM,
To test for effects at submaximal insulin concentrations and
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Figure 3 Effects of 5GAs an insulin sensitivity in primary cultured rat
adipocytes. (a} Isolated adipocytes were treated with |00 pM risperidone
ot 100 M clozapine for 3 h, and then stimulated in the absence (basal} and
presence of the indicated insulin concentrations at 37°C for th and the
rate of 2-deoxyglucose transport was measured, All data represent the
means of results from four experiments, (&) Yalues abtained for ECqp from
insulin dose-response curves, *F <005 compared with control.

on the ECy, for insulin-stimulated glucose transport, insulin
dose-response curves were assessed in isolated adipocytes
preincubated in the absence or presence of either 100 pM
clozapine or 100 pM risperidone (Figure 3). Both olanzapine
and risperidone decreased insulin sensitivity as manifest by
rightward shifts in the dose-response curve. However, the
effects of clozapine were more profound as indicated by a
greater increase in the insulin ECsy (270.9+ 1.1 pmol/ml)
than the ECsy with risperidone (136.5+ 0.8 prol/ml} com-
pared with that in controls {ECsy = 117.54 1.5 pmol/ml).

Glucose Oxidation and Lipogenesis

As SGAs could affect insulin action over a relatively short
time course (< 3h), we used primary cultored adipocytes in
the remaining experimenis as a more physiological primary
culture cell model (Lima ef al, 1994; Garvey ef al, 1987,
Garvey et al, 1985) compared with the transformed cell line,
In primary cultured adipocytes, we assessed the effects
of SGAs on intracellular substrate metabolism distal to
any influences on glucose transport. All antipsychotic drugs
led to increases in basal and/or insulin-stimulated rates of
glucose oxidation, except for cells treated with clozapine,
where the increases did not achieve statistical significance,



as shown in Figure 4a, Specifically, drugs that produced the
greatest increments in basal glucose oxidation were olanza-
pine and quetiapine, which increased rates by 46 and 41%,
respectively, compared with control cells. All other drugs
(except clozapine) led to lesser but significant increases in
basal glucose oxidation including butyrophenone, trifluo-
perazine, risperidone, and quetiapine. With respect to
maximally insulin-stimulated rates of glucose oxidation,
butyrophenone led to the largest increment of 78% over that
observed in controls. Additionally, maximal glucose oxida-
tion rates were increased by olanzapine (57%) and by
quetiapine (47%), whereas trifluoperazine, risperidone, and
clozapine did not exert statistically significant effects,

Effects of antipsychotic drugs on lipogenesis were also
assessed, as shown in Figure 4b. Both basal and insulin-
stimulated rates of lipogenesis were significantly increased
in cells treated with butyrophenone (78.8%; 58.6%, respec-
tively), olanzapine (109.6%; 83.8%), clozapine (85.4%;
50.6%), and quetiapine (112.9%; 42.6%) compared with
controls, whereas effects of trifluoperazine and risperidone
did not achieve statistical significance.
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Figure 4 FEffects of antipsychotic drugs on basal and insulin-stimulated
rates of glucose oxidation and lipogenesis in adipocytes, Primary cultured
rat adipocytes were incubated with butyrophenone (BUTY), tifluorper-
azine (TFP}, risperidone (RISP}, olanzapine {OLY), dlozapine (CLZ), and
quetiapine (QUE), alt at a concentration of 100 UM, for 3h at 37°C. Then,
cells were incubated for an additional 30min in the absence (basal) and
presence of a maximal insulin concentration (10nM). {a)} Rates of glucose
oxidation were assessed as "*C-glucose fabel released as COy (b) Rates of
lipogenasis were assessed as ' *C-glucose label incorporated into lipids. Al
data represent the means=+SE of results from six expetiments. *P < 0.05
compared with basal or insulin-stimulated rate in controls as appropriate,
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Lipolysis and antilipolysis. Rates of lipolysis and the anti-
lipolytic effect of insulin were assessed (Figure 5), as these
processes are important determinants of cellular lipid
content and fat cell size, Lipolysis was measured as the
ability of isoproterenol, a nonselective j-adrenoreceptor
agonist, lo promote cellular release of glycerol (ie from
triacylglycerol breakdown). When compared with control
cells, the basal lipolytic response was reduced 36.6% by
olanzapine, 33.6% by clozapine, and 43.7% by quetiapine,
whereas butyrophenone, trifluoperazine, and risperidone
did not affect lipolysis, as shown in Figures 5 and 6a.
We also assessed the ability of insulin to inhibit iso-
proterenol-induced lipolysis, and the modulatory effects of
antipsychotic drugs are shown in Figures 5 and 6b. In
the presence of both isoproterenol and insulin, lipolysis
was decreased by 41.2% in cells treated by quetiapine, 38.5%
by clozapine, 36.8% by olanzapine, and 26.3% by risperi-
done, whereas lipolytic rates in butyrophenone- and
trifluoperazine-pretreated cells were similar to controls.
Thus, the antilipolytic effect of insulin was more pronounced
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Figure 5 Effects of antipsychotic drugs on lipolysis and insulin-mediated
antilipolysis in adipocytes. Primary cultured rat adipocytes were incubated
with (a) butyrophenone (Buty), (b) trifluorperazine (TFP), (¢} risperidone,
(d} olanzapine, {e) clozapine, and {f) quetiapine, all at a concentration of
F00 UM, for 3k at 37°C Then, cells were incubated for an additional | hin
the presence of 10 uM isoproterenci (Iso} alone, 0.5 nM insulin (Ins) alone,
or isoproterenol + insulin. Rates of lipolysis were assessed as the cellular
release of glycerol reflecting deacylation of triglyceride, expressed as mg/dl.
White bars represent controt cefls (no antipsychotic) and black bars
represent antipsychotic-treated cells. All data represent the means 4 5E of
results from eight experiments, *P <005 compared to controls.
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Figure 6 Relative effects of antipsychotic drugs on lipolysis and insulin
antilipolysis in adipocytes. The same results presented in Figure 5 are now
presented as percentage of control. (a} Lipolysis. Primary cultured rat
adipocytes were incubated with butyrophenone (BUTY), trifluorperazine
(TFP), risperidone (RISP), olanzapine {OLZ), clozapine (CLZ), and
guetiapine (QUE), all at a concentration of 100 uM, for 3 h at 37°C, Then,
cells were incubated for an additional |h in the presence of [0uM
isoproterencl, Rates of lipalysis were assessed as the cellular release of
ghycerol reflecting deacylation of trigceride, (b) Antilipolysis. Primary
cultured adipocytes were incubated with antipsychotic drugs as in panel a,
Then, cells were incubated for an additional 1h in the presence of both
10 p™ isoproterenct and 0.5 nM insulin, Rates of lipolysis were assessed as
the cellular release of glycerol. All data represent the means - SE of results
from eight experiments, *F<0.05 compared to controts,

in cells exposed to quetiapine, clozapine, olanzapine, and
risperidone.

DISCUSSION

This is the first study to show that SGAs directly modulate
insulin action and metabolic processes in an insulin target
tissue and the results are relevant to the high risk of obesity
and diabetes conferred by these medications. We observed
that antipsychotic drugs had a differential ability to reduce
insulin-stimulated glucose transport activity. This is signi-
ficant because glucose transport is rate-limiting for glucose
metabolism in muscle and fat, and impairment in the
insulin-responsive glucose transport system is the key
abnormality underlying the glucose intolerance that accom-
panies insulin resistance (Hunter and Garvey, 1998), We
also addressed effects on intracellular glucose and lipid
metabolism, and found that antipsychotic drugs were
variably able to increase rates of glucose oxidation and
lipogenesis, Finally, certain antipsychotic drugs reduced
rates of lipolysis in response to an adrenergic agent, and
also enhanced insulin’s ability to inhibit lipolysis under
these conditions. The predicted functional consequence of
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increased lipogenesis, combined with reduced lipolysis
and enhanced insulin antilipolysis is an accumulation of
intracellular lipid, This is directly relevant to enlarged
adipocyte size and a tendency towards progressive obesity
observed in patients treated with these drugs. The data
suggest that untoward metabolic effects of SGAs could in
part be explained by direct effects of these drugs on
adipocytes, and the differential effects of SGAs on cellular
metabolism could underlie relative differences in these
drugs in the predisposition to obesity and diabetes observed
clinically.

In studies of glucose transport in 3T3-L1 adipocytes,
clozapine was able to significantly impair insulin stimula-
tion at doses as low as 5 UM and as early as 3 h after initial
exposure. Olanzapine also reduced glucose transport acti-
vity but the initial effect was not observed until 15h of
treatment, In contrast, risperidone did not alter transport
rates over a broad concentration range, neither did the
conventional antipsychotic drugs butyrophenone and tri-
fluoperazine. In a previous siudy, Robinson et al (2006)
showed that lower concentrations of olanzapine (0.07-
0.35uM) did not affect glucose transport in 3T3-LI
adipocytes, and the discrepancy with the current study
may be explained by the differences in drug dosage.
However, in the more physiological system of primary
cultured adipocytes, both clozapine and risperidone were
observed to cause even greater reductions in maximally
stimulated glucose transport and a shift to the right (ie an
increase in the ECsq) of the insulin: glucose transport dose-
response curve. The relative ability of SGAs fo induce
insulin resistance with respect to glucose transport was
not necessarily predictive of relative potency for affecting
intracellular glucose and lipid metabolism. For example,
clozapine did not affect glucose oxidation rates and
risperidone led to an increase in basal glucose oxidation,
whereas olanzapine increased glucose oxidation under both
basal and insulin-stimulated conditions. Increments in
glucose oxidation as a fuel source could help prime cells
for lipid storage and provide glycerol for triglyceride
synthesis (ie lipogenesis). In fact, clozapine, olanzapine,
quetiapine, and butyrophenone all led to an augmentation
in basal and insulin-stimulated rates of lipogenesis. Finally,
all SGAs tested, including clozapine, olanzapine, quetiapine,
and risperidone, reduced rates of lipolysis in response to
isoproterenol and increased insulin antilipolysis. It is note-
worthy that the conventional antipsychotic drugs (butyro-
phenone and trifluoperazine) did not have any effects on
lipolysis/antilipolysis or on glucose transport, and this
could help explain why the SGAs place patients at greater
risk of weight gain, obesity, insulin resistance, and diabetes.

The idea that SGAs adversely affect metabolism through
direct effects on peripheral tissues is novel, as it was
commonly assumed that these effects were mediated by
central nervous system actions. There are data to support
central SGAs actions in this regard. Knockout of the
5-hydroxytryptamine-2C (5-HT,c) receptor in mice can
result in obesity and altered feeding behavior (Tecott e al,
1995), and clozapine and olanzapine, which have been
associated with the highest risks of weight gain, also have
the highest affinity for 5-HT, among SGAs {Lebovitz, 2003;
Reynolds, 2004). Additionally, the —759C/T 5-HT,¢ recep-
tor gene polymorphism was found to be associated with



SGAs-induced weight gain (Garvin et ai, 2002). Increased
food intake observed after acute administration of clozapine
in mice can be reversed by D1, D2, 5-HT3, 5HT,, and
5HT; agonists (Kaur and Kulkarni, 2002), arguing for the
participation of both dopaminergic and serotoninergic
receptors in SGAs-mediated hyperphagia, weight gain, and
insulin resistance. However, these central nervous system
effects may involve altered substrate metabolism in neuro-
nal cells. A previous study showed that SGAs can alter
glucose uptake in neuronal PC-12 cells, in which clozapine,
quetiapine, risperidone, and various metabolites differentially
affected the V., but not the K., of glucose uptake (Ardizzone
et al, 2001). Circulating leptin levels are elevated in patients
treated with SGAs (Hagg et al, 2001); this could be explained
either by primary effects on adipocyte secretion as SGAs
act rapidly in this regard without immediate change in adipo-
cyte size (Lean and Pajonk, 2003) or could reflect central
regulation as the sympathetic nervous system can inhibit
leptin synthesis (Nonogaki, 2000). The current data certainly
do not exclude ceniral effects of SGAs, but do support the
contention that direct effects on peripheral insulin target
tissues could contribute to adverse metabolic outcomes.

It is important to consider the current results in light
of drug concentrations present in serum and tissues
during therapeutic administration in patients. This issue
is complicated because of variability in serum levels
achieved, the uncertain relationship between serum levels
and therapeutic or metabolic drug effects, and the fact that
several antipsychotic drugs are converted to active meta-
bolites in vivo. For example, whereas olanzapine metabo-
lites are reputed to have no antipsychotic activity, clozapine
metabolites are active but are several fold lower in concen-
tration and potency than the parent cornpound. In contrast,
9-hydroxy-risperidone, the major circulating metabolite for
risperidone, is approximately equipotent with risperidone
and is present in sera at concentrations several fold higher
than the parent compound (Baldessarini et al, 1993). Impor-
tantly, it is unknown whether adverse metabolic effects
of antipsychotic drugs relate to the parent compound or
various metabolites. Another issue is that these lipophilic
drugs are often concentrated in tissues such that adipocytes
could be exposed to higher levels than those observed
in serum. The tissue concentration of butyrophenone, for
example, is 22-fold higher than plasma (Tsuneizumi et al,
1992), and trifluoperazine-sulfoxide accumulates to reach
> 50 times higher levels in tissues than in blood {Aravagiri
et al, 1995). However, studies have shown that certain SGAs,
such as olanzapine and risperidone, do not reach high
concentrations in adipose tissue {Aravagiri et al, 1998) and
the clearance seems to occur faster than with other tissues
in rats {Aravagiri ef al, 1998, 1999). In humans, there is
limited information regarding the relative tissue concentra-
tions of SGAs and their metabolites. In any case, 5uM
clozapine is the lowest concentration tested in the current
experiments that induced insulin resistance in adipo-
cytes, and the routine daily oral dose of 400mg in
schizophrenic patients results in plasma levels in the range
of 0.2-0.7 png/ml (0.6-2 pM) (Broich et al, 1998). In another
study, intraperitoneal injection of 20 mg/kg of clozapine in
rats led to tissue accumulation in the range of 16-64 pg/g
{Gardiner ez al, 1978), which is a much higher concentration
than that seen in plasma. These data highlight the fact that
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8GAs are highly lipophilic and highly protein-bound with a
large volume of distribution and low plasma concentration
(Burns, 2001), It remains feasible that tissue concentrations
in vivo could be sufficient to directly influence adipocyte
metabolism, which raises the question as to whether indivi-
dual variability regarding the untoward metabolic effects of
8GAs is related to the differences in the ability of these
drugs to alter adipocyte biology. This question could be
resolved by careful studies in humans assessing serum and
tissue levels of SGAs and their metabolites, and correlating
these levels with metabolic effects in adipocytes and
predisposition to obesity and glucose intolerance.

In summary, our experiments demonstrate that atypical
antipsychotic drugs have a differential effect to directly alter
cellular insulin action and metabolism in adipocytes.
Clozapine and olanzapine, but not risperidone, were able
to impair insulin-stimulated glucose transport in 3T3-L1
cells, whereas both risperidone and clozapine decreased
glucose uptake in primary cultured rat adipocytes. SGAs
displayed a variable ability to promote lipogenesis, impair
lipolysis in response to isoproterenol, and to enhance the
antilipolytic effects of insulin, whereas conventional anti-
psychotic drugs (butyrophenone and trifluoperazine) did
not induce insulin resistance or affect lipogenesis or
lipolysis/antilipolysis. Thus, SGAs were able to directly
induce insulin resistance (with respect to stimulation of
glucose transport) and, at the same time, promote triglyce-
ride accumulation by stimulating lipogenesis and inhibiting
lipolysis. These effects in adipocytes may partially explain
increased rates of obesity, insulin resistance, and diabetes
associated with SGAs relative to conventional antipsychetic
drugs, as well as a differential risk of SGAs for adverse
metabolic complications (Bridler and Umbricht, 2003;
Lean and Pajonk, 2003; Newcomer, 2005b). However, as
SGAs concentrations used to induce metabolic defects
could be higher than those achieved in serum and tissues
in the course of routine pharmacotherapy of schizophrenia,
further research in human patients on SGAs and their
metabolites is necessary to gauge the pathophysiological
significance of these observations.
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Previous studies have demonstrated an association between rertain second-generation antipsychotics (SGAs)
and diabetes mellitus. The study assessed the impact of SGA dose on hemoglobin A1C (HbA;. =6.0) levels in a
real-world setting. Patients aged > 18 years during 2002-2006 in Ingenix LabRx claims database were included,
The database ¢ollects medical and prescription claims and a subset of laboratory results for an employed,
commercially insured population distributed throughout the United States, Patients with previously diagnosed

Keywords: diabetes, identified by the ICD-9-CM code of 25C.% or use of antidiabetic agents, were excluded. The main
Claims data exposure measure was the cumulative dose over a 30 day period before the HbA;. test, calculated as [sum of
Drug safety {number of pills per day x strength}}/ 100. A logistic regression was used to examine the relation with HbA,;
HbA;, =6.0 by tertile of the cumulative dose and average daily dose, adjusted for the covariates, The study included 391

Second-generalion antipsycholics patients on clanzapine, 467 on quetiapine, and 252 on risperidone, Patients treated with aripiprazole or

ziprasidone (n=212) were included as a secondary reference because of their minimal metabolic risk.
Compared to lower (Tertiles 1 and 2) cumulative doses of risperidone, patients with a high cumulative dose of
risperidone {Tertile 3) had a significantly higher odds ratio {OR) for HbA,, 6.0 (adjusted OR=2.45; 95%
confidence interval = 1,13-5.32; P=10,023), A similar increase in OR was seen in patients with high cumulative
dose of olanzapine (2.41; 1.19-4.89; P==(0.015). Analyses of average daily dose revealed that quetiapi-
ne z400 mg/day and risperidone > 2 mg/day had an OR of 2.29 (1.04-5.06; P=0.041) and 2,28 {1.08-4.83;
P=0.032}, respectively, compared to aripiprazole/ziprasidone, Both ofanzapine groups (=10 and <106 mg/day)
were associated with a significantly increased OR. All results remained similar after further adjustment for the
predicated probahility of having an HbA, . test and additional medication covariates, In this claims data study,
use of olanzapine was associated with elevated HbA,. and risperidene and quetiapine appeared to have dose-
related associaticn with elevated HbA; .. One of the limitations of a claims data analysis is the lack of information
on potential confounders such as ethnicity and weight.

© 2011 Elsevier Inc. All rights reserved.

1. Iniroduction extrapyramidal {motor) side effects. However, the potential to induce

type 2 diabetes mellitus has led to FDA-mandated warning language in

Second-generation (atypical) antipsychotics {SGAs) are of great
benefit to patients with a wide variety of psychiatric disorders. Compared
to first-generation (typical) antipsychotics (FGAs), SGAs cause fewer

Abbrevigrions: €I, confidence interval; FGAs, first-generation (typicai) antipsy-
chotics; HhAq, Remoglobin A1C; ICD-9-CM, International Classification of Diseases,
Ninth Revision, Clinical Modification; OR, odds ratio; RCTs, randomized controlled
trials; SGAs, second-generation {atypical) antipsychatics,
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product labels and consensus guideline recommendations for routine
jaboratory surveillance for treatment-emergent metabolic abnormalities
in patients treated with SGAs {American Diabetes Association et al,
2004,

Pharmacoepidemiclogic studies with large claims data have
demonstrated an association between SGAs, primarily clozapine and
olanzapine, and diabetes mellitus (American Diabetes Association et
al, 2004; Lambert et al, 2006; Leslie and Rosenheck. 2004;
Ramaswamy et al, 2007; Sernyak et al, 2002; Yood et al, 2009).
The pharmacoepidemiologic literature examining the diabetic risk of
SGAs consists of studies of different designs (case-conirol or cohort),
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using various claims databases, and conducted in several countries. In
establishing the causal relationship {Rethman and Greeniand, 1998)
between a SGA and diabetes mellitus, studies have not examined if
there is a dose-response relation between SGAs and diabetes mellitus.
Such a relation, based on comparisons of patients with different doses
of the same medication, is less prone to biases arising from
unobservable confounding factors such as weight and family history,
which are often not available in administrative claims data.

In a systematic review, Bushe and Leonard {2007) found ne
significant difference in fasting or random blood glucose levels between
any of the comparative SGA treated groups in 21 randomized controlied
trials {RCTs} but did find a statistically significant increase of blood
glucose level in the olanzapine group (n=22) in one RCT (Lindenmayer
et al, 2003). In a RCT of first-episode psychosis patients, no significant
differen:ce in the glucose level was found between the treatment groups
(Perez-lglesias et al, 2007) and in a recent RCT of children and
adolescents, the glucose level significantly increased over a 12 week
period for olanzapine group but not for other SGA groups (Correll et al.,
2009). In Clinical Antipsychotic Trials of Intervention Fffectiveness —
Alzheimer's Disease study, no treatment effects (olanzapine, quetiapine,
and risperidene) were found for change in glucose (Zheng et al, 2009),

Glycosylated hemogtobin A1C (HbA, ) is used primarily to identify
the average plasma glucose concentration over prolonged periods of
time as the HbA; level is proportional to average biood ghicose
conceniration over the previous 4 weeks up to 4 menths (Saudek et
al, 2006). Therefore, measuring HbA;. is recommended by the
American Diabetes Association for monitoring bicod glucose control
in patients with diabetes mellitus and in people who may be at risk fos
diabetes mellitus as it provides much more insightful information on
glycemic behavior than a fasting blood glucose value. There is
evidence indicating that HbA,, is a surrogate for metabolic abnor-
malities including reduced insulin action, reduced glucose effective-
ness, and elevated blood pressure, and it predicts the development of
diabetes {Henderson et al., 2007). Interestingly, two of the four RCTs
with published HbA,. data found a between-group difference in
HbA, . between olanzapine and ziprasidone, although not in the blood
glucose level (Bushe and Leonard, 2607; Perez-Iglesias et al, 2007). A
claims database analysis of 381 patients with bipolar showed a non-
significant increase in HbA,. in the group treated with FGAs or SGAs
(n=30) (Castilla-Puentes 2007).

Therefore, the current study examined the poteniial effect of three
SGAs {olanzapine, quetiapine, and risperidone) on HbA;, level that is
a more stable measure of glycemic control than fasting or random
bleed glucose levels, In order to address the issue of bias associated
with comparing between treatment groups (Citrome et al., 2007), we
measured the within drug group difference in HbA; level between
dose groups, Specially, we test the hypothesis that high cumulative
dose of a 5GA, as described in Methods section, which represents the
two important compenents of drug usage oves the defined window,
namely, duration (time) and strength, is associated with elevated
HbA,, level.

2. Methods
2.1, Study design

This retrospective study was designed to examine elevated HbA;.
level in patients treated with clanzapine, quetiapine or risperidane
during a period of 30 days before the first HbA, test (Fig. 1). Patients
treated with aripiprazole or ziprasidone were considered as a
secondary reference group as described below. This study used the
[ngenjx LabRx claims database from 2002 to 2006. The LabRx database
collects medical (in-patient and out-patient) and prescription claims
and also a subset of laboratory results for an employed, commercially
insured population of patierds and their dependents. The research
database includes over 30 million members and more than 3 million -
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Fig. 1. Diagram of the study design,

patients with at least one laboratory result. While the patient
population is widely distributed throughout the United States, we did
observe an over-representation of patients from the south region
compared to 2000 Census data. The database is compliant with the
guidelines of the Health Insurance Portability and Accountability Act.
The study was conducted based on a written protocol reviewed and
approved by the internal sclentific committee for observational
research. The HbA, data in this database has been used in scientific
research (Riedel et al, 2007).

2.2, Study population

The study sample consisted of ail patients aged =18 years with a
paid claim for an HbA, _ test (the first HbA, test in the database) and a
paid claim for one of the five SGAs during the 30 day petiod prior to
the HbA, . test. Patients with more than one SGA or switch to ancther
SGA during the 30 day pericd and patients with previously diagnosed
diabetes were excluded (Fig. 2). Patients with diabetes were identified
by the ICD-9-CM code of 250.x or use of antidiabetic agents (Table 1).

2.3, Variable definition and the 30 day exposure window
The outcome variable, elevated HbA,. level, was defined as HbA;.

>6.0 (%). The cutpoint of 6.0 is commeonly used in epidemiclogy studies
(Selvin et al., 2009) and is proposed that it be used for screening diabetes

Hemoglobin A1C
N = 443528

¥

With 3GAs in 30 days befare A1C | ... | Excluded®
N = 3,242* N =268

J

Non-diabetic patients
N=1,332

Olanzapine
N =381

Quetiapine
N = 467

Risperidone
N = 262

Aripiprazole
N =132

Ziprasidone
N =80

* N = 268 on more than one SGA during the 30 day window were excluded

Fig. 2. Study population of patients.



1328

Z. Guo et al /[ Progress in Neuro-Psychopharimacology & Biological Psyclidatry 35 (2011) 1326-1332

Table 1

Definition ef variables.
Variahles Definition
Age Based an year born and the testing dare of hemoglobin ALC (HbA,.)
Gender

Women vs, men
Region (state)

Noartheast; CTMEMANHNINY.PARIVT

Midwest: ILINIA,KS,MLMN,MO,NE MD,0H 5D,WI1
South; ALARDEDCFLGAKY.LAMDMSNCOKSCTNTX VA WY
West: AKAZ,CACOMLIDMT NV.NMORUT WA WY and other areas

Medical history

Diseases were identified base on the International Classification of Diseases, Ninth Revision, Clinical

Medification (ICD-9-CM) codes from any claim before the testing date of HbA,

Schizaphrenia
Bipolar
Diabetes
Charlson comorbidity index
Hemaolytic anemia
Medication
Current use of antidiabetic agents
Use of diuretics
Use of typical antipsychotics
Use of mood stabilizers
Use of antidepressants
Prior use of other SCAs

ICD-9-CM code: 295.X
ICD-9-CM code: 296.X
1CD-9-C Code: 250X

References {Charlson et al, 1987 Deyo et al, 1902}

1CD-9-CM Code: 282X, 283.X, 773X

Madzcation use was determiined by the prescription date and days of supply

Any use within 7 days before the date of HbA, .

Any use of diuretics within the 30 day window before the HbA;,

Any use of typical antipsychotics within the 30 day window before the HbA,; see Appendix A for the drug list
Any use of mond stabilizers within the 30 day window before the HbA,; see Appendix A for the drug list

Any use of antidepressants within the 30 day window before the HbA,,.; see Appendix A for the drug list
Exposure of other SGAs prior to the 30 day window {after enroliment)

{Saudek et al, 2008). The assessment of SGA exposure was limited te the
first HbA,, test in the observation window as subsequent HbA;
measurements and SGA selection may be influenced by the results of
the first HbA,. test. The primary exposure variable was the cumulative
usage of the SGA over a period of 30 days before the HbA,, test, which
was calculated as [sum of (number of pills per day x strength}}/ 100 and
expressed as 100 mg-day, For example, 10 days with one piil of 10 mg
per day will be assumed to be equal to 5 days with one pill of 20 mg per
day or 10 days with two pills of 5 mg per day. Therefore, this cumulative
dose represents the two important components of drug usage aver the
defined window, namely, duration (time} and strength. The average
daily dose was calculated as the sum of (number of pills per

Table 2
Characteristics of study samples,

dayxstrength) divided by the total number of days. We chose a
30 day pre-testing exposure window because HbA+. represents levels of
blood glucose over the past 4 months and is disproporticnally weighted
to the glucose levels during the prior 4 weeks (5Saudelk et al., 2006).
Recent changes in blood glucose levels are overrepresented in HbA, . and
about 50% of HbAlc is determined by glycemia during the 1 month
preceding the measurement (Saudek et al, 2006). Furthermore, we
chose a 30 day window to standardize the cumulative proximal dose
among patients with different durations of total exposure to a SGA. This
would also limit the possibility of switching during the exposure
window, and would better assess the temporal association between
exposure and outcome.

Olanzapine (n=391) Quetiapine (n=467)

Risperidone (n=262) Aripiprazole {(n=132) Ziprasidone {n=:80) bl

Age (years) <0001
Mean (standard deviation) 47.2 (12.1) 453 (11.8) 445 (12.9) 403 (134) 427 (13.1)
Median (interguartile range) 48,0 (17.0) 46,0 (15.0) 46,0 (16.0) 40,0 (22,0} 440 (22.5)
Women (%) 223 (57.0%) 327 (70.0%) 163 (62.2%) 95 (72.0%) 62 (77.5%) =0.001
Region {%) 0.060¢
Northeast 80 (20.5%) 89 (19.1%) 63 (24.0%) 32 (24.2%) 13 (163%)
Midwest 95 (24.3%) 74 {15.8%) 47 (17.9%) 17 (12,9%) 17 (21.3%)
South 200 (51.2%) 283 (60.6%) 145 (55.3%) 76 (57.6%) 47 [58.8%)
West 16 (4.1%) 21 (4.5%) 7 (27%) 7 (5.3%) 3(3.8%)
Charlson comorbidity index 0.004
Mean (standard deviation} 0.6 (1.4} 0.7 (1.3} 0.5{LD) 0.5 (0.8) 0.7 {1.5)
Median (interquartile range} 0.0 {1.0} 0.0 (1.0) 0.0 {1.0) 90 (1.0) 0.0{1.0)
Schizophrenia (%) 34 (8.7%) 18 (3.9%) 29 (11.1%) 13 (9.8%) 13 {16.3%) 0,001
Bipolar (%) 231 (59.1%) 287 (61.5%) 141 (53.8%) 91 (58.9%) 54 (67.5%) 0,027
Hemolytic anemia (%) 4 (1.0%) 3{0.5%) 1(0.4%) 0 {0.0%) 0 (0.0%) 0.844
Use of diuretics {%) 30 {7.7%) 69 (14.8%) 25 (9.5%) 13 (9.8%) 4(5,0%) 0.004
Use of first-generation { typicat) 13 (2.3%) 11 (24%) 10 (3.8%) 5 [3.8%) 7 (8.8%) 0.053
antipsychotics (%)
Use of meod stabilizers (%) 133 (34.0%) 197 (42.2%) 99 (37.8%) 66 (50.0%) 30 (48.8%) 0.004
Use of antidepressants (%) 241 (61.6%) 305 (65.3%) 192 (73.3%) 92 (69.7%) 53 {66.3%) 0.034
Prior use of other SCAs (%) 59 (15.1%) 79 (16.9%) 35 (12.4%) 57 (43.2%) 33 {41.2%) =0.001
Hemoglobin A1C Q.053
Mean {standard deviation) 5.5 [0,9) 5.5 (0.8) 5.5 (0.7} 5.4 {0.5) 5.4 (0.6)
Median (interguartile range) 5.5 (0.7) 5.4 (0.6) 5.4 {0.6) 5.3 (0.7) 53 (0.5)
Hemoglobin A1C=6,0 (%} 63 (16.1%) 56 (12.0%) 32 (12.2%) 8 (B1%) 7 {8.8%) 0.028
Cumnulative dose {100 mg-day) <0001
Mean (standard deviation) 2.141.8) 500 {60.6) 0.4 (04 30{24) 227 (166)
Median {interquartile range) 15 (23) 27.0 (48.5} 0.3 (0.5) 27 {3.0) 186 (254)

# Pvalue: Wilcoxon rank-sum or Pearson’s chi-square or Fisher's exact test,
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Table 1 describes the pre-determined covariates and diagnosis of
diabetes mellitus assessed from the database based on medical or
pharmacy claims.

2.4. Statistical analysis

A logistic regression was used to examine the association with
elevated HbA, . level (HbA;. >6.0) adjustad for al] covariates listed in
Table 2. The analyses focused on examining potential difference of
HbA;. >6.0 between the dose groups, We divided patients on a SGA
evenly into three groups {tertiles) based an the cumulative dose, with
risperidone tertile 1 as a pre-specified reference group. Since
preliminary analyses showed that the proportion of elevated HbA, .
was similar between risperidone tertile 1 and 2, we combined the two
groups into cne reference to increase the statistical power. In a
secondary analysis, we used patients treated witl: aripiprazole or
ziprasidone, agents shown to have minimal metabolic, including
diabetes mellitus, risk {American Diabetes Association et al., 2004;
Kerwin et al, 2007; Lambert et al, 2006; Leslie and Rosenheck, 2004:
Newcomer et al., 2008, Ramaswarny et al.,, 2007; Sernyak et al., 2002;
Youd et al, 2009), as a reference group. Our preliminary analyses
showed that the proportion of elevated HbA,. was similar between
these two groups. In order to increase statistical pewer, further
analyses of average daify dose were performed in two dose groups
based on at or above the FDA-recommended daily dase for each SCGA
{Hartung et al., Z2008).

Comparison of elevated HbA,; between SGAs can be biased if one
drug group is more likely to receive medical monitoring of HbA,,.
Therefore, we imputed the HbA,, testing rate for each SGA. We counted
the number of HbA,.. tests over the total days of supply of each SGA. All
HbA; - tests (not only the first test) were counted if there was evidence
of SGA use within the 30 days before the HbA,. test based on all
patients on a SGA with and without an HbA;. test: SGA use was
determined by the prescription date and days of supply. Each patient
could have more than one HbA,. test and be prescribed more than one
SGA in the analysis of number of tests. The 95% confidence intervai (C1}
for the number of HbA, . tests per 1000 person days of supply of a SCA
was based on 1000 bootstrapping samples with replacement from the
original population. Furthermare, we created an additional patient-
leve] variable — the predicated probability of having an HbA, test. The
probability was estimated from a Poisson regression that modeled the
number of HbA+. tests per person day of supply of a SGA based on ali
patients on a SGA with and without an HbA; . test as described above,
The meodel included age, gender, and region. A propensity score, a
model-based predicied probability of having the treatment, has been
used as a covariate to examine the treatment effect in an observational
study (Rubin, 1897). Similar to a propensity score approach which has
been extensively used, we believe that an unbiased relationship
between SGAs and elevated HbA; . should persist after adjustment for
the probability of having an HbA,. test.

Further analyses incliuded assessing and adjusting more medication
covariates, and using a 60 day window to assess SGA dose. Firstly, two
additional covariates (B-hlockers and corticosteroids) were included in
the logistic regression models, These covariates were chosen based on
their potential to increase the risk of hyperglycemia (Luna argl Feinglos,
2001) and their frequency in the database. Secondly, we identified
antidepressants and mood stabilizers that had a frequency of = 5% and/
or may increase the risk of hyperglycemia. We then conducted analyses
adjusting for these additional medication covariates. Because of
statistical concerns of over-adjustment resulting from foo many
covariates being included in & logistic regression model, these analyses
were considered as sensitivity analyses. Lastly, we performed analyses
with a 68 day window to assess SGA dose.

All statistical tests were two-tailed, with a P<0.05 considered an
indication of statistical significance. All analyses were performed
using SAS, version 9.1 {SAS Institute Inc,, Cary, NC).

3. Resuits
3.1, Sample charactertstics

The characteristics of the study samples are summarized in Table 2,
There were significant differences between the SGA groups in age,
gender, comorbidities and use of medications, and also in HbA;.
(Tabie 2). Monotherapy of the same SGA during the prior exposure
period (Fig. 1} was 72.4% for alanzapine, 71.5% for quetiapine, 74.4% for
risperidone, 43.2% for aripiprazole, and 51.3% for ziprasidone. Non-use
of any SGA during the prior expasure period was 12.5% for olanzapine,
11.6% for quetiapine, 12.2% for risperidone, 13.6% for aripiprazole, and
7.5%for ziprasidone. Among those with an HbA,.>6.0,90.5% (57/63) of
patients on olanzapine, 80.4% (45/56) of patients on quetiapine and
93.7% {30/32) of patients on rispericiene also used the same SGA in the
prior exposure period, The south region was over-represented across
the five SGA groups compared to 2000 Census data (>50% vs. 35.6%,
respectively).

3.2, Cumulative dose and elevated HbA,;,

Compared to lower (Tertiles t and 2) cumulative doses of risperidone,
patients with a high cumulative dose of risperidone (Tertile 3} had a
significantly higher odds ratio (OR) for the elevated HbA,. {model 1
Table 3). Patients with high dose risperidone had similar OR for elevated
HbA;. as patients with high dose olanzapine. Overall, olanzapine was
associated with a higher OR for elevated HbA, . regardless of the reference
group.

Other significant predictors for elevated HbA, . were age (OR= 1.02;
95% C1=101-1.04; P=0003) and use of diuretics (OR=2.01; 95%
Cl=1.27-3.18; P=0.003} within 30 days before the HbA,, test. Use of
other SGAs prior to the 30 day period {largely compared to monetherapy
of the same SGA throughout the prior exposure period and the 30 day
window} was associated with a reduced likelihood of HbA,. >6.0
[OR=0463; 95% C1=0.38-1.83), although this was not statistically
significant {P=0.066).

3.3. Average daily dose and elevated HbA;,

Analyses of average daily dose were performed on two dose groups
based on at or above the FDA-recommended daily dose for each SGA
(Hartung et al.,, 2008). The rate of HbA, . 6.0 was generally higher among
the higher dose groups of risperidone and quetiapine compared to their
lower dose groups although none was statistically significant. However,
interestingly, HbA,. >6.0 rate was lower (not significant) among the
higher dose zroup of aripiprazole or ziprasidene compared to their lower
dose groups. Compared to patients on aripiprazole or ziprasidone,
quetiapine>400 mg/day and risperidone:>2 mg/day were associated
with significantly increased OR for HbA,. G.0 (Table 4). Both olanzapine
dose groups had significantly higher OR compared to aripiprazole/
ziprasidone,

3.4, HbA;. testing rates

The testing rate was significantly higher for olanzapine {0.214 per
1000 person days of supply; 95% C1=0.201-0.227) and ziprasidone
(0.216; 0.152-0.239} than for quetiapine ($.174; 0.165-0.183) or
risperidone (0.168; 0.158-0.179), based on the non-overlapping 95%
(Cls. The rate was also higher for aripiprazole (¢.195; 0.179-0.210).

The results from logistic regression analyses did not change
significantly after adjustment for the HbA,, testing probability. For
example, the logistic model including the testing probability variable
and all covariates listed in Table 2 showed an OR of 2.53 {1.16-5.51)
for high dose risperidone and 2.5% (1.23-5.12) for high dose
olanzapine compared to lower (Tertiles 1 and 2) cumulative doses
of risperidone. Patients on quetiapine > 400 mg/day had an OR of 2.30
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0dds ratio {OR} and its 95% confidence interval (€1) for hemoglobin A1C (HBA, ) »6.0 by tertile of the cumulative dose.

Cumulative dose 100 mg-day No. of patients HbA; . Model 17 Model 2%
=8.0 (%)

Tertiles Mean (median} OR 95% Ci P OR 95% CI P
Olanzapine 391 16.1 {198 1.07-3.62 0.0307" (232 1.26-430 0.007)*
Tertiie 1 0,60 {0,65) 133 133 1,68 Q.80-3.54 0.174 197 0.92-4.20 0.080
Tertlie 2 1.63 (1.50) 128 1586 1.82 (.87-3.80 0.111 212 1.01-4.43 0.046
Tertile 3 4,10 (3.15) 130 19.2 2,41 1.19-4.89 0.015 2,79 1.38-5.63 0.004
Quetiapine 467 12.0 (133 0.72-2.45 0.367)° (1.58 0.86-2.95 0.13'7’)’i
Tertile 1 732 (7.50) 146 103 1.10 .51-2.38 0.802 1.32 0.61-2.86 (.488
Tertile 2 26,87 (26.00) 165 133 1.50 0.74-3.05 0.264 1.74 0.85-3.55 0.129
Tertile 3 114,33 (90.00) 136 122 1.37 0.66-2.85 0401 1.59 0.77-3.31 0211
Risperidone 262 122 NA {1.69 0.87-3.29 [1,120)Li
Tertile 1 0.10(0.11) 87 81 1,00 {reference) 1.03 0.39-2.70 0.950
Tertile 2 0.32 (0.30) 84 9.5 1.00 {reference) 132 4.52-3,30 0.558
Tertile 3 0.88 {0.78) a1 18,7 245 1.13-532 0.023 272 126-587 0.011

Aripiprazole and ziprasidone 212 7.1 NA 1.00 (reference)

* Logistic regression model with risperidone tertile 1 and tertile 2 as the reference adjusted for al! covariates in Table 2,

B Logistic regression model with aripiprazale and ziprasidone as the reference adjusted for all covariates in Table 2.

© A different madel included olanzapine overall, quetiapine overall and risperidone by two groups as in model 1.

4 & different model included olanzapine overall, quetiapine overall and risperidone overall and the reference group as in model 2.

(1.04-5.07) and patients on risperidone 2 mg/day had an OR of 2.34
(1.10-4.97) after adjustment for aff covariates and the testing
probability compared to patients on aripiprazele/ziprasidone.

3.5. Sensitivity analyses

Further adjustment for use of A-biockers {n=164, 12.3%) and
corticosteroids (n=172, 12.9%) had little impact on the association
between the three SGAs (olanzapine, risperidone, and quetiapine)
and HbA. >8.0. For example, compared to patients on aripiprazole/
ziprasidone, the ORs for patients with olanzapine =10 mg/day,
olanzapine <10 mg/day, quetiapine =400 mg/day, and risperido-
nexz2 mg/day were 2.28 (95% Ci=1.16-4.48; P=0.017), 2.31 (95%
(1=1.17-4.53; P=0.016), 2.30 (95% CI=1.04-5.07; P=0.040), and
228 (95% (1=1.08-4.84; P=0.031), respectively.

We identified seven antidepressants (bupropion, 11.2%; escitalo-
pram, 8.0%; fluoxetine, 7.1%; paroxetine, 7.4%. sertraline, 11.1%;
trazodone, 6.8%; and venlafaxine, 13.1%) and four mood stabilizers
(Jamotrigine, 11.6%; lithium, 10.4; topiramate, 5.5%; and valproate,
8.9%) with a frequency of =5%. We also included mirtazapine (3.6%)
because of its possible effect on plasma glucose level {Luna and
Feinglos, 2001). Adjusting these twelve additioral covariates had no
significant impact on the associations with HbAy. >6.0 described
above. For example, compared to risperidone tertile 1 and 2, the OR
was 245 {95% Cl=1.11-5.40; P=0.027) for risperidone tertile 3 and
248 (95% {[=121-508: P==0.013) for olanzapine tertile 3. In

addition, use of lithium was alsc significantly related to HbA;. »6.0
{OR=0.39; 95% CI=0.16-0.93; P=0.033). Age and use of diuretics
were still significant predictors for HbA,. >6.0.

With the 60day window to assess SGA dose (n=1297}, the
strength of the association was slightly reduced as expected, especially
for risperidone. For example, compared to lower (Tertiles 1 and 2)
cumulative doses of risperidone, patients with a high curnulative dose
of risperidone (Tertile 3) had an OR of 1.86 (95% C1=0.84-4.09) and
patients with a high cumulative dose of clanzapine (Tertile 3) had an
OR of 2.29 (95% (I=1.16-4.53), However, patients with a high
cumulative dose of risperidone (Tertile 3) still had a significantly
higher OR [(OR=2.31; 95% (l==1.02-5.24; P=10.044) compared to
patients with aripiprazele/ziprasidone.

4. Discussion

Previous studies have focused on examining the risk of diabetes
mellitus associated with SGAs by comparing the incidence of diabetes
mellitus between drug groups. To our knowledge, this is the first
study to examine if there is a dose effect of three SGAs on elevated
HbA, fevel (>6.0) in a large claims database.

This study found a significantly higher risk of elevated HbA;,
associated with use of olanzapine. The relation persisted after
adjustment for a number of covariates including the probability of
having an HbA . test and with different reference groups. The results are
consistent with previous pharmaccepidemiclogic data on the

Table 4
Odds ratio (OR) and its 95% confidence interval {C1) for hemoglobin A1C (HbA;.) »6.0 by average daily dose.
Average daily dose (mg) No. of HbA; Unadjusted Adjusted”
patients =50 (%) OR g54 O3 P R 955 CI )
Olanzapine
=10 182 165 25% 1.35-4.99 0,004 227 1.15-4.46 0.017
=10 209 158 2485 1.29-4.69 0,006 231 1.17-4.54 0015
Quefiapine
=400 86 17.4 277 129-5986 0.009 229 1.04-5.05 0.041
=400 381 10.8 1.58 0.85-293 0.144 1.41 0.74-2.66 0.297
Risperidene
=2 114 15.8 246 1.19-5.16 0.015 228 1.08-4.83 0.032
<2 148 4.5 137 0.64-2.94 0415 1.25 057-2.74 0,585
Aripiprazole (ARY) and ziprasidone (ZIP)
ARIZ 15 or ZIP =160 83 G.0 1,00 {reference) 1,00 {reference)
ARI=15 or ZIP<160 129 78 1.00 (reference) 1.00 {reference)

= Adjusted for all covariates in Tabie 2.
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relationship between olanzapine and diabetes mellitus {American
Diabetes Asscciation et al. 2004; Lambert et al, 2005; Leslie and
Rosenheck. 2004; Ramaswamy et al.. 2007; Sernyak et al,, 2002: Yoed et
al, 2009).

There have been inconsistent results regarding the association of
diabetes mellitus with risperidone (Ainerican Diabetes Association et al,,
2004; Lambest et al, 2006; Leslie and Rosenheck, 2004; Ramaswarmy et
al, 2007; Sernyak et al. 2002; Yood et al, 2009). A large claim data
analysis showed that the diabetic risk was greater for patients on
olanzapine compared to patients on risperidone (Ramaswamy ef al,
2007). In the current study, analysis of HbA;. >6.0 based on tertile of
cumulative dose showed that the relation with high dose risperidone
was of the same magnitude as with high dose olanzapine. Analysis of
average daily dose showed risperidone =2 mg/day (at or above FDA
recommended daify dose) had a significantly higher risk of HbA;, > 6.0
compared to patients on aripiprazole/ziprasidone. Although HbA,. 6.0
may not necessarily indicate that the patient is developing diabetes
mellitus, we hypothesize that at higher cumulative doses, risperidone
may have a significant imypact on glycemic control and risk of diabetes
mellitus,

Patients on therapeutic doses of quetiapine =400 mg/day had a
significantly higher risk of HbA;. >6.0 compared to patients on
aripiprazole and ziprasidone, A quetiapine dose-related elevation of
HDbA is similar to the findings from a review of quetiapine clinical
trial results completed by the FDA (Clinical Review, 20009}, which
found a dose-related signal in quetiapine 600 and 860 mg/day groups
with HbA,; >6.1 of 4.9% and 7.7%, respectively, compared to 2.5% in
the placebo group. It should be pointed out that the median expasure
was 56, 42, and 56 days for 600 mg/day, 800 mg/day, and the placebo
group, respectively. The reported lack of relation between guetiapine
and diabetes may have been biased in some previous claims database
studies if a large number of patients use quetiapine at subtherapeutic
dose in real world. Our data showed that 81.6% patients on quetiapine
had average daily dose below that approved dose for schizophrenia
and bipolar disease (<400 mg/day) (Hartung et al., 2008). A recent
study showed that quetiapine treatment was associated witi:
impaired glucose homeostasis among schizophrenic patients (Chen
et al., 2011).

The results of this study are of relevance primarily because they can
be considered real world, That is, the data used is from the Ingenix LabRx
database that includes medical and pharmacy claims in addition to a
subset of laboratory data and is representative of a large national
comrnercial health plan. Furthermore, no single RCT has provided HbA, .
results on a large number of patients treated with these five SGAs and
nane have used HbA, as a primary endpoint of interest. The uniqueness
of this study is the use of a 30 day window to retrospectively assess SGA
exposure in relation to HbA,. level. We chose a 30day pre-testing
exposure window primarily because HbA,. represents levels of blood
ghucose over the past 4 months and is disproportionally weighted to the
ghicose levels during the prior 4 weeks (Saudel et al., 2006). However,
by no means, would our resulfs suggest that a 30 day exposure be
sufficient to cause elevated HbA,. level (=6.0). Actually, among those
with HbA,. >6.0, most patients (>80%) alse used the same SGA in the
prior exposure period, The 30 day exposure window was pre-specified
in the study protocol. The sensitivity analyses using a 60 day window to
assess SGA dose revealed that the strength of the association was slightly
reduced, the largest reduction being seen with risperidone tertile 3
when compared to lower (Tertiles 1 and 2} cumulative doses of
risperidone.

One limitation of a claims data study is the lack of information on
poetential confounding variables such as ethnicity, weight, and family
histery of diabetes mellitus (Citrome et al,, 2007), all of which are
well-known risk factors for diabetes mellitus (Li ¢t al., 2000 Manson
et al., 2000; Shai et al,, 2006}. Furthermore, race and smoking have
also been shown to affect olanzapine concentrations in plasma. For
example, one study found that smokers cleared olanzapine 55% faster

than non/past smokers (Bigos et al., 2008). There is no information on
reasons for HbA,, testing and drug choice in any claims database.
There is a possibility that unmeasured factors which are related to the
outcome and/or the exposure could bias the results if these factors
were unevenly distributed between the compared groups. We have
tried to minimize the potential influences from these unmeasured
factors by adjusting covariates including Charlson comorbidity index
and comparing dose groups rather than drug groups. [n addition, we
created and adjusted for an additional patient-level covariate — the
probability of having an HbA;. test that can be driven by these
unmeasured diabetic risk factors. It may be possible that there is a
significant interaction between a risk factor such as obesity and a
particular SGA on HbA, . level (Reaven et al,, 2009). Another limitation
is that it is uncertain whether the first HbA,, test in the observation
period was actually the first EbA,. test that the patient received.
Patients may have been tested before 2002 or before they enrolled in
the current health plan, In addition, they may have switched SGAs
mare than 30 days prior to the first chserved HbA,. test. However,
such unobserved testing and switching would tend to generally
reduce the chance of detecting a significant relationship between
HbA; . and SGA dose if it is non-differential. The quetiapine group had
the highest rate of use of other 5GAs prior to the 39 day study window
among the three SGA groups; prior use of other SGAs was associated
with a non-significantly reduced OR for elevated HbA,.. This would
suggest that these limitations may play a role in the lack of observed
association between the cumulative dose of guetiapine and elevated
HbA,.. One other limitation is the generalizability of the study
population. The Ingenix LabRx database over-represents the south
region of the United States, and test results were available in only 30-
40% of patients with lab claims, Also, 2 commercial health plan may
net be representative of Medicaid or other public payers. A further
limitation is that there are two commercial major labs used in the
database, which may intreduce measurement variability, Again, these
limitations would generally introduce a bias toward the null
hypothesis, Lastly, we cannof rule out completely the possibility
that patients on olanzapine or a particular SGA who received HbA;,
testing were more prone to diabetes (or more likely to have diabetic
risk factors) than patients on aripiprazole and ziprasidone who also
received HbA,. testing. However, our results clearly showed the
HbA, . testing rates in patients on olanzapine were similar to the rates
in patients on aripiprazole and ziprasidone, indicating that the
association of elevated HbA,. with olanzapine cannot be explained
by differentiating test rates. On the other hand, the possibility that
patients at risk for diabetes are preferentially treated with low
metabolic risk drugs such as aripiprazele or ziprasidone, and alsc
maonitoring for HbA;. due entirely to their risk factors, argues against
testing rares biasing the study results.

In summary, this large claims data analysis found dose-related
effects of SGAs on elevated HbA,. (6.0}, Both clanzapine and
risperidone were associated with an increased risk of elevated HbA,
at higher cumulative doses. Analyses of average daily dose revealed
that quetiapine z 400 mg/day, risperidone =2 mg/day, olanza-
pine=10 or <10 mg/day had an increased risk of elevated HbA,,
compared to aripiprazole/ziprasidone, Limitations of an administra-
tive claims data analysis including lack of information on potential
confounders and potential biases from differential testing rates have
been discussed.
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Appendix A

Lists of medications

Second-generetion (atypical) antipsychotics: generic (brand) name
Aripiprazole {Abilify}

Olanzapine (Zyprexa}

Quetiapine {Seroquel}

Risperidone (Risperdal}

Ziprasidone {Geodan)

Clozapine (various generic products)

First-generation (typical} antipsychotics: generic iname
Chlorpromazine
Chlorprothixene
Droperido}
Flupentixol
Fluphenazine
Haloperidol
Lexapine
Mesoridazine
Methotrimeprazine
Melindene
Perphenazine
Pimozide
Prochloperazine
Sulpiride
Thioridazine
Thiothixene
Triflueperazine
Zuclopenthixol

Maood stabitizers; generic {brand) name
Carbamazepine {Tegratol)
Lamotrigine (Lamictal)

Lithium (Eskalith)

Oxcarbazepine (Trileptal)

Topiramate (Topamax)

Valproate (Depakote)

Antidepressunts: generic (brand) name
Amitriptyline (Elavil)
Amoxapine {Asendin)
Bupropion {Weilbutrin)
Citalopram: (Celexa)
Clornipramine (Anafranil)
Desipramine (Norpramin}
Doxepin (Sinequan}
Duloxetine {Cymbalta)
Escitalopram (Lexapro)
Fluoxetine {Prozac)
Fluvoxamine {Luvox)
Imipramine (Tofranil}
[socarboxazid {Marplan)
Mirtazapine {Remeron}
Nefazedone (Serzone)
Nortriptyline {Aventyl)
Paroxetine {Paxil)
Phenelzine (Nardil)
Protriptyline {Vivactil)
Selegiline (Emsam)
Sertraline (Zoloft)
Tranylcypromine (Parnate)
Trazodene {Desyrel)
Trimipramine (Surmontil}
Venlafaxine (Effexnr)
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OSTTRAUMATIC STRESS DISOR-

der (PTSD) is among the

most common and disabling

psychiatric disorders among
military personnel serving in combat
theaters.™ Antidepressants are the pre-
dominant pharmacotherapy for PTSD,
Two serotonin reuptake inhibitors
(SRIs), sertraline and paroxetine, have
Food and Drug Administration ap-
proval for the treatment of PTSD based
on multicenter trials.*” Within the De-
partment of Veterans Atfairs (VA), 89%
of veterans diagnosed with PTSD and
treated with pharmacotherapy are pre-
scribed SRIs.® However, SRis appear to
be less effective in men than in women?
and less effective in chronic PTSD than
in acute PTSD.?!® Thus, it may net be
surprising that an SRI stady in veter-
ans produced negative results.!

For editorial comment see p 549.

Context Serotcnin reuptake-inhibiting (SRI) antidepressants are the only FDA-
approved pharmacotherapies for the treatment of posttraumatic stress disorder (PTSD},

Objective To determine efficacy of the second-generation antipsychotic risperi-
done as an adjunct to ongoing pharmacologic and psychosocial treatments for veter-
ans with chronic military-related PTSD.

Design, Setting, and Participants A 6-month, randomized, double-blind, placebo-
controlfed multicenter trial conducted between February 2007 and February 2010 at 23
Veterans Administration outpatient medical centers. Of the 367 patients screened, 296 were
diagnosed with military-related PTSD and had ongoing symptoms despite at least 2 ad-
equate SRl treatments, and 247 contributed to analysis of the primary outcome measure.

Intervention Risperidone (up to 4 mg once daily) or placebo.

Main Quitcome Measures The Clinician-Administered PTSD Scale (CAPS) (range,
0-136}. Otner measures included the Montgomery-Asberg Depression Rating Scale
(MADRS), Hamiltorr Anxiety Scale {HAMA), Clinical Global Impression scale (CGI), and
Veterans RAND 3&-Item Health Survey (SF-36V),

Results Change in CAPS scores from baseline to 24 weeks in the risperidone group was
-16.3 (95% Cl,-12.7t0 -12.9) and inthe placebo group, —12.5(95% Cl,-15.7 to-9.4);
the mean difference was 3.74(95% (1, ~0.8610 8.35; t=1.6; P=.11). Mixed model analy-
sis of alltime points also showed no significant difference in CAPS score (risperidone: mean,
64.43;95% Cl, 61,9810 66.89, vs placebo: mean, 67.16; 95% Ct, 64.71 ta 63.62; mean
difference, 2.73; 95% Cl, —0.74 to 6.20; P=.12). Risperidone did not reduce symptoms
of depression (MADRS mean difference, 1.19; 95% €|, -0.29 to 2.68; P=.11) or anxiety
(HAMA mean difference, 1.16; 95% Cl, -0.18 to 2.51, P=.09; patient-rated CGl mean
difference, 0.20;95% Cl,-0.06100.45; P= 14, chserver-rated CGl mean difference, 0.18;
95% Cl1,0.01100.34; F=04), orincrease quality of life (SF-38Y physical component mean
difference, —1.13, 95% Cl, —=2.58 to 0.32; P=.13; SF-36V mental component mean dif-
ference, —0.26:95% Cl,—2.13 {0 1.61; P=.79). Adverse events were more common with
risperidone vs placebo, including self-reporied weight gain (15.3% vs 2.3%), fatigue {13.7%
vs0.0%}, somnolence (9.9% vs 1.5%), and hypersalivation (3.9% vs 0.8% ), respectively.

Conclusion Among patients with military-related PTSD with SRI-resistant symp-
toms, 6-month treatment with risperidone compared with placebo did not reduce PTSD
symptoms.

Trial Registration cdlinicaltrials. gov Identifier: NCT00099983

JAMA, 2077:306(5):493-502 WL jama.com

Author Affiliations and Members of the Veterans Af-

Second-generation antipsychotics
(SGAs) are commonly used medica-
tions for SRI-resistant PTSD symp-
toms, despite limited evidence support-
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RISPERIDONE AND CHRONIC POSTTRAUMATIC STRESS DISORDER

ing this practice.'" In 2007, PTSD was
the most common off-label diagnosis
within the VA associated with an anti-
psychotic prescription.'” In 2009,
86852 veterans diagnesed with PTSD
(19.9%) received an antipsychotic pre-
scription and 81 279 of these prescrip-
tions (93.6%) were for SGAs." There
are substantial safety concerns associ-
ated with SGAs, particularly risks for
weight gain and extrapyramidal mo-
tor symptoms.t

The current study evaluated whether
risperidone, an SGA, when added to an
ongoing pharmacotherapy regimen
would be more effective than placebo
for reducing chronic military-related
PTSD symptoms among veterans whose
symptoms did not respond to at least
2 adequate SRI treatments. To our
knowledge, this study is the first large
trial of a pharmacotherapy aimed at SR]-
resistant PTSD symptoms.

METHODS

Patients were eligible if they were at
least 18 years old, participated in a
military combat theater, met diagnos-
tic criteria for military service—related
chronic PTSD en the basis of a struc-
tured interview for making psychiatric
diagnoses according to the Diagnestic
and Statistical Manual of Mental Disor-
ders (Fourth Edition) {(DSM-IV),' had
a Clinician-Administered PTSD Scale
{CAPS) score greater than 50, had a
clinical history of intolerance of or
nenresponse to 2 or more antidepres-
sants, and had an inadequate response
to 2 adequate SRI treatments (mini-
mum of 4 weeks of pharmacotherapy
each}. Other eligibility criteria
included having a fixed address within
50 miles of the research site or con-
firmed wansportation for all visits,
using an acceptable method of birth
contrel (female patients), and giving
written informed consent.

Patients were excluded if they met
lifetime diagnostic criteria for bipolar
disorder or schizophrenia; required an-
tipsychotic medication for the treat-
ment of psychosis; met diagnostic cri-
teria for dependence on a substance
other than nicotine in the 30 days prior

494 JAMA, August 3, 2011—Vol 306, No. 2

to screening; had ciinical or labora-
tory evidence (levels of aspartate ami-
notransferase, alanine aminotransfer-
ase, bilirubin, blood urea nitrogen, or
creatinine) of hepatic or renal compro-
mise; had a medical disorder that might
increase the risks of risperidone treat-
ment {insulin-dependent diabetes) or
complicate interpretation of study re-
sults {epilepsy, dementia}; had a his-
tory of intolerance of antipsychotics; at-
tempted suicide or assaulted somecne
in the prior year; or had an impending
legal incarceration. Althcugh ongeing
pharmacotherapy was allowed, pa-
lients receiving SGAs, serotonergic
{5HT,) receptor antagonists (cypro-
heptadine, methysergide, trazodone),
o) receptor antagonists (prazosin), and
o, receptor agonists/antagonisis
{cionidine, guanfacine, mirtazapine)
were excluded initially.

Race and ethnicity of the partici-
pants were determined by self-reports
with concurrence by the rater.

Interventions

The human subjects subcommitees of
the VA Cooperative Studies Program
and each participating VA Medical Cen-
ter approved this study, All patients
gave written informed consent prior to
study entry. An independent data safety
monitoring board monitored patient
safety throughout the study.

Patients were randomized to re-
ceive double-blinded 6-month treat-
ment with risperidone or matched pla-
cebo. Study medication (risperidone 1
mg or matching placebo) was initi-
ated ata dose of 1 tablet orally at bed-
time and increased by 1 tablet per week
to a dose of 3 tablets at bedtime, After
participants received study medica-
ton tor 4 weeks, investigators who were
blinded to study medication status and
were treating patients had the option
of further increasing the dose by 1 tab-
let (1 mg), providing medications were
well tolerated and a dose increase was
indicated clinically.

Prier to study entry, patients and
their primary mental healeh care clini-
cians developed a treatment plan that
would not violate study protocol and

would be engaged il study medica-
tions were ineffective. These alterna-
tive treatments enabled some patients
to remain as participants for the full 6
months of randomized treatment
{(eTable 1, available at http:/www jama
.com). There were no significant dif-
ferences across groups in the fre-
quency with which these adjunciive
medications from particular classes
were initiated during the clinical trial.

Patients participated in a feedback
program that was designed to en-
hance adherence to prescribed medi-
cations."* Medication was provided in
bottles with microelectronic monitor
caps (MEMS; AARDEX Group, Union
City, California) that recorded the date
and time of each opening and showed
the number of hours elapsed since the
previous opening. The Medication Us-
age Skills for Effectiveness feedback sys-
tem,’® in which data on the previous
month's dosing were shown to pa-
tients at each visit, encouraged pa-
tients to take medication daily by wain-
ing them to develop and use reminders
that supported medication adherence.

Randomization and Treatment

Patients were recruited initially from 20
VA Medical Centers over a 2-year pe-
riod. To address low recruitment rates
and other issues, 8 sites were discon-
tinued and 6 sites were added during
the course of the study. A total of 26
sites were approved by the human sub-
jects subcommittee to enroll patients
into the study. In addition, the recruit-
ment period was extended by 6 months,
and patients who had initially been con-
sidered ineligible to participate in the
study because they were receiving cer-
tain drugs {trazodone =100 mg, ne-
fazodone =100 mg, quetiapine =235
mg, and mirtazapine =30 mg) were al-
lowed il the drugs were prescribed for
at least 3 months prior (o screening and
prescribed at the current dose [or at least
1 month, A total of 83 patients (42 in
the risperidone group, 41 in the pla-
cebo group) who were ultimately en-
rolled in this study had received at least
1 of these medications. Secondary
analyses testing the effect of broaden-
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ing the study entry criteria did net find
any effects on the findings for the prin-
cipal outcome measures.
Randomized assignment of patients
{0 treatment groups was conducted by
the Cooperative Studies Program Co-
ordinating Center (Perry Point, Mary-
land). Calls requesting randomization
went to a central location on the day
the patient was deemned eligible and
reacty to start medication. Separate ran-
domization schedules were generated
for each participating center, assign-
ing equal numbers of patients to each
of the groups. Block sizes of 2 and 4
were used to balance assignments across
groups and to prevent decoding of the
system. Assigniments were stratified
within centers. Patients were evalu-
ated to ensure they met all eligibility cri-
teria before a randomization code was
provided. Treatment was initiated
within a day of randomization.

Quicome Measures

The primary outcome measure for this
study was the total score on the 34-
item CAPS.”® This scale was adminis-
tered by trained raters who were blind
to the randomization status of pa-
tients at baseline and weeks 6, 12, and
24, All raters underwent initial train-
ing and credentialing to administer and
score the primary and secondary out-
come measures. They also completed
annual training and reliability checks
during the study to ensure thart they met
at least 80% reliability ol their mea-
surement; all raters eventually met this
reliability standard. Interrater reliabil-
ity was assessed at 2 annual subse-
quent time points, All raters showed
100% diagnostic accuracy at both ses-
sions, and median scores were within
0.5 points and 3 points at the 2 annual
foilow-ups, respectively.

The CAPS provided an overall mea-
sure ol PTSD sympiom severity. Second-
ary outcormes were assessed each time the
CAPS was administered: the cbserver-
rated and patient-rated Clinical Global
Impression scale (CGI), the Montgom-
ery-Asherg Depression Rating Scale
{MADRS) * the Hamilton Anxiety Scale
(HAMA),* a scale used to rate psycho-

RISPERIDONIE AND CHRONIC POSTTRAUMATIC STRESS DISORDER

Service-Related Posttraumatic Stress Disorder

Figure 1. Recruitment Fiowchart in Clinical Trial of Risperidone Treatment for Military

367 Patlents asseasad for eligiblity !

71 Excluded |
67 Ineligible
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<7 2v6 Rendomized =
T e —— —‘&1)/
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145 Received risperidone
2 Losi to follow-up

149 Randomized o regeive placebo
147 Received placebo
2 Losl o folkyw-up

1

'

123 Compiated study

| 22 Discontinuad study

: 14 Missing source docuenentation
3 Withdrew
1 Unahle to return for appointments
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1 Adverss svent
1 Other psychiatric prehlem

1 Other tssus

124 Completed study
23 Digcontinued study
16 Missing source documentation
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1 Unable to return for appointmenls
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1 Adverse event
1 Lost to fallow-up
T Intoleram of burdsn of visits
1 Lack of effectiveness

¥

123 Ingluded in primary analysis

124 Included in primary analysis ‘

Valid baseline data were collected for 267 patients; the primary outcome analysis included 247 patients for
whom a valid week-24 CAPS assessment was obtained.

sis (Positive and Negative Syndrome
Scale {PANSS]),” the Veterans RAND
36-Itemn Health Survey (SF-36V),* the
26-item Boston Life Satisfaction Inven-
tory (BLSI}),* and a service utilization
measure. At each visit, smoking was as-
sessed using the first 3 items of the Fag-
erstrom Scale,?® and aleohol consump-
tion was evaluated using the timeline
follow-back method for the 90 days prior
to study eniry and the interval between
each visit.?” Motor adverse events asso-
ciated with risperidone were assessed
using the Barnes Akathisia Scale,® the
Extrapyramidal Symptom Rating Scale,?
and the Abnormal Involuntary Move-
ment Scale.* On all reported owtcome
measures except the SF-36V, higher
scores reflect higher symptom levels. On
the SF-36V, higher scores reflect higher
quality of life.

Data Analyses

Data were collected and analyzed by the
VA Cooperative Studies Program. Base-
line characteristics were comypared with
x* and t tests as appropriate.

The primary outcome measure in this
study was the intent-to-treat analysis of

©2011 American Medical Association. All rights reserved.

the improvement in PTSD symptoms
from baseline to week-24 follow-up as
measured by the CAPS. A 2-tailed 1 test
was performed on these data using an
a=.03. This study was powered ini-
tially to detect a 9-point ditference
between the ireatment groups in the
CAPS change score; assuming a 20%
dropout rate and a power of 0.9, a target
sarmple size of 205 patients per group was
required. In the absence of a validated
threshold for minimal important ditfer-
ence on the CAPS, the threshold of 9
points was derived from data suggest-
ing the following;: (1) a 9-point decrease
would be predicted to produce clearly evi-
dent changes in core PTSD symp-
toms®** {2) 9 points was estimated to
be approximately 0.5 SD in severely
symptomatic veterans with PTSD,* and
across medical conditions score reduc-
tions 0f 0.5 SD are generally found to be
aminimnal important difference®; and (3)
9- to 10-point decreases would be
expected to be associated with improve-
ments in measures of quality of life
The recruitment rate was lower than
projected, with a total of 296 random-
ized patients rather than the targeted 410.
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However, both the dropout rate and the
variance in the data were lower than pro-
jected, offsetiing the effects of the ac-
tual sample size on the statistical power
of the study. Two hundred forty-seven
patients (123 per group, for purposes of
power calculation) completed the study.
Based on the original parameters for
study sample size, an a=.03, and the es-
timated pooled 18.4 SD, this sample size
provided 96.9% power to detecta 9-point
difference between the groups in the pri-
mary outcome teasure—ie, the differ-
ence between baseline and week-24
CAPS scores.

In secondary and exploratory analy-
ses, the CAPS, its subscales, and all
other centinuous cutcome measures
were analyzed using mixed models,*

Table 1. Baseline Demographic Dat

covarying for baseline values and using
all available outcome data. The mod-
els initially had fixed eifects for treai-
ment group and time. The interac-
tions hetween treatment and time effects
were dropped because they were not
significant in reported analyses. Site and
patient were treated as random ef-
fects. Generalized least squares means
of treatment effect were computed
within the SAS mixed linear models
procedures (MIXED and GLIMMIX)
used to analyze outcome data (SAS In-
stitute, Cary, North Carolina}. These
least squares means are estimators of the
treatment means that would be ex-
pected for a halanced design.

In post Lioc analyses, the severity of
the 3 component clusters of PTSD

symptoms associated with DSM-
IV-TR diagnostic criteria®—reexperi-
encing, avoidance/mumbing, and hy-
perarousal®—were analyzed separately
with Bonferroni adjustments for mul-
tiple comparisons. Also, treatment ef-
fects on PTSD severity categories based
on the CAPS* were analyzed using a
2-tailed ¥ test. This analysis yielded an
estimate of medication effects on re-
mission rates in this study as defined
by a CAPS score of less than 20.%®

A comparison of the treatment groups
on retention in the study was based on
survival analysis of time (days) receiv-
ing study medication as measured from
the day of randomization to the day of
last dese. Survival curves for study re-
tention were estimated for each treat-
ment group with Kaplan-Meier meth-
odology (SAS procedure LIFETEST), and
freatiment group comparisons were based

Rl;;::eq%g?e :;!a:;ag% (NT:?GIT] Vi Om the log-rank test.

Age, mean (S0, y 54,2 (10.8) 54.5 (10.6 54.4(10.7) g2 RESULTS

Sexmli?e. (%) 128 ©96.2) 130 (97.0) 258 95.6) :L ~eb Of the 26‘sites 'that were approved to
Femaie 5{3.9) 43.0) 934 ‘ enroll patients into the study, 23 sites

Race/ethnicity, No. (96 enrcoiled patients from February 2007
White, not Mispanic 84 (63.2) 93 (69.4) 177 166.3) 7 to Angust 2009, with follow-up end-
Black, not Hispanic 250188 25 (18.7) 50(18.7) s76  ingin February 2010. A total of 367 pa-
Hispanic 16 (12.0) 118.2) 27 (10.4) tients screened vielded 296 patients di-
Other 8(6.0) 5(3.7) 13149 . agnosed with military-related PTSD

\Neight, mean (S0}, \b‘; 2055 (38.8) 214.048.1) 2006 42.7) J1% ith clinically significant SRI-

Magﬁ'&;‘tw’ No. (%) 20 (15) 194142 30146 7 resistant PTSD symptoms who signed
Naried 67 (50,41 T 120 2.4, consent i.forms f.rc')m 23 s1Les~(’ElGURE 1.
Widower 0 2(1.5 2(0.7) oo Valid diagnostic and primary out-
vy 36 @7 ) 267G 0 206) come data were collected on 2@7 pa-
Separated 568 075 556 tients randomized to receive risperi-
Living with partrier 5(3.9 53.7) 1037 done (n=133) and placebo (n=134)

Ediucation, mean (SD), y* 14.2 (2.7) 14.122) 14.12.8) gea  freatment.

Employment (current), No. (39 The study populations included se-
Fui time 49 (38.8) 48 (35.8) 97 (36.3) 7 verely ill patients, many of whom had
Part time 645 480 10(3.7) disabilities related to long-standing miti-
lrregufar, part time 7{5.3) THo 14(5.2) 9% tary-related PTSD (TaBLE 1, TABLE 2,
Unempioyed 17 {128 210157 35 (14.2) and TABLE 3). The sample was pre-
Other 54 (40.8) 53 {39.6) 107 {40.1) dominately male (n=258, 96.6%},

—— o ‘ i

M""\?\?V\Elsﬁﬁv”éil,'“ﬁaﬁ!a’, Vietnarn 95 71.4) 88 (73.1) 193 (F2.3) ﬁ]é_l gl]ejlegii)(mn;araiisiizﬁe Wij t:
Gulf War, Afghanistan, Irag 34 {25.6) 29(21.8) 63 (23.6) &7b (n=177.66.3%), and married (n=140,
Balkans, other war 1{0.8) 3{2.2) 4{1.5) 52.4%) or divorced (n=60, 22.5%).
Peacs time 3(2.8) 430 76 ’ T

Abbreviations: VW, Word War [} WWI, World War 1|
2t Test,

DFigher exact test,

© Data were missing for 13 patients,

dData were missing or incorrect for 1 patent in the placebo grouy (0.4% of total patients).

©Data ware missing for 2 patients.
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Most patients served during the Viei-
nam war or earlier {(n=193, 72.3%) or
the wars in Iraqand Afghanistan (n=63,
23.68%}. Their PTSD symptoms were at-
tributed principally to direct participa-
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tion in combat {n=209, 78.3%). The
majority of patients in this study also
met lifetime diagnostic criteria for ma-
jor depression (n=186, 69.7%) and life-
time alcohol abuse or dependence
(n=167, 62.5%). Smaller numbers of
patients were smokers {n=88, 33.0%}
or met diagnostic criteria {or other life-
time substance abuse or dependence,
antisocial personality disorder, or other
mood/anxiety disorders.

Most patients in this study received
VA service~connected disahility com-
pensation (n=223, 83.5%), of which
181 (B1.2%) and 163 (73.1%) had
psychiatric and medical disability,
respectively. More than one-third of
patients (n=99, 37.1%) received a
Social Secarity pension. Patients in
this study received typical psychoso-
cial treatmenus at the medical centers.
Based on data collected with a service
utilization measure, patients had
received the following VA services in
the month preceding study entry: 195
patients (74.1%) had received outpa-
tient mental health treatment; 43
patients (16.4%), case management;
16 (6.1%), readjustment counseling;
and 15 (5.7%), addiction services.
Less than 5% of the sample received
any other specified service. There
were no significant differences
between the groups in service wtiliza-
tion.

The patients in this study were
highly symptomatic at study baseline
despite long-standing individualized
pharmacologic treatments (mean
[SD] medications per patient: risperi-
done, 3.09 [1.69]; placebo, 2.86
[1.46]) (eTable 2 and eTable 3). There
were no significant differences in the
frequency with which medications
other than SRIs were prescribed across
the groups prior to randomization or
in various comnbinations of medica-
tions (eTable 4), Mean (SD) CAPS total
score at study entry was 78.2 (14.8), as-
sociated with high levels of reexperi-
encing (20.9 [6.4]}), avoidance/
numbing (31.5 [8.1]), and hyperarousal
{25.9 14.9]) symptoms. Patients were
significantly depressed (mean [SD]
MADRS score, 23.4 [8.2]) and anx-

RISPERIDONE AND CHRONIC POSTTRAUMATIC STRESS DISORDER

Table 2. Disability and Service Uitlization at Baseling?

Risperidone Placebo Total P
{n =133) (n=134) N =267) Vaiue
VA disabliity pension, No. (%)
Yes 112 (84.2) 111 (82.8) 223 (83.9) :I g7t
Mo 21(15.8) 23(17.2) 44 (16.5) '
Medical disability, No. (%)
Yes 83 (741} B0 (72.1) 163 (73.1) :I -
No 29 (25.9) 31E79) 60 (26.9) '
Mediral disabiity, mean (50, 9d 34.61(31.8) 31.8({23.5) 33.2{28.0) 55%
Psychiatric disability, No. (%)
(5 89 (79.5) 92 (82.9) 181 (81.2) :l 61b
No 23 {20.5) 19(17.1) 42 (18.8) )
Psychiatric disakiity , mean (3D}, %2 63.4 (28.1) £5.3 (25.%) B4.4 (26.6) 620
Sociai Sacurity pension, Mo, (96)
Yes 50 (37.6) 49 (36.6) 99 (37.1) :! ob
No 83 (62 4) 85 (B3.4) 168 (62.9} '
VA service use, No. (%)
Qutpatient mental health 102(77.9) 893 (70.5) 185 (74.1) Aab
Case management 21 (16.0) 22 (16.7) 43 (18.4) 818
Alcohol/drug abuse clinic BB 7 6.3 15 (6.7 740
Behabiiltation prograrm G 4.8 1(0.78) 727 130
Readjustrment counseling 969 7 (5.3 1661 750

Abbreviation: VA, Veterans Administration.

2ya compensation and pension boards rule on the presenca or ahgencs of A VA service-connectad disatiity. The dis-
alllity may be related o rmedical or peychialric disorders. The extant of disshility ranges from 0% 10 100%.

*Fisher exact test.

St Test,

pata wiere missing for 6C patients.
“Data were missing for 42 patients.

ious {mean [SD] IAMA score, 19.4
i7.81), with low levels of psychotic
symptoms (mean {SD] PANSS posi-
tive symptom score, 11.6 13.97).

Retention

Rates of retention while receiving ran-
domized treatment were high and did
not differ by group (log-rank test
xi=0.7%, P=40) (eFigure 1}. How-
ever, patients treated with placebo con-
tinued receiving assigned medication on
average approximately 1 week longer
than patients treated with risperidone
(risperidone: median, 166.5 days; mean,
133.1 days; 95% confidence interval
[C1], 123.6-142.6 days; placebo: me-
dian, 167.0 days; mean, 148.9 days; 95%
CI, 141.5-156.4 days; t=2.59; Satter-
thwaite df=238.87; P=.01).

Treatment Effects

There were no significant effects ol ris-
peridone treatment on the primary out-
come measure, the change in CAPS total
score from baseline to 24 weeks (ris-
peridone: =16.3; 95% C1, -19.7 1o

©2011 American Medical Association. All rights reserved.

—-12.9; placebo: -12.5; 95% CI, -L5.7
to —9.4; mean difference, 3.74: 95% Cl,
-0.86 to 8.35; t=1.6; P=11). In the
mixed model of CAPS total scores, the
effect of medication was also not sig-
nificant (F, 35;%2.30; P=.13}, but symp-
tom scores decreased over dme in both
groups (Fg+=9.94; P<C.001) (FIGURE 2
and TABLE 4)}. Baseline CAPS score
(Fp, 252=257.67; P<2.001), but not the
war in which the veteran served, was
associated with higher CAPS score
throughout the study. Neither effectin-
teracted significandy with medication
group and controlling for their effects
did not alter the findings.

To further explore whether risperi-
done produced clinically signiticant
changes con the CAPS, the distribution
of patients in each treatment group was
determined [ollowing a published cat-
egorization of PTSD status® (0-19,
asymptomatic/few symptoms; 20-39,
mild PTSD/subthreshold; 40-59, mod-
erate PTSD/threshold; 60-79, severe
PTSD symptomatology; and >80, ex-
treme PTSD symptomatology). This

JAMA, August 3, 2011—Vol 306, No. 5 497
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analysis did not reveal significant dif-
ferences across treatment groups
{xi=4.9; P=.30). This analysis also pro-
vided information about the rate of re-
mission of patients in each group be-
cause a CAPS score of less than 20 isa
validated remission threshold.® The
rate of remission in patients treated with
placebo (4%) did not differ signifi-
cantly from patients treated with ris-
peridone (5%) (eFigure 2).

Table 3. Mental Health Conditions and Measures at Baseline

In. post hoc Bonferroni-adjusted
analyses (P=.02) of CAPS subscales
using mixed regression models, ris-
peridone was associated with signifi-
cantly reduced symptoms as mea-
sured by the CAPS reexperiencing
subscale (F) ;5:=8.16, P=.005,
d=0.298) and the CAPS hyperarousal
subscale (treatment: F, ,5;=8.09,
P=.005, d=0.318; treatment X week
interaction: Fyaee=4.11, P=.02}, but

No. (%)
I!Risperidone Placebo Total l P
n=133) n=134) N = 267) Value
PT3D symptom attibution
Direct participation in combat 108 (81.2) 101 (75.4) 200 (78.3) 7
Other combat-related events 12 8.0} 17127 26{10.9) “0a
Physical or sexual aouse 7(5.3) 860 16 (5.6) '
Other event during military senvice 6 (4.5) 8{6.0) 14 (5.2)
AlcoholP ¢
Absent 45 (34.6) 53 {35.6) 93 (37.1) 7]
Abuse 27 (20.3) 24 17.9) 51019.1) ara
Dependence B0 (45.1) 56 (41.8) 116 (43.4)
Canrabis®s
Absert 98(73.7) 103 (76.9) 201 (75.8) 1
Abuse 20(15.0) 15(11.2) 35 (13.1) 878
Dependence 15 {11.3) 16 {(11.2) 30(11.2)
Cocaing™®
Absent 111 (B3.5) 107 (79.9) 218 (81.8) 7
Abuse 10({7.5) 10(7.5) 20(7.5 q7e
Depaendence 12 (8.0) 16 (11.9) 28{10.5) .
No. of cigarettes per day®
o] 86 (54.7) 92 (68.7) 178 (66.7) ] sa
=1 47 (363 41(30.8) 88{33.0)
Major depression°
Absent 34 (25.68) 31 {23.1} B5 (24.3) 7
Subthreshold 9(6.8) 8{4.5) 15(5.6) 852
Threshold 9G (67.7) 96 (71.0) 186 (69.7}
Dysthymiat©
Absent 116 (87.2) 115 (85.8) 231 (86.5) ]
Subthreshold 5(3.8 3(2.2) 8(3.0) 708
Threshold 12 (9.0 15(11.2) 27 {10.1) _|
Generalzed anxiety disorder™®
Absant 112 85.0) 117 (87.3) 230 (86.1) 7
Subthreshoid 5{3.8) 4(3.0) 934 778
Threshcid 15 (11.3) 12 (9.0) 27 (10.1y
Social phobiab'o
Absent 122 ©1.7) 123 91.9) 245 (Q1.8) ™)
Subthreshaold 6 (4.5) G (4.5) 12 {4.5) =008
Threshold 5{3.8) 4(3.0) o34 |
Antisociai personality disorclert
Absent 119 (89.5) 125 83.3) 244 (91.4)
Subthreshold 4 (3.0) 107 511.8) a0a
Thrashold 10{7.5) 5 (4.5} 16 (8.0)
___Missing data 0 2(1.8) 207 4
{fcontinued)

498 JAMA, Augnst 3, 2011—Vol 306, No. 5

not the CAPS avoidance/numbing
subscale {(Fy 355=1.23, P=.27).
Assuming a 0.5-SD threshold for the
minimal clinically impertant differ-
ence, the statistically significant find-
ings for the CAPS subscales do not
meet this threshold. This suggests
that although statistically significant,
the changes on the CAPS scales
would not be recognized by many
clinicians as meaninglul.

Consistent with the CAPS findings, no
medication effects on the observer-
rated version {¥{=3.88, P=.049) or sel{-
rated version {x'=1.88, P=.17) of the
CGI were signiflicant alter Bonferroni ad-
justments for multiple cormparisons (sig-
nificance threshold: P=.008). Also there
were no significant drug effects on anxi-
ety (HAMA score: F)140=3.20, P=.08),
depression (MADRS score: Fy544=2.02,
P=.16), psychosis (PANSS positive
symptom score; F; 55,=0.43,P>> .10}, or
quality of life (SF-36V physical compo-
nent score: F y4e=2.24, P=.14).

Adverse Events

Adverse events that occurred in at least
5% of the overall sample are reported
in eTable 5. Overall, the rate of ad-
verse events during treatment was low
but appeared related to dosing of ris-
peridone. The study protocol targeted
arisperidone dose of 3 mg/day and al-
lowed clinicians to increase the dose to
4 mg if indicated. With these instruc-
tions, the modal medication dose was
4 mg for both groups. By the end of the
study, patients randomized to receive
placebo were receiving 3.35 mg of pla-
cebo on average, suggesting that clini-
cians were satistied with the clinical
progress of many patients treated with
placebo. However, patients random-
ized to risperidone were receiving on
average a dose of 2.74 mg. This sug-
gests, consistent with cur clinical im-
pressions, that adverse effects limited
some patients from achieving the tar-
get dose of 3 mg. This study was un-
able to determine whether adverse el-
{ects limited the efficacy of risperidone,
but perhaps these data suggest that fu-
ture studies should explore doses lower
than 3 mg of risperidone,
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However, there were significantly
more cases in the group treated with ris-
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Table 3. Mental Health Cond

ftions and Measures at Baseline {continued)

peridone of self-reported weight gain | No. (%) |
{risperidone: n=20, 15.3%; placebo: Risperidone Placebo Total P
n=3,2.3%), fatigue (risperidone: n~ 18§, (n=133) n=134) (N = 287) Value
13.7%; placeho: n=0), somnolence (ris- e e 782(150)  782(147)  782(148 > 99
peridone: n=13, 9.9%; placebo: n=2, Part 8 (reexperiencing) 208068 20862 209 (6.4 83¢
1.5%), and hypersalivation (risperi- Part C {avoidarice/numbing) 311 (8.1) 31.9 8.1 31.5 8.1} 409
done:n=13,9.9%; placebo: n=1,0.8%}  Par b fyperarcusa) 26261 255640 250 4.9 279
(eTable 5). Risperidone did not in-  5g o, mean )
crease measured weight significantly Total® 64.1(106)  63601.7) 639(11.23) 729
(FI‘BSﬂ 286’ P= 09) AlSO, there were Pari B (reexperiencing)f 18.2 (4.1) 18.4 (4.2} 18.534.1 6ed
no significant effects of risperidone on Part G (avoidance/numbing) © 25.816.2) 25.6 (5.6) 25.7 (6.4) 71¢
the 3 measures of extrapyramidal symp- Part D fhypararousal)” 19.9 (3.4 19.4 (4.0} 197 (3.7) 26¢
toms in this study, the Barnes Akathi-  CGl. observer rated, mean (SD)f 5.1 (08} 5.0(0.9) 5.0{0.9 08
sia Scale, the Extrapyramidal Symp- MADRS, mean (sp)i 24.3(7.3) 22.5 (3.0} 23.4 (8.2) .oaﬂf
tom Rating Scale, and the Abnormal — HAMA, mean S0y : 19.7 6.1) 19.2{7.9) 19.4(7.8) B¢
Involuniary Movement Scale. PN\IT%?;COFG' e 59 504 (138  59.4(143 59.4 (14,1) grd
COAMMENT B Positive symptorms 11.5(3.7) R 116839 g2d
. . Negative symptoms 14.0 (4.7) 13.7 {4.9) 13.9{4.8) &7d
IT1 Eh'l.? study-, there was no stans.ﬂcali.y Gonaral 006 30078 340077 gad
significant difference betweenrisperi-  meom o et 18869 13609 187 (39 770
done and placebo in reducing CAPS mean: (SD)¢
total scores when prescribed for 6 BLSI score, mean (S0 1015955 1044 (29.8 102.8 (27 8) 414
months as an adjunct to SR1s and other  SF-36V PCS score, mean (SO 303408 21.3(11.3) 30.8 (10.8) 444
ongoing medication and psychosocial — SF-36v MCS score, rmean (SD)M 32.2(11.8  39.7(10.8) 39.5{11.2) 699

treatments in a group of highly symp-
tomatic veterans with medication-
resistant symptoms associated with
chronic military-related PTSD. Com-
pared with placebo, risperidone pro-
duced only a 3.74-point greater reduc-
tion from baseline in the CAPS total
score. Thus, it is unlikely that clini-
cians could detect the magnitude of the
risperidone effect over placebo that was
observed in this study. In addition, ris-
peridone was 1ot statistically superior
to placebo on any of the secondary out-
comes, including the observer- and sell-
rated versions of the Clinical Global Tm-
pressions scale; quality of life (SF-36V
or BLST); and measures of depression
(MADRS), anxiety {(ITAMA), or para-
noia/psychosis (PANSS positive symp-
tom subscale}.

Adverse events associated with ris-
peridone were not serious. FPost hoc
analyses of the CAPS, adjusted for mul-
tiple cormparisons, suggested that ris-
peridone was associated with a signifi-
cant reduction in reexperiencing and
hyperarousal symptoms associated with
PTSD with a small effect size. Al-
though the findings were significant sta-

Abbreviations: BLS|, Boston Life Satistaction Inventory, CAPS, CliniGan-Administerad PTSD Scale; G, Clinical Global
Impression; HAMA, Hamilion Anxiety Scals; MADRS, Mantgomery-Asberg Depression Rating Scale; PANSS, Positive
and Negative Syndrome Scale: PCL, PTSD Checklist, PTSD, postiraumatic stress disorder; SF-36Y PCS and MCS,
Veterans HAND 38-tem Health Survey physical component subscale and mental component subscate.

A Fisher exact tast.
Based on litetime OSM-1\/ diagnosis.

;Data ware missing or incorect for 1 patient in the plagebo group (0.4% of total patients).

i Tasl.
2 Den were missing for 173 pakents.
Data were missing for 1 patient.
9 Data ware missing for 10 patients,
"Data were missirg for 7 patients.
'Data were missing tor 2 patients,
1Data were missing for 3 patierts,
KData were missing for 23 patients.
Data wers missing for 18 patients.
M Data were missing for 4 patients.

tistically, these changes were smaller
than the 0.3-5D threshold used to de-
fine the minimal important difference
in estimating the sample size for this
study.* Thus, it is questionable whether
the observed changes on these sub-
scales would be detected clinically.
However, this study could not rule
out the possibility that risperidone treat-
ment addressed a real clinical need for
sormne patients. The ability of risperi-
done to reduce reexperiencing and hy-
perarousal symptoms, such as dis-
rupted sleep and autonomic arousal, is
consistent with its ability to block
5-HTy4 and «, adrenergic receptors.*
This hypothesis is supported by the

©2011 American Medical Association. All rights reserved.

widespread prescription of trazodone,
a 5-HT, receptor antagonist, for sleep
impairment associated with PTSD.* 1¢
is also consistent with the increasing
evidence of the efflicacy of prazoesin, an
a; adrenergic receptor antagonist, for
treating reexperiencing and hyvper-
arousal symptoms of PTSD."-?

The lack of efficacy of adjunctive ris-
peridone on CAPS total scores and
global cutcome measures in this study
contrasts with positive findings frem
some smaller randomized oials™ ! but
is consistent with a study of SRI-
resistant civilian PTSD.* However, the
lack of risperidone efficacy on avoid-
ance/emotional numbing symptoms
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Table 4. Follow-up Assessment Outcomes Based on Least Squares Mean Estimates With All Available Data Up to 24 Weeks?

Mean (95% CB

1 Mean Difference P
Variabla Risperidone Placebo 95% CI) Value

CAPS score

Total B4.43 (61.98 to 66.89) 87.16 [84.71 to 53.62) 273 (-0.74 10 8.20) 2

Part B {reexperiencing) 15,54 (14.58 10 16.49) 17.65 {16.60 to 18,50 2.01{0.86103.37) 004

Part C (avoidance/mumbing) 2728 (2877 t0 29.19) 2893 2672102813 —1.05 {~2.76 10 0.66) .23

Part D (hyperarcusal) 20.93 (2016 to 21.83) 2270 [21.87 to 23.54) 1.71 10.53 t0 2.89) 005
HAMA 15.80114.86t0 16.75) 16.67 (16.02 10 17.92) 1.18 (-0.18 to 2.51) .08
MADRS 18.24 118,18 10 20.29) 20431193910 21 48) 1.18 (~0.29 to 2.68) e
BLS 104.62 {102.02 to 107.22) 104.30{101.64 to 106.95) —0,32 (4,04 to 3.40) 87
SF-36V PCS 39.66 {38.63 10 40.68) 38,53 (37.50 to 39.55) -1.13 ~2.58 10 0.32) 13
SF-36v MCS 33.80(32.481035.13) 33.55 (32.22 t0 34.87) -0.26 (-2.13t0 1.61) .79
PANSS score

Total 5577 (54.24 10 57.30) 55.56 (54.03 10 57.09) —0.21 (-2.37 to 1.96) 85

General symptoms 31.69 (20,81 t0 32.56) 31.20{30.83 to 32.68) 0.12 (-1.12 10 1.35) .B5

Positive symptoms 10,65 (10.26 to 11.05) 10.85 (10.46 t0 11.25) (.20 (~0.35 10 0.75) 48

Negalive symptoms 13456 (12.96 o 13.94) 12.88 (12.391t0 13,37) ~0.57 (~1.2610 0.13) b
CaGl, patlent rated 4.46{4.30 to 4.67) 4.68 {4.50 10 4.86) 0.20 (-0.06 10 0.45) A4
CGl, obsenver rated 4.32 {(1.20 10 4.43) 4,40 (4.38 t0 4.81) 0.13(0.01 10 0.34) D4
Weight, Ib 211.86 (210.48 10 213.25) 21018 (208,78 to 211.58) -1.68 (-3.6610 0.29) 0%

Apbreviations: BLSI, Boston Life Satisfaction Inventory; CAPS, Clinician-Administered PTSD Scale; GG, Clinical Global imprassion; Cl, confidence interval HAMA, Harnitton Anxisly Scals;
MADRS, Moritgormery-Asberg Depression Rating Scale; PANSS, Positive and Negative Syndrome Scale; PTSD, postiraumatic stress disorder; SF-38Y PCS and MOCS, Vaterans RAND

_ 3B-ltern Health Survey physical component subscale and mental component subscele.

“For all outcomes, the treatment comparisen was a finear contrast based on e mixed-effects model with site es a random effact and with autacorrelated repeated measures over tme.
On all reparted outcomns Measures except SF-38Y, higher scores reflect higher symptom levels; higher scores on SF-38V reflect higher quality of Iife.

Figure 2. Change in CAPS Total Score During Treatment
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and the relatively greater efficacy lor hy-
perarousal or reexperiencing symp-
tomis appear to be consistent with find-
ings of prior risperidone studies.'*
Second-generation antipsychotics have
been proposed as a treatment strategy
for paranoia or other psychotic symp-
toms associated with PTSD. Y How-
ever, positive symptoms of psychosis
were al very low levels at baseline in this
study. Thus, this study does not in-
form the question of whether risperi-

500 JAMA, Anpgusl 3, 2011—Yol 306, MNo. 3

done would be a useful adjunct to rreat-
ment in paranoid or psychotic patients
with PTSD.

This study has several limitations.
This study did not achieve the prespeci-
fied sample size of 410 patients pro-
jected for this study. Further, source
documentation for 29 patients was in-
advertently lost, invalidating their data.
These 29 patients {9.8% of all random-
ized study participants) were enrotled
at 2 of the eriginal study sites. After the

loss of data was discovered, the 29 pa-
tients were excluded from further analy-
ses and enrollment was discontinued at
both sites. At 1 of these sites, enroll-
ment was later restarted with a new site
investigator. Because our analyses con-
trolled for clustering by study site, it is
unlikely that the loss of patient data
from these 2 sites would have biased the
results, which were based only on pa-
tient data from the 23 other study sites,
In additicn, the study participants in
these 2 sites were balanced with re-
spect to treatment group (14 in the ris-
peridone group and 15 in the placeho
group), so pre-cxisting hiases were
likely to have been distributed equally
across treatinent groups. Even alter ex-
cluding these 29 patients, our study had
adequate statistical power to detect a
clinically meaningful benefit of risperi-
done, if a true benefit had existed.
Patient retention in the study was
greater than expected and variance
within the data was less than ex-
pected. Based on the 247 patients who
completed the study and the prespeci-
lied factors in the power analysis, this
study had 96.6% power to detect a

©2011 American Medical Association. All rights veserved.
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9-point difference in the ability of ris-
peridone and placebo to reduce CAPS
total score during treatment, a change
that might be considered a minimal im-
portant difference. However. even if the
full projected sample had been re-
cruited, this study most likely would
not have yielded statistical signifi-
cance for the small differential change
in CAPS (otal scores produced by ris-
peridone and placebo (3.74 points).

A second limitation is that study en-
try criteria were relaxed because of re-
cruitment problems; patients were ac-
cepted who had long-standing
prescriptions of low doses of com-
monly prescribed sleep medications,
particularly trazodone and quetiap-
ine. Although adjusting for this effect
did not alter the [indings with respect
to the CAPS, including these patients
may have reduced the expected effects
of risperidone in the current study.
Third, it is not clear that the findings
generalize to other SGAs, such as
olanzapine or quetiapine, that may have
somewhat different clinical profiles in
PTSD.* Fourth, it remains to be deter-
mined whether the findings general-
ize 1o women because the study popu-
lation was nearly entirely men. Analyses
conducted to adjust for the effect of dil-
fering combat theaters did ot alter the
findings related to the primary out-
come measure, but this study was not
designed explicitly to explore the in-
teraction of combat theater and treat-
ment response. Fifth, this study evalu-
ated the ellicacy of adjunctive
risperidone treatment, and the find-
ings may not generalize to risperidone
prescribed by itself for the treatment of
PTSD.

In summary, risperidone, the sec-
ond most widely prescribed SGA within
VA for PTSD and the best data-
supported adjunctive pharmaco-
therapy for PTSD," did not reduce over-
ail PTSD severity (CAPS total score),
produce global improvement (CGI
score}, or increase quality of life (SF-
36V) in patients with chronic SRI-
resistant military-related PTSD symp-
toms. Overall, the data do not provide
strong support for the current wide-

RISPERIDONE AND CHRONIC POSTTRAUMATIC STRESS DISQRDER

spread prescription of risperidone to pa-
tients with chronic SRI-resistant miki-
tary-refated PTSD symptoms, and these
tindings should stimulate careful re-
view of the benefits of these medica-
tions in patients with chronic PTSD.
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Post-traumatic Stress Disorder and Cardiovascular Disease
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Abstract: This review provides an up-to-date summary of the evidence from clinical and epidemiologic studies indicating
that persons with post-traumatic stress disorder (PTSD) may have an increased risk of coronary heart disease and possibly
thromboembolic stroke, Persons with PTSD, a common anxiety disorder in hoth veteran and nonveteran populations, have
been reported to have an increased risk of hypertension, hyperlipidemia, obesity, and cardiovascular disease. Increased
activity of the sympathoadrenal axis may contribute to cardiovascular disease through the effects of catecholamines on the
heart, vasculature, and platelet function. Reported links between PTSD and hypertension and other cardiovascular risk
factors may partly account for reported associations between PTSD and heart disease. The associations observed between
PTSD and cardiovascular diseases have implications for cardiology practice and research.

Keywords: Anxiety disorders, coronary heart disease, hypertension, hyperlipidemia, post-traumatic stress disorder, stroke,

veterans.

INTRODUCTION

An increasing body of evidence indicaies that post-
traumatic stress disorder, a commeon anxiety disorder in both
veteran and nonveteran populations, is associated with major
forms of cardiovascular disease including those attributed to
atherosclerosis such as coronary heart disease and throm-
boembolic stroke. Persons with PTSD have also been re-
ported to be more likely to have hypertension, hyperlipide-
mia, obesity, and cardiovascular diszase [1]. These findings
are important to the field of cardiology since corenary heart
disease may develop over time as a result of hemodynamic
factors (for example, elevated blood pressure with turbulence
and sheer stress within coronary arteries), hyperlipidemia,
and events such as the rupture of atherosclerotic plaques
and thrombus formation {2]. This review summarizes cardio-
vascular alterations linked to PTSD including results from
epidemiologic and clinical studies and possible biological
mechanisms,

BACKGROUND

Individuals may develop PTSD after being exposed to a
traumatic event such as combat experiences, a motor vehicle
crash, or sexual assault [3]. Symptoms of PTSD may include
nightmares, intrusive thoughts, or other re-experiencing phe-
nomena, the avoidance of situations that remind the person
of the traumatic event, a feeling of numbness or being
socially detached from family and friends, and hyper-arousal
(for example, feeling angry, irritable and “on edge,” or
having difficulty concentrating). Hyper-arousal or hyper-
vigilance includes a rapid and pronounced reaction to
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stressors which may lead to a preoccupation with signs of
threat and emotional distress. Persons with PTSD may have
other chalienges such as difficulties with employment, rela-
tionships, or other health conditions (for cxample, depres-
sion, alcohol abuse or drug dependency).

Effective psychological and medical treatments for PTSD
include group or individual psychotherapy (for example,
cognitive-behavioral therapy) and pharmacotherapy such
as the use of selective serotonin reuptake inhibitors [4].
Cognitive-behavioral therapy helps patients to address their
traumatic memories and distorted cognitions (for example,
by providing education about the nature of PTSD and stress
responses and helping the individual with the integration of
the traumatic events).

CARDIOVASCULAR ALTERATIONS ASSOCIATED
WITH PTSD

Cardiovascular alterations associated with autonomic
arousal and cardiovascular health outcomes have long been
reported to be associated with PTSD or wartime traumatic
exposure [1, 5]. Persons suffering from PTSD and chronic
PTSD have been shown to have increases in basal heart rate
and blood pressure and increased heart rate and blood pres-
sure in response to stimuli such as loud sounds and visual
slides that remind them of the trauma [6-9]. In clinical stud-
ies involving small samples of veterans, plasma norepineph-
rine and 24-hour urine norepinephrine levels have been re-
ported to be eievated among veterans with PTSD as com-
pared to those without PTSD [10]. The increases in plasma
norepinephrine are more pronounced when PTSD patients
are exposed to trauma-related stimuli such as loud tones
[11]. Stress and anxiely have been associated with increased
plasma and urinary norepinephrine, epinephrine, and their
metabolites, which are peripheral measures of the noradren-
ergic system, in healthy adults {8, 12].

2011 Bentham Open
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The effects of traumatic exposures or chronic stress on
the hypothalamic pituitary adrenal axis (HPA) and the auto-
nomic nervous system have been examined in clinical stud-
ies and in animal models. The results of these studies indi-
cate that PTSD can result in important neurobiologic and
psychophysiologic changes [1]. Physiological dysregulation
of the HPA axis and altered autonomic function may
contribute to increases in cardiovascular risk factors reported
in persons with PTSD. Increased activity of the sym-
pathoadrenal axis might contribute to cardiovascular disease
through the effects of catecholamines on the heart, vascula-
ture, and platelet function [8]. Platelct function is altered by
elevated levels of circulating catecholamines. Catechola-
mines act on alpha-2a receptors on platelet membranes lead-
ing to increased platelet aggregation and other changes in
platelet function [8, 13]. Catecholamine-induced alterations
of platelet activity have been hypothesized to be a link be-
tween chronic stress, increased sympathoadrenal activation,
and cardiovascular disease [13, 14].

Studies have shown that patients with PTSD have higher
heart rates at rest and reduced heart rate variability which is
consistent with increased sympathetic activity [8, 15]. The
finding that baseline heart rate is higher among veterans suf-
fering from PTSD than among those without PTSD is con-
sistent with chronic hyperstimulation of the autonomic nerv-
ous system. Alternatively, the finding could be an artifact
due to the research participants being anxious about the im-
pending psychophysiclogical assessment [16]. The individu-
als who participated in the studies may have experienced
anxiety because they were anticipating exposure to stimuli
that would remind them of traumatic events [8], McFall et /.
[17] examined basal heart rates, systolic and diastolic blood
pressures among veterans with and without PTSD over an
extended period and did not find any significant differences
between the twe groups. However, in a separate study by
Gerardi et af. [6] which included 32 Vietnam veterans with
combat-related PTSD and 26 Vietnam era veterans with no
combat exposures, those with PTSD had significantly higher
heart rate, systolic and diastolic blood pressure. Buckley and
Kaloupek [18] completed a meta-analysis of reported studies
of basal heart rate and blood pressure among persons with
and without PTSD. A (otal of 34 studies were included with
a total sample size across studies of 2,670 subjects. Their
results suggested that, on average, persens with PTSD have
an elevated basal heart rate as compared with persons with-
out PTSD or those who were not exposed to trauma [18].
The average difference in resting heart rate between persons
with or without PTSD was 5 beats per minute. Their meta-
analysis also suggested that PTSD is associated with blood
pressure elevations [18].

STUDIES OF PTSD AND HYPERTENSION

PTSD was associated with an increased risk of hyperten-
sion in the National Comorbidity Survey and in an epidemi-
ologic study of Vietnam vcterans from Australia [19, 20].
Since elevated diastolic and systolic blood pressure are es-
tablished risk factors for cardiovascular disease, the apparent
link between PTSD and hypertension may partly account for
reported associations between PTSD and heart disease |1].
Cohen ef af. [15] examined associations between PTSD and
hypertension and other cardiovascular risk factors using na-
tional data from veterans of Operation Enduring Freedom
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and Operation Iragi Freedom (OEF/QIF) who sought care at
VA health care facilities. The majority of the PTSD patients
in their cross-sectional study had comorbid mental health
diagnoses including depression (53%), other anxicty disorder
(29%), substarice abuse disorder (10%) and other psychiatric
diagnoses (33%). Veterans with mental health diagnoses had
a significantly higher frequency of hypertension and other
cardiovascular disease risk factors [13]. For example, among
65,603 male OEF/OIF veterans who had PTSD with or with-
out other mental health diagnoses, the adjusted odds ratio for
the association between PTSD and hypertension was 2.88
{95% confidence interval 2.79-2.97) after controlling for age,
race (white, black, Hispanic, or other), component type,
rank, branch of service, and multiple deployments [15].
Among 6,964 female OEF/OIF veterans who had PTSD with
ot without other mental health diagnoses, the adjusted odds
ratio for the association between PTSD and hypertension
was 2.88 (95% confidence interval 2.79-2.97) after controi-
ling for age, race/ethnicity (white, black, Hispanic, or ether),
component type, rank, branch of service, and multiple de-
ployments [13].

PTSD AND HYPERLIPIDEMIA

There is increasing evidence from clinical studies that
PTSD may have effects on lipid metabolism [21, 22]. Kar-
lovic et af. {23] examined total cholesterol, LDL and HDL
cholesterol, and triglycerides in Croatian war veterans with
PTSD and patients with major depression. Those with PTSD
had higher levels of cholesterol and LDL cholesterol, and
triglycerides, on average, and lower HDL cholesterol levels
as compared with the patients with major depression. In the
study by Cohen er al. [15] of associations between PTSD
and cardiovascular risk factors among OEF/OIF veterans
who sought care at VA health care facilitics, veterans with
mental health diagnoses had a significantly higher frequency
of dyslipidemia [15}. For example, among 65,603 male
OEF/OIF veterans who had PTSD with or without other
mental health diagnoses, the adjusted odds ratio for the asso-
ciation between PTSD and dyslipidemia was 2.70 (95% con-
fidence interval 2.63-2.78) after controlling for age,
race/ethnicity (white, black, Hispanic, or other), component
type, rank, branch of service, and multiple deployments [15].
Among 6,964 female OFEF/OIF veterans who had PTSD with
or without other mental health diagnoses, the adjusted odds
ratio for the association between PTSD and dyslipidemia
was 2.68 (95% confidence interval 2.44-2.95) after control-
ling for age, race/ethnicity (white, black, Hispanic, or other),
compenent type, rank, branch of service, and multiple de-
ployments [15]. Elevated levels of total cholesterol and
trigly cerides have also been observed among Brazilian police
officers with PTSD [24].

STUDIES OF PTSD AND CORONARY HEART DIS-
EASE

Positive associations between PTSD and cardiovascular
disease (particularly coronary heart disease} have been
observed in a growing number of studies of veterans and
civilians who were exposed to combat or other traumatic
experiences, as summarized in Table 1. Some of these stud-
ies were retrospective, relied upon self-reported information
about cardiovascular disease, or had other design limitations
[2, 25-31, 33, 36]. Nevertheless, an increasing number of
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Table 1. Studies of PTSD and Cardiovascular Disease among Veterans and Civilian Populations Exposed te Traumatic
Experiences

Study Sample Study Design Resukts Limitations Other Information

Falger et af. Mate WW TI Dutch Clinical interviews of The Resistance veterans, especially The use of controls Half of these Resistance

(1992} Resistance veterans Surviving veterans those with PTSD, scored higher than with recent MI may veterans had been ar-
{n=147), aged 60-65 conducted more than 4 the matched controls on angina pec- have partly obscured | rested and incarcerated
years, and age and sex- decades after the war toris, type A behavior, life stressors, associations with in Nazi prisons and
matched controls with had ended. PTSD was and vital exhaustion. About 10% of cardiovaseular risk forced labor and death
recent hospitalization assessed using struc- the veterans reported having had an factors. History of camps. All were exposed
for MI (n=565) o1 sur- tured interviews based MIin the past 15 years. Aboui 56% MI was based on to extraordinary war-
gery (n=79). on DSM-II1, percent of the veterans were currently | self“reported time frauma.

suffering from PTSD. information.
Boscarino Naticnal sample of male | In-person interviews After controlling for age, race, region | Self-reported
(1997) Vietnam velerans conducted about 20 of birth, enlistment status, volunteer information about

(n=1,399) who served in
the U5, Army.

years post combat expo-
sure, Circulatory dis-
eases were assessed
retrospectively.

states, Army marital status, Armmy
medical profile, smoking history,
substance abuse, education, income,
and other factors, lifetime PTSD
status was associated with reported
circulatory diseases {OR = 1.62,p =
.007) and other illnesses after mili-
tary service. About 63% (=332 ) had
a lifetime history of PTSD,

discase history was
used in the analysis.
The response rate
was 05%.

Boscarino and
Chang (1999)

National sample of male
U.8. Army veterans
who served in theatre
during the Vietnam war
{n=2,450) or during the
same era (n=1,972).

Medical examinations
{conducted about 17
years after combat
exposures for Viemam
theatre veterans). Psy-
chiatric evaluations
included the Diagnostic
Interview Schedule
based on DSM-TL.

After controlling for age, place of
service, illicit drug use, medication
use, race, body mass index, alcohol
use, cigareite smoking, and educa-
tion, PTSD was associated with BCG
findings including atrioventricular
conduction defects {OR =2.81, 95%
C11.03-7.66,p <0.05) and infarc-
tions (OR=4.44, 95% (1 1.20-16.43,
p<0.05).

The overall partici-
pation rate was 60%.
Soldiers who served
in theatre may have
had greater exposure
to toxic chemicals.

The average age of first
onset of PTSD was 21
years.

Boscarino
(2006)

National sample of male
U.S, Army veterans
(n=13,288) who served
during the Vietnam War
era.,

Cohort mortality study
withl6 years of follow-
up following completion
of a felephone survey
(or about 30 years after
their military service),

After controlling for race, Army
volunteer status, entry age, and dis-
charge status, Ammy illicit drug
abuse, age, and other factors, PTSD
among Vietnam theatre veterans was
associated with cardiovascular mor-
tality (hazards ratio = 1.7, p =0.034),
all-cause mortality, cancer, and

external causes of death,

Adjustment was
made for pack-years
of cigarette smoking
only when looking

at cancer mortality.

Boscarino
{2008)

National sample of male
Vietnam veterans
(n=4,328) who served in
the U.5. Army. The men
were < 63 years of age
at follow-up.

Cohort mortality study

PTSD was assessed using two meas-
ures include one based on DSM-III,
Having more PTSD symptoms was
positively associated with early-age

heart disease mortality.

Dabie er af.
(2004}

TFemale veterans
(n=1,259) who received
care at the VA Puget
Sound Health Care
System between Octo-
ber 1996 and January
1998

Cross-sectional postal
survey

Of the eligible women who com-
pleted the survey, 21% screened
positive for current PTSD (PTSD
Checklist-Civilian Version score >
50). A statistically nonsignificant
association was observed with myo-
cardial infarction or coronary arlery
disease (OR = 1.8, 95% CT 0.9-3.6).

Study limitations
include the cross-
sectional design and
the reliance on self-
reported information
about medical con-
difions,
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et al. (2000

of WW Il and the Koren
conflict (n=603). The
average age af study
entry was 43.9 years,
The majority of the men
(98%) were white.

cal examinations were
performed perfodically
beginning in 1960,
PTS8D symptoms were
assessed in 1990.

PTSD was assessed using the Missis-
sippi Scale for Combat-Related
PTSD. FTSD symptoms were posi-
tively associated with the onset of
arterial disorders thazard ratio =1.3,
95% (I 12-1.3) after controlling for
age, smoking, alcohol consumption,
and body mass indesx. The hazard
ratios for hypertensive and ischemic
cardiovascular discase were not
significantly difterent than one.

Study Sample Study Design Results Limitations Other Information
Kang et al, Former WW II prison- Review of healthcare After adjustment for age and race, POWs might be
(2006) ers of war (n=19,442) utilization data for 10 former POWs with PTSD had statis- more likely than the
and non POW controls vears {1991-2000) from | tically significant increased risks of study controls to be
(n=9,728}) VA and non-VA CVD, including ischemic heart dis- in VA medical
healthcare providers, sase and hiypertension, as compared treatment files.
with both non-POWS and POWs
without PTSD. The magnitude of the
increased risk of ischiemic heart
disease was modest.
Schnure Male combat veterans Follow-up stady, Medi-

PTSD was not meas-
ured at the
beginning of the
study but rather in
1990 after many of
the outeomnes had

already occuzred.

Kubzansky
et al. (2007)

Community dwelling
men (n==1,002) from the
greater Boston,
Massachusetts area who
were aged 21 to 80
years in 1961 Over
90% of the men are
veterans and most were
white. Men with
preexisting coronary
heart disease or diabotes

Prospective cohort
study.

PTSD was assessed using the Missis-
sippi Scale tor Combat-Refaled
PTSD. For each standard deviation
increase in PTSD symptom level, the
age-adjusted relative risk for nonfatal
and fatal myocardial infarction com-
bined was 1.3 (55% CI 1.05-1.5).

The data were fromn the
VA Nomative Aging
Study.

Kubzansky
ef al. (2009)

were excluded.
Community dwelling

women who participated
in the Baltimore cohort
of the Epidemiologic
Carchmeni Area Study
(n=1,059)

Prospective cohert study
that assessed incident
coronary heart disease

over a 14-year period

Past year trauma and associated
PTSD symptoms were assessed using
the NIMH Diagnostic Interview
Schedule. Women with 5 or mare
symptems of PTSD were over three
times more likely to develop coro-
nary heart disease than those with no
svmptoms (age-adjusted OR = 3.2,
95% CT 1.3-8.0). The association
persisted after further adjustment was
made for coronary risk factors and
depression or trait anxiety.

Dirkzwager
et al. (2007}

Sample of adult survi-
vors (n=896) of a fire
disaster in Enschede,
Netherlands that killed
23 persons and de-
stroyed or damaged
almeost 1,500 houses.

Longitudinal design.
FEilectronic medical
records from family
practitioners (1 year and
4 years post disaster)
were used. Survey data
were also coilected at 3
weeks and 18 months
post disaster to assess
PTSD and physical
health.

The Self-Rating Scale for PTSD was
used to assess the condition. After
controlling for demographic factors,
smoking, and predisaster pliysical
health, PTSD) was positively associ-
ated with risk of new vascular prob-
lems (OR = 1.9, 95% C1 1.04-3.6).
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Study

Sample

Study Design

Results

Limitations

Other Information

Spitzer
el gl (2009)

Community dwelling
adulfs in Germany
(n=3,171)

Cross-sectional survey

PTSD was assessed using the Struc-
tured Clinical Interview for DSM-IV,
Alfter controlling for demographic
factors, smoking, body mass index,
biood pressure, depression, and
aleohol use disorders, PTSD was
posifively associated with angina
{OR =24, 95% CT1.3-4.5), hoart
failure (OR = 3.4, 95% C1 1.9-6.0),
and peripheral arterial disease,

Study limitations
inelude the
cross-sectional
design and the
reliance on setf-
reported information
about medical
conditions.

Johnson
et al (2010)

Male residents of four
.8, communities
{n=5,347)

Population-based study of
the prevalence of
subclinical atheroscierosis
(carotid intima thickness
and carotid plaque)
measured noninvasively
at two study visils

Compared to non-ombat veterans,
non-veterans and combat veterans
had higher age-adjusted mean carotid
intima thickness, Differences
remained for combat veterans after
adjustment for race, father’s educa-
tion, and age at service entry but not

PTSD was not as-

sessed in this study.

The data were from the
Atherosclerosis Rigk in
Communities (ARIC)
Study.

{1987-1989 and
1990-1992).

years of service. No differences in
carotid plaque were noted.

studies have prospectively examined PTSD as a predictor
of physician-diagnosed cardiovascular disease [32-34].
Taken overall, these results from observational research
provide considerable evidence that persons with PTSD have
an increased risk of coronary heart disease morbidity and
mortality.

PTSD AND CEREBRAL VASCULAR DISEASE

There is some evidence from epidemiologic studies of an
association between PTSD and cerebrovascular disease.
Brass and Page [37] found that former World War 1I prison-
ers of war (POWs) had a statistically nonsignificant in-
creased risk of stroke. Among the 475 former POWs, 12.7%
(20 of 158} of those with PTSD had strokes, compared with
7.6% (24 of 317) without PTSD (relative risk = 1.7, 95%
confidence interval 0.95 to 2.9). In a cross-sectional survey
of female veteran’s who received care at the VA Puget
Sound Health Care System, Dobie e a/, [29] found an asso-
ciation between PTSD and self-reported history of stroke.
About 5% (13 of 256) of the female veterans with PTSD
reported a history of stroke as compared with 3% (28 of 905)
of those without PTSD (age-adjusted odds ratio = 2.9, 95%
confidence interval 1.4-6.0) [29]. A study of trauma and
PTSD among 3,171 male and female adults living in the
general population of a German community found that per-
sons with a history of trauma had a higher odds of stroke
{odds ratio = 1.2, 95% confidence interval 1.0-1.5), angina
pectoris, and heart failure after adjustment for demographic
factors, blood pressure, smoking, body mass index, depres-
sion, and alcohol-related disorders [35].

DISCUSSION

This review of the published literature highlights evi-
dence from epidemiologic and clinical studies that persons

with PTSD are at increased risk of cardiovascular disease
including coronary heart disease and possibly stroke. These
findings have several implications for cardiologists and car-
diovascular researchers. Anxiety disorders such as PTSD are
commeon in the general population [4]. Tn addition, combat
veterans have an increased risk of PTSD [3, 4]. Clinicians
who see patients in primary care practice or in cardiology
clinics should be aware that longstanding PTSD may have
deleterious effects on the cardiovascular system including
increased risk of coronary heart disease and hypertension.
Cardiologists routinely talk with patients about alcohol
drinking and cigarette smoking, both of which may be more
frequent among persons suffering from PTSD. Effective evi-
dence-based freatments are available for persons with PTSD
including those who suffer from dual diagnoses such as
PTSD and alcohol dependence [4].

The biological mechanisms that account for the ohserved
associations between PTSD and cardiovascular disease may
relate to the effects of traumatic exposures and chronic siress
on the HPA axis and the autonomic nervous system [8]. Dys-
regulation of the HPA axis and chronic over-stimulation of
the autonomic nervous system may contribute to the in-
creases in blood pressure and lipid levels that have been ob-
served in PTSD patients. Catecholamine-induced alterations
of platelet activity may also contribute to the apparent link
between PTSD and cardiovascular disease. Changes in im-
mune function seen in some PTSD patients may also have a
role including circulating levels of interleukin-6 (11.-6), 1L-1,
tumor necrosis factor, and C-reactive protein [38]. Inflamma-
tory mediators such as 1L.-6, tumor necrosis factor, and C-
reaciive protein have been reported to stimulate atherosclerosis
[38]. Interactions among the immune and neuroendocrine
systems may partly account for associations between PTSD
and chronic disease outcomes,
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Previous authors have proposed general models of possi-
ble mechanisms undertying the relationship between PTSD
and physical health including cardiovascular disease [31].
The models take into account biolegical function {(e.g., HPA
axis, heightened noradrenergic function, immune function),
psychelogical comorbidities such as depression, health risk
behaviors, symptom reports and functional status, and dis-
ease morbidity and mortality. A similar model of PTSD out-
comes proposed by Boscarine accounts for different path-
ways leading to changes in health status; the influences of
heredity, shared enviromment, history of trauma, behavior
and perceptions, biological changes, and stressful life event
exposures are taken into account in the model [5].

In conclusion, persons with PTSD have been reported to
have an increased risk of hypertension, hyperlipidemia, obe-
sity, and cardiovascular disease. Such persons have been
observed to have an increased risk of coronary heart disease
and possibly thromboembolic stroke. The reported link be-
tween PTSD and hypertension and other cardiovascular risk
factors may partly account for the observed associations be-
tween PTSD and heart disease.

ABBREVIATIONS

DSM = Diagnostic and Statistical Manual of Mental
Disorders

LDL = Low Density Lipoprotein

HPA = Hypothalamic Pituitary Adrenal Axis

IL-6 = Interleukin-6

1DL = Low Density Lipoprotein

OR = Qdds Ratio

OEF/OIF = Operation Enduring Freedom/Operation Tragi
Freedom

POWs = Prisoners of War

PTSD = Post-traumatic Stress Disorder

VA = Department of Veterans Affairs
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cute stress has been extensively studied and is known to
A correlate with procoagulant changes such as increased
levels of fibrinogen, clotting factors VII, VIII, XII and von
Willebrand factor [1], especially in the elderly. However, the
data on chronic psychological stress and coagulation are still
contradictory. This information is particularly impertant,
since chronic stress diseases, such as post-traumatic stress
disorder, may affect 8% of the population {2] and persist for
a fifetime in the vast majority of cases. PTSD was recently
described as a concurrent psychiatric and somatic disor-
der [3], given the common cardiovascular complication,
which could be partially explained by possible coagulation
disturbances. PTSD may develop as a result of life-threat-
ening traumatic events and is diagnosed by the presence
of three clusters of symptoms: re-experiencing, avoidance,
and hyperarousal for at least 1 month [2]. In acute PTSD
the duration of symptoms is limited to 3 months; after this
period it is considered to be chronic [2]. In a recent study,
PTSD-like symptoms were found in approximately 10% of
Israelis exposed to a long wave of terrorist attacks in 2002
[4]. Chronic PTSD has been associated with poor physical
health [5] and premature mortality due to venous and arte-
rial thromboembolism, even when depression is controlled
[3.6]. In PTSD, biological factors such as lower cortisol levels,
increased sympathetic activity [7] and resting mean blood
pressure [8] have been shown to be related to a hypercoagu-
lable state, reflected by an increased amount of procoagulant
molecules, providing a plausible biopsychological link to
coronary artery disease [9]. Patients with PTSD develop a
low grade systemic inflammatory state [10], suggesting a
mechanism that could contribute to coronary heart disease.
The mediators of this mechanism couid be stress hormones
{norepinephrine) producing a cascade of inflammatory reac-
tions (interleukin 6, IL-1, C-reactive protein, tumor necrasis
factor-alpha, leptin, resistin and angiotensin IT) [11], which
may culminate with the metabolic syndrome, elevated blood
pressure, obesity, dyslipidemia, diabetes, heavy smoking and
low physical activity level that are associated with PTSD
and are major risk factors for coronary artery disease [12].

PTSD = post-traumatic stress disorder
IL = interleukin
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Inflammation can induce local thrombosis which, in turn,
can amplify inflammation and this cross-talk contributes
to atherosclerosis progression [13]. A positive and partially
independent correlation was revealed between the severity of
acute PTSD and plasma levels of both factor VII and fibrino-
gen [14]. In addition, markers of endothelial dysfunction, i.e.,
soluble tissue factor, and vWF were found te be assaciated
with acute PTSD and partly affected by psychobiological
distress [15]; however, the data concerning a possible link
between chronic PTSD, its symptom severity and hyperco-
agulation are refatively limited.

The aim of the current study was to assess the levels of
hypercoagulation parameters in patients with chronic PTSD
compared to matched controls who were exposed to the same
trauma.

PATIENTS AND METHODS

The study group included 30 civilians diagnosed as suffering
from chronic PTSD) after the Second Lebanon War in sum-
mer 2006. Study participants were recruited at the Center
for Anxiety and Trauma Disorders of the Rambam Health
Care Campus between October and December 2007 and were
diagnosed by senior psychiatrists as suffering from chronic
PTSD for more than a year. The study was approved by the
Rambam Institutional Review Board and all patients signed
an informed consent form.

Inclusion criteria were age 18-70, diagnosis of chronic
PTSD, and the ability to give informed consent. Participants
were excluded from the study if they had a history of psychiat-
ric disorder, major cardiac or thromboembolic events, evidence
of acute infectious disease, a diagnosis of cancer, or if they wese
pregnant, drug abusers, or receiving anticoagulant therapy. The
control group included 30 healthy civilians matched for age,
gender and ethnicity, exposed to the same war trauma, who
had not developed PTSD or other psychiatric disorders,

PSYCHIATRIC ASSESSMENT

All study participants were invited for one clinic visit during
which they underwent psychiatric assessment to confirm the
diagnosis of chronic PTSD and its severity. Assessment instru-
ments included the MINI and the CAPS, The MINI (Mini-
International Neuropsychiatric Interview) is an abbreviated
psychiatric structured interview evaluating major adult Axis
I disorders using the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) and International
Classification of Diseases-10 (ICD-10). MINI elicits all the
symptomns listed in the symptom criteria for DSM-TV and for
1CD-10 for 15 major Axis I diagnostic categories, one Axis 1T
disorder and for suicidality. Its diagnostic algorithms are con-

MINT = Mini-international Neuropsychiatric Interview

sistent with DSM-IV and ICD-10 diagnostic algorithms. The
CAPS (Clinician Administered PTSD Scale) is a structured
interview assessing PTSD diagnostic status, symptom severity,
core and associated symptoms. It evaluates the frequency and
intensity of each symptom using standard prompted ques-
tions and explicit, behaviorally anchored rating scales [16]. In
the current study, a CAPS score » 80 carresponded to severe
PTSD, and a CAPS score < 80 corresponded to mild PTSD,

COAGULATION STUDIES

During the same visit, venous biood samples of patients and
controis were collected by venipuncture into tubes with 3.2%
sodium citrate for coagulation studies. Blaod samples were
centrifuged at 2000 g for 15 minutes. Prothrombin time, acti-
vated partial thrombaoplastin time, fibrinogen, ProC Global
assay and activated protein C resistance tests were performed
on fresh plasma samples. All other coagulation assays were
performed on thawed frozen plasma samples. Plasma samples
were frozen after a second centrifugation at 2000 g for 15
minutes in aliquots at -70 + 3°C. Prior to testing, plasma ali-
quots were thawed in a 37 + 0.5°C water bath for 15 min. PT,
PTT, fibrinogen, ProC Global assay and APC-R were per-
formed on the STA-R evolution analyzer (Diagnostica Stago,
Gennevilliers, France). Recombinant human thromboplastin
Dade Innovin® (Dade Behring Marburg GmbH, Germany)
was used for P'T assay. STA-PTT®, STA-FIBRINOGEN and
STA-LIATEST® D-DI kits were employed for PT'T, fibrino-
gen and D-dimer assays, respectively (Idiagnostica Stago).
The ProC Global assay kit (Dade Behring) and Coatest APC
resistance kit {Chromogenix — Instrumentation Laboratory
SpA Milan, Italy) were used for the relevant tests.

Levels of coagulation factor VIII activity were determined
by one-stage assay using facter VIII deficiency plasma
(Diagnostica Stage). Levels of vWF antigen were evaluated
using the STA-LIATEST® vWF:ag kit (Diagnostica Stage).
Prothrombin fragment F1+2 concentration, as a marker of
prothrombin activation, was measured by an enzyme-linked
immunosorbent assay using Enzygnost® F1+2 (monocdlenal)
(Dade Behring). Tissue factor antigen levels were determined
with the IMUBIND® Tissue Factor ELISA kit (American
Diagnostica Inc., Stamford, CT).

STATISTICAL ANALYSIS

Data were analyzed using the SPSS statistical software pack-
age. Differences between the two groups in coagulation
parameter levels and other continuous variables (age, years
of education) were estimated with the ¢-test. Differences

CAPS = Clinician Administered PTSD Scale
PT = prothrombin time

PIT = partial thromboplastin time

APCR = activated protein C resistance
VWF = von Willebrand facter

Ft+2 = fragment F1+2
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between the two groups in categorical demographic variables
(gender, marital status, employment status and CAPS) were
checked by Pearson chi-square or Fisher's exact test, Linear
correlation between CAPS scores and the level of each of
the coagulation factors as well as between CAPS scores and
education duration was analyzed using Pearson correlation.
P <0.05 was considered significant.

RESULTS

Table 1 shows key demographic and ethnic characteristics of
the two groups. The patients with chronic PTSD and the con-
trols were matched in all criteria apart from education duration
and employment status. Patients had higher PTSD symptom
scores compared with controls; the mean CAPS score was
89 + 25 for patients and 0.9 + 1.4 for controls. In addition,
PTSD patients had higher symptom levels of anxiety, suicidal
thoughts and depression; almost 73% of PTSD patients had
comorbid major depression and 26% had suicidal thoughts.

vWT antigen levels were found to be significantly higher
in patients with chronic PTSD as compared with controls. No
differences were documented in other studied coagulation
factor levels between the two groups [Table 2]. Significantly
higher levels of vWF antigen and factor VIIT activity were
observed in patients with severe chronic PTSD (CAPS > §0)
compared with controls and 10 patients with mild chrenic
PTSD (CAPS < 80) [Table 3].

Factor VIII levels correlated with those of vWF antigen
in both patient and control groups (r = 0.7, P < 0.0001).
However, factor VIIIlevels correlated with F1+2 only in the
patient group (r = 0.4, P = 0.04), and with fibrinogen levels
only in the control group (r = 0.4, P = 0.02). No correlation
was found hetween the CAPS scores and the level of any of
the coagulation factors, or education duration.

Among patients with chronic PTSD, no differences were
found in any of the studied coaguiation parameters between
subjects with comorbid major depression or suicidal thoughts
and those with PTSD only, or between employed and unem-
ployed individuals. In the patient group, no correlation was

Table 1. Demographic characterization of PTSD patients and controls

Gender (male/female)

* Age (yrs, mean = S0}

Marital status (married/not married

--Education '{yr's',_m:egan % 50)-= i

<0.001
ool

NS = not significant
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Table 2. Plasma coagulation parameters n PTSD patients
compared with controls

(mean250) - ¢
BT (secj
PIT(se0) .o U L3 QTR
B-dimer (mg/L) 0.35:0.3 0,842
Fhrinagen (mg/d) 1328580 aTe66 042
Prut.ein C global assay Q.77 013 0,78+ 0.&1 0.796
{PCAT-NR)
; bdies gkm oe
121.3 =42 99,7 + 2.3 o 0034
Commsed i iise oz
36.4+ 21 39.8:20 0.279
20874308 1918271 0784

PCAT-NR = pratein C activation time-normalized ratio, APC = activated
protein C sensitivity ratio, vWF = von Willebrand factor

£¢0.05 considered significant

Table 3. Levels of FVIII activity and vWA antigen In severe PTSD
comp

- Capsss - Pualue
Patients (n) 10 -
Contmls(n) "1302 SR
VWF antigen (u/ml) 130.4 =32 M1=27 £.043
Wiy s oissz o og

CAPS = clinician administered PTSD scale
{APS) 80 = severe PTSD, CAPS < 80 = mild PTSD

observed between education duration and the CAPS score (r
=-0.005, P = 0.979). In addition, no significant correlation
was demonstrated between vWF and education duration or
between factor VIII activity levels and educationr duration
either in patients {r=-0.12, P= 0.52 or r = -0.16, P = 0.38,
respectively} or in controls (r = -0.04, P = 0.81 or r = - 0.01,
P = 0.95, respectively).

BISCUSSION

The lifetime prevalence of PTSD is estimated to be about 8%
in the general population, although an additional 5--15% may
experience subclinical forms of the disorder [2]. The symp-
toms are chronic and often life-lasting, disabling people and
causing a financial burden on society. PTSD) patients are at
increased risk of mortality, especially from cardiovascular
disease and thromboembolic events that could be associated
with hypercoagulation [2,5,17].

The aim of the current study was to assess the levels of
hypercoagulation parameters in patients with chronic PTSD
compared to matched controls who were exposed to the
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same trauma. Among all the hypercoagulation parameters
evaluated, including D-dimer, F1+2, tissue factor levels and
protein C pathway activity, only levels of vWF antigen were
found to be significantly higher in the patient group com-
pared to the controls. These results suggest that the higher
rigk of arterial thrombosis in PTSD patients may be related
to endothelial damage or endothelial activation and is not
associated with coagulation activation or decreased activ-
ity of the protein C pathway. In patients with severe PTSD
(CAPS > 80), elevated levels of vWTF were accompanied by
high FVII activity levels,

vWF plays an important role in hemostasis and throm-
bosis, both as a cofactor in platelet adhesion and aggregation
and as a circulating carrier protein for factor VIIT [18]. Meta-
analyses of prospective studies have suggested that increased
circulating vWF levels are associated with a high risk of CAD
[19,20], and elevated plasma levels of factor VIII are related
to an increased risk of venous thrombosis {21,22].

Von Kanel et al. [14] found a positive and partially inde-
pendent association between dimensional aspects of acute
PTSD and plasma levels of both factor VIII and fibrinogen,
suggesting a correlation between the severity of acute PTSD
symptomatology and concentration of these procoagulant
factors. Their data also suggest that traumatic stress could
increase levels of factor VIII [14]. Factor VIII and fibrinogen
are known to be acute-phase reactants [23-25]; however,
in our study no differences were found in fibrinogen levels
between patients and controls, but the high levels of factor
VIII were associated with elevated levels of vWE These find-
ings may imply that fibrinogen levels return to normal in the
chronic stress state and that higher levels of factor VIII and
VWE are associated with chronic endothelial cell activation,
but this should be further investigated.

In a later study, von Kanel and co-authors [15] revealed
elevated levels of soluble tissue factor, which is another
endothelial marker, in 14 patients with acute PTSD developed
after an accident compared to 14 controls who did not have
PTSD. In this study, no differences were documented in the
levels of vWF antigen. In our study, the levels of soluble tissue
factor, measured by the method used by von Kanel et al., did
not differ between the study and control groups. Differences
in the results of endothelial marker evaluation might stem
from chronic versus acute state, variations in study popula-
tions and the type of trauma that patients were exposed to.

The aim of this study was to explore hypercoagulation
parameters in a chronic stress disorder (PTSD). Our findings of
elevated levels of vWF and FVIII activity support the hypothesis
that hypercoagulation persists after an acute period in PTSD,
which could contribute to the morbidity and mortality in these
patients and should be addressed in the treatment program.

Compared to previous studies [14,15], the current trial
included larger cohorts of patients with chronic PTSD {dura-

tion = 1 year) and controls who were exposed to the same
trauma. However, the limitation of our stedy is related to
the small size of the group with severe chronic PTSD (CAPS
> 80). Another limitation is associated with the higher edu-
cation and employment levels found in the control group
compared to the patient group,

Levels of vWF and factor VIII were not found to be
atfected by any concomitant psychiatric illness {e.g., depres-
sion, suicidal thoughts), education duration or employment
status; however, they were associated with the incidence and
severity of chronic PTSD.

CONCLUSIONS

Severe chronic PTSD is associated with high levels of vWF and
factor VIII, which may explain the increased risk of develop-
ing arterial and venous thrombosis among patients with this
disorder. These findings could contribute to the improvement
of PTSD diagnosis and treatment. The results obtained in the
current study may be considered preliminary. To assess their
significance, prospective clinical trials larger cohorts of patients
with severe chronic PTSD are warranted. It is also crucial that
follow-up of arterial and venous thrombosis be incorporated
in protecols of these studies.
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Cannabinoid Receptor Activation in the Basolateral
Amygdala Blocks the Effects of Stress on the Conditioning
and Extinction of Inhibitory Avoidance

Eti Ganon-Elazar and Irit Akirav
Department of Psychology, University of Haifa, Haifa 31905, Israel

Despite the efficacy of behavior therapy for human anxiety disorders, extinction-like treatments require repeated cue exposures and are
vulnerable to reversal by a number of environmental factors, particularly stress. The endocannabinoid system has recently emerged as
important in the regulation of extinction Jearning and in the regulation of the hypothalamic-pituitary-adrenal axis. Here, we aimed to
examine the involvement of the cannabinoid CB, receptor in the basolateral amygdala (BLA) in inhibitory aveidance {IA) conditioning
and extinction and to test whether cannabinoid activation would reverse the effects of stress on these memory processes. The synthetic
full agenist of the CB,/CB, receptor WIN55,212-2 [R-(+)-(2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrol[1,2,3-de]-1,4-
benzoxazin-6-yl)(1-naphthalenyl} methanone monomethanesulfonate] (5 j1g/0.5 jul) microinjected into the BLA had na effect on IA
conditioning or extinction by itself. However, microinjecting WIN55,212-2 into the BLA before exposing the rats to a stressor reversed the
enhancing effects of the stressor on [A conditiening and its impairing effects on 1A extinction. Importantly, WIN55,212-2 microinjected
into the BLA reduced stress-induced elevations in corticosterone levels. Control experiments demonstrated the following: (1) the effects
of WIN55,212-2 could not be attributed to sensorimotor deficits, because these parameters seemed unchanged by WIN55,212-2 micro-
injected into the BLA; and (2} the CB| receptor in the BLA is crucially involved in the extinction of I, because the CB, receptor antagonist
AM251 [N-1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide! (6 ng/0.5 pl) microin-
jected into the BLA significantly blocked extinction, Together, our findings may support a wide therapeatic application for cannabinocids

in the treatment of conditions associated with the inappropriate retention of aversive memories and stress-related disorders.

Introduction
Fear inhibition is most often studied through a procedure in
which a previously fear-conditioned organism is exposed to a
fear-eliciting cue in the absence of any aversive event. This pro-
cedure results in a decline in conditioned fear responses that is
attributed to a process called extinction (Myers and Davis, 2007).
Despite the efficacy of behavior therapy for human anxiety
disorders, extinction-like treatments require repeated cue expo-
sures and are vulnerable to reversal by a aumber of environmen-
tal factors, particularly stress. We recently showed (Akiray and
Maroun, 2007} that 30 min of exposure to the elevated platform
stressor disrupts the extinction of both auditory and contextual
fear conditioning. Others have reported that stress reduces cued
fear extinction {(Shumake et al, 2005; Tzquierdo et al., 2006;
Maren and Chang, 2006) or impairs its recall (Maren and Chang,
2006; Miracle et al., 2006; Garciz et al,, 2008). In parallel, expo-
sure to stress facilitates the initial fear learning, thus further en-
hancing the fear response (Shors et al,, 1992; Cordero et al,,
2003).
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Manipulation of the endogenous cannabinoid system has be-
come a major focus of current search for novel therapeutics to
treat many common mental illnesses, including anxiety disor-
ders, depression, and drug addiction (Porter and Felder, 2001;
Kathuria et al., 2003). It is generally appreciated that the recre-
ational use of cannabinoids is related to their positive modulatory
effects on brain-rewarding processes along with their ability to
positively influence emotional states and remove stress responses
to environmental stimuli (Gardner and Vorel, 1998). Indeed, the
potential therapeutic value of cannabinoid medulation is under-
scored by the dense expression of the cannabinoid CB, receptor
in regions known to be significant for anxiety and emotional
learning, particularly the basolateral amygdala (BLA) (Katona et
al.,, 2001: Haller et al., 2002).

The endocannabineid system has recently emerged as impor-
tant in the regulation of extinction learning (Marsicano et al.,
2002; Varvel and Lichtman, 2002; Suzuli et al., 2004; de Oliveira
Alvares et al,, 2005) and of the hypothalamic—pituitary—adrenal
(HPA} axis and its end product corticasterone {CORT) (Patel et
al., 2004; Cota, 2008; Steiner and Wotjak, 2008). Studies so far
suggest that environmental stress and CB, receptor activity inter-
act in the regulation of the HP A axis and that the angmentation of
endocannabinoid signaling can suppress stress-responsive sys-
tems {Patel et al., 2004; Cota, 2008; Steiner and Wotjak, 2068},

Our main goal was to test whether cannabinoid activation in
the BLA would inhibit stress-induced alterations in inhibitory
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avoidance (IA) conditioning and extinction and to examine the
possible association with the HPA axis. To that end, we exantined
the following: (1) the effects of administering cannabinoid recep-
tor agonistinto the BLA on the conditioning and extinction of IA,
(2) whether cannabinoid activation in the BLA would reverse the
effects of stress on IA conditioning and extinction, and (3)
whether cannabinoid activation in the BLA would affect plasma
CORT levels.

Materials and Methods

Subjects. A total of 434 male Sprague Dawley rats (~60 d old, 250300 g)
were used for the experiments. Animals were caged individually at 22 *
2°Cunder 12 h light/dark cycles. Rats had access to water and laboratery
todent chow ad libitum. The experiments were approved by the Univer-
sity of Haifa Ethics and Animal Care Committee, and adequate measures
wetre taken to ninimize pain or discomfort in accordance with the guide-
lines laid down by the National Institutes of Health in the United States
regarding the care and use of animals for experimental procedures.

Drug treatments. Three drugs were investigated: the synthetic CB,/
CB, receptor agonist WINGS5,212-2 [R-(+)-{2,3-dihydro-3-methyl-
3-[{4-morpholinyl)methyl]pyrel[1,2,3-de]-1,4- benzoxazin-6-y1)(1-
naphthalenyl) methanone monomethanesulfonate] (WIN); an
inhibitor of endocannabinoid reuptake and breakdown, AM404
[N-(4-hydrexyphenyl)-arachidonamide]; and the CB, receptor
antagonist AM251 [N-1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-
methyl-N-1-piperidinyl- 1 H-pyrazole-3-carboxamide} (Tocris Bio-
sclence). Each drug was initially dissclved in dimethylsulfoxide
{DMSQ) and further diluted with saline (0.9% NaCl).

The final DMSQ concentration was <<7%. This was alse used as the
vehicle. The final concentration of DMSQ did not affect performance in
the inhibitory avoidance task, Drug concentrations are based on reports
in the literature {Martin et al., 1999; Chhatwal et al., 2005; de Oliveira
Alvares et ai,, 2005; Moreira et al., 2007; Pamplena et al,, 2008) and our
preliminary results. For microinjection, WINGS5,212-2 was used at 2.5
Hg/0.5 il 5 pgf0.5 pl, or 10 pg/0.5 pl. AM404 was used at 200 ng/0.5 pul
or 800 ng/0.5 wl, and AM251 was used at 6 ng/0.5 pl. For intraperitoneal
administration, WIN 55,212-2 was used at 0.25 mg/kg.

Cannulation and drug microinjection. Rats were anesthetized with 4.8
mil/kg Equithesin (2.12% w/v Mg8O, 10% ethanol, 39.1% v/v propylene
glycol, 0.98% w/v sodium pentobarbital, and 4.2% w/v chloral hydrate},
restrained in a stereotactic apparatus (Stoelting), and implanted bifater-
ally with a stainless steel guide cannula (23 gauge, thin walled) aimed at
the BLA {anteroposterior, —3 mm; lateral, 5 mm; ventral, —6.7 mm).
The cannulae were set in place with acrylic dental cement and secured by
two skull screws. A stylus was placed in the guide cannula to prevent
clogging. Animals were aliowed 1 week to recuperate before being sub-
jected to experimental manipulations.

For micreinjection, the stylus was removed from the guide cannula,
and a 28 gauge injection cannula, extending 1.0 mm from the tip of the
guide cannula, was inserted. The injection cannula was connected via
polyethylene PE20 tubing to a Hamilton microsyringe driven by a mi-
croinfusion pump (CMA/100; Carnegie Medicine). Microinjection was
performed bilaterally in a 0.5 pl volume per side delivered over 1 min.
The injection cannula was left in position for an additional 30 s before
withdrawal to minimize dragging of the injected liquid along the injec-
tion tract.

Light—dark infibitory avoidance. Animals were placed in an inhibitory
aveidance apparatus with a metal grid floor. The apparatus was divided
into a light side and a dark side, and the rats were placed in the light side,
facing the left rear corner of the box.

For conditioning (Cond), when the rats crossed over to the dark side of
the box {with four paws on the grid}, they received a 2 5, 6.7 mA scram-
bled footshock. After administration of the footshock, the opening be-
tween the two sides of the box was blocked, and the rats remained in the
darle side for an additional 60 s, after which they were removed back to
the home cage.

For extinction, rats were submitted to a non-reinforced test trial every
24 h for three days (Ext1—Ext3), beginning 24 h after conditioning. Fach
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rat was placed in the light side of the box, and the time elapsed until it
crossed over to the dark side {i.e., latency) was measured. If, after 180 s,
the rat did not cross over on its own, the experimenter gently guided it to
the dark side. The opening between the two sides of the shuttle was then
blocked, no footshock was administered, and the rat was allowed to
expiore the dark side freely for 180 s, after which it was removed back to
the home cage.

A drug (the CB, receptor antagonist AM251 or ane of the agonists
WIN55,212-2 or AM404) was microinjected into the BLA at different
finte points to address various phascs of memory processing. Drugs were
administered 20 min before conditioning(Pre-Cond), 20 min before the
first extinction trial (pre-Extl), or immediately (i.e., 2 min) after the first
extinction trial (post-Fxtl). The vehicle was administered at the same
fine points.

Elevated platform siress. An elevated platform (EP} (12 » 12 cm) stres-
sor was used to examine the effects of exposure to 4 stressful experience
onIA conditioning and extinction. Individual animals were placad on an
clevated platform for 30 min in a brightly lit room, which elicits stress
responses in the form of behavioral “freezing,” that is, immobility for up
te 10 min, defecation, and urination (Maroun and Akirav, 2008},

Exposure to the EP occurred immediately before conditioning (Pre-
Cond), immediately before Extl (Pre-Extl), or immediately after Exil
(Post-Extl). The EP groups (i.e., EP Pre-Cond, EP Pre-Extl, and EP
Post-Extl) experienced the EP stressor in the absence of any micro-
injection, whereas the WIN=+EP groups were microinjected with
WINS55,212-2, 2 min before experiencing the EP stressor. The vehicle
groups were microinjected with vehicle when the WIN+EP groups
received WIN but did not experience the EP stressor.

Open field. The open field consisted of a closed wooden box. The walls
were painted black, and the floor was white and divided by 1-cm-wide
black lines into 25 squares measuring 10 X 10 cm each. A video image of
the entire open field was displayed on a television monitor, and the
movements of the rat, which was initially placed in a corner of the field,
were manually recorded and analyzed to measure motor activity over a
period of 3 min. Recordings were made of the time the rat spent in the
central and the peripheral squares, the number of instances of rearing,
and the total distance covered. The open-field arena was thoroughly
cleaned between each trial.

Rats were microinjected with the different drugs into the BLA and,
after 20 min, tested in the open-field arena. For rats that were placed on
the EP for 30 min with or without previous microinjection of
WIN55,212-2 into the BLA, the open-field test was performed immedi-
ately after the EP stressor.

Pain sensitnty. Pain sensitivity was assessed by determining the foot-
shock intensity {in milliamperes) that elicited a discomfort response (i.e.,
flinch or vocalization) (Kim et al., 1991). Rats were individually placed in
a Plexiglas box (25 X 25 X 34 cm) with a floor consisting of 13 stainless
steel rods of 5 mm diameter, spaced every 1 cm. Each rat received a
continuously ascending mild electric footshock (beginning at 0.0 mA and
ending as soon as the animal flinched or vocalized) via the metal grid
floer to determine current thresholds at which each animal would exhibit
a flinch or a vocalization response, Two observers scored flinch and
vocalization thresholds. Rats were taken for the pain sensitivity test 5 min
after the open-field test.

Corticosterone measurement. Trunk blecd was collected after decapi-
tation between 9:00 and 11:00 A M. for 4 consecutive days (from one-
quarter of the rats per group per day), Samples were centrifuged at 3000
rpm for 20 min at 4°C. Serum was stored at —80°C and analyzed for
CORT uvsing ELISA kits (DSL Inc.).

Histology. On completion of the inhibitory avoidance experiments, the
animals were deeply anesthetized with 4.8 ml/kg Equithesin {see above}
and microinjected into the BLA with (.5 pi of ink, to verify the location of
the cannulae. Figure 1 shows a representative schematic drawing of the
placements of the cannulae in the BLA (coronal view at position 3.14 and
3.30 mm posterior to bregma) {Paxinos and Watson, 1998).

Statistical analysis. The results are expressed as means = SEM, For
statistical analysis, repeated-measures ANOVA, one-way ANOVA, and ¢
tests were used as indicated. AL post hoc comparisons were made using
the least-significant difference multiple-comparison test.
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Results

Cannabinoid receptor agonist
WIN55,212-2 microinjected into the
BLA has no effect on inhibitory
avoidance conditioning or extinction
First, we asked whether stimulation of
cannabinoid receptor signaling in the
BLA might accelerate the TA extinction
rate or affect IA conditioning. Thus, vehi-
cle or the CB,/CB, receptor agonist
WINS55,212-2 were microinjected into the
BLA before conditioning, before Ext1, or
immediately after Extl.

Microinjecting vehicle into the BLA
befere conditioning, before Bxtl, or im-
mediately after Ext] had no effect on the
latency of the rats to enter the dark side of
the box (F, 4y < 1; NS). Consequently, all
vehicle groups for the light-dark 1A ex-
periments involving WIN55,212-2 (5 pg/
0.5 ul) were pooled for all analyses
(vehicle, n = 12). For WIN55,212-2 (5
1#g/0.5 pl) microinjected before condi-
tioning (Pre-Cond WIN_5, n = 8), before
Extl {Pre-Extl WIN_3, # = 9), or imme-
diately after Extl (Post-Extl WIN_5,n =
9), repeated-measures ANOVA [treatment X days {4 > 4)] did
not reveal a significant difference between the groups in terms of
their latency to enter the dark side of the box (F; .,y < 1; N8)
{(Fig. 2a). Also, there were no within-subject differences in the
latency between the days (F, 45 << 1; N3), nor was there an interac-
tion effect (Fy, 54y << 1; NS). Because of the apparent reduction in
latency in the Pre-Extl WIN_5 group on the first extinction day, we
analyzed the latercy on Extl using one-way ANOVA, which did not
reveal a significant effect (F, 5, = 1.43; NS).

Because dose~response issues may have been responsible for
the failure of a microinjection of WIN55,212-2 into the BLA to
affect latency, we examined the effects of other doses. Thus, the
effect on latency was examined after microinjection of a lower
[2.5 ugf0.5 pul (WIN_2.5), n = 7] or a higher [10 ug/0.5 ul
(WIN_10}, 7 = 7] dose of WIN55,212-2 into the BLA after Bxtl.
Repeated-measures ANOVA [treatment X days (3 X 4)] did not
reveql a significant difference between the groups in terms of their
latency to enter the dark side of the box (Fio .y << 1 NS) (Fig. 2b).
Also, there were no within-subject differences in the latency be-
tween the days (F, ;,, = 1.81; NS}, nor was there an interaction
effect (F; ;5 < 1; NS). Thus, together with the results from Fig-
ure 24, WINS55,212-2 microinjected into the BLA appears to have
no effect on IA conditioning or extinction by itself.

A previous report (Chhatwal et al., 2005) showed that the
CB/CB, receptor agonist WIN55,212-2, and an inhibitor of en-
docannzbineid reuptake and breakdown, AM404, have different
effects on the extinction of contextual fear. Hence, we examined
the effects of AM404 on the conditioning and extinction of IA.

Microinjecting vehicle into the BLA before conditioning, be-
fore Extl, or immediately after Ext]1 had no effect on the latency
of rats to enter the dark side of the box (Fy, 15, < 1; NS). Conse-
quently, all vehicle groups in the light-dark 1A experiments in-
velving AM404 were pooled for all analyses (vehicle; n = 13).

For AM404 microinjected before conditioning (Pre-Cond
404, 1 = 12), before Extl (Pre-Extl 404, # = 7), or immediately
after Ext] (Post-Extl 404, # = 10), repeated-measures ANOVA

Figure 1.
posterior to bregma.

Bregme -3.35‘11\":3:
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Representative schematic drawing of cannuiae tip positions in the BLA. A coronai view at position 3.14and 330 mm

[treatment X days (4 % 4)] did not reveal a significant difference
between the groups in terms of their latency to enter the dark side
of the box (Fiz 15, << 1; NS) (Fig. 2¢). Also, there were no within-
subject differences in the latency between the days From < 1
NS}, nor was there an interaction effect (F 5.4 = 1.157; N§).
Because of the apparent reduction in latency in the Pre-Ext1 404
group on the first extinction day, we analyzed the latency on Bxtl
using one-way ANOVA, which revealed a significant group effect
{(Frsam = 4.04 p = 0.014). Post hoc comparison showed a signif-
icant difference between the vehicle and the Pre-Extl 404 group
{ p=10.002) on Extl, indicating a reduction in the latency to enter
the dark side after microinjection of AM404 that recovered the
following day. Using a higher dose of AM404 (800 ng/0.5 ul)
before the first extinction trial resulted in a similar effect, ie.,
reduced latency to enter the dark side on Ext1 (vehicle, 118.03 =
4.1s,n=7;Pre-Extl 404_800,31.74 £ 3.725,11 = 7 £,5, = 5.17;
p < 0.0001), with no effect on Cond, Ext2, or Ext3 (data not
shown). Thus, except for the transient effect on latency on Extl,
AM404 had no effect on 1A conditioning or extinction.

Because the cannabinoid receptor agonist WINS55,212-2
microinjected into the BLA had no effect on 1A conditioning
or extinction, we next examined whether the CB, receptor in
the BLA is essential for 1A conditioning or extinction. Hence,
rats were microinjected with vehicle or the CB, receptor an-
tagonist AM251 before conditioning, before Extl, or immedi-
ately after Extl.

Microinjecting vehicle into the BLA before conditioning, be-
fore Bxti, or immediately after Extl had no effect on the latency
of rats to enter the dark side of the box (F; ;y < 1; NS). Conse-
quently, all vehicle groups for light—dark IA experiments involv-
ing AM251 were pooled for all avalyses (vehicle; 1 = 143,

For AM251 microinjected rats, repeated-measures ANOVA
[treatment X days (4 X 4)] revealed a significant difference be-
tween the groups in terms of their latency to enter the dark side of
the box (F; 54, = 9.63; p << 0.001) (Fig. 2d). Post hoc comparison
unveiled a significant difference between the vehicle group and
the groups microinjected with AM251 before conditioning {Pre-
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Figure 2,  Cannabinald receptor agonist WINS5,212-2 microinjected into the BLA has no effect on inhibitory aveidance candi-
tioning or extinction. @, Rats were microinjected into the BLA with vehicle (7 = 12), with WIN35,212-2 (5 pg/0.5 ) before
conditianing {Pre-Cond WIN_S5, n = 8), before the first extinction trial (Pre-Ext1 WIN_3, n = 9), orimmediately after that trial
(Post-ExtT WIN_S, i = 9). There were no significant differences batween the latencies of the groups. b, Rats were migrolnjected
into the BLA with vehicle (7 = 10y or with 2 lower (2.5 /0.5 wl; WIN_2.5, 1 = 7) or a higher {10 pg/C.5 i WIN_10,n = 7)
dose of WINSS, 212-2 immediately after Ext1, There were ne significant differences between the fatencies of the groups. ¢, Rats
were microinjected into the BLA with vehicle {n = 13) or with AM404 (200 ng/0.5 ) before conditioning (Pre-Cond 404,17 = 12),
before the first extinction trial (Pre-Ext1 404, n = 7), orimmediately after that trial (Post-Ext1 404, = 10). The latency of the
Pre-Ext1 404 group was significantly shorter than that of the vehicle group on the first extinction day (Ext1, “p << 0.01) {for details,
see Resuts). d, Rats were microinjected into the BLA with vehicle {7 = 14) or AM251 (6ng/8.5 1)) before conditioning (Pre-Cond
251, n = 10}, befere the first extinction trial (Pre-Ext1 251, » = 10), or immediately after that trial (Post-Fxt1 251, n = 8. The
latencies of all the AM251-injected groups were significantly longer than that of the vehicle group, indicating enkancement of
inhibitery avoidance acquisition and/or conselidation and Impaired extinction. (Ext1, %p << 0.05, vehicle different from Pre-Cond
257 and Pre-Ext1 graups; Ext2, %p <2 0.001, vehide different from all the groups; Ext3, p << 0.05, vehicle ¢ifferent from Pre-Cond
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Cannabinoid receptor agonist
WIN53,212-2 microinjected into the
BLA blocks the effects of stress on
inhibitory avoidance conditioning and
extinction

To examine the effects of exposure to a
stressful experience on the conditioning
and extinction of IA, rats were exposed to
the EP siress before conditioning, before
Extl, orimmediately after Ext1. To exam-
ine whether cannabinoid receptor agonist
would reverse the effects of stress on 1A
conditioning and extinction, WIN55,212-2
was microinjected into the BLA immedi-
ately before placing the rats on the EP
{WIN+EP groups).

Before conditioning, rats were micro-
injected with vehicle {n = 12}, placed on
the EP for 30 min (EP Pre-Cond, n = 9),
or microinjected with WIN35,212-2 (5
png/0.5 ul) and immediately afterward
placed on the EP for 30 min (WIN_5+EP,
n = 7). Repeated-measures ANOVA
[treatment X days (3 X 4)] revealed a sig-
nificant difference between the groups in
terms of their latency to enter the dark
side of the box (F; ,5y = 4.57; p = 0.02)
{Fig. 3a). Post hoc comparison unveiled a
significant difference between the vehicle
and the EP Pre-Cond group ( p = 0.006).

One-way ANOVA applied on the dif-
ferent days revealed that the significant
main effect stemmed from a difference in

251; %p < 0.0, vehicle different from Pre-ExtT 251 and Post-Ext1 251 groups).

Cond 251, n = 105 p < 0.001), before Extl (Pre-Ext1 251, n = 10;
p << 0.001), or after Extl (Post-Ext1 251, 1 = 8; p = 0.001).

One-way ANOVA applied on each day revealed that the
significant main effect stemmed from a difference in latency
between the AM251-treated groups and the vehicle group
throughout the extinction days (Extl, F, 34 = 3.12, p = 0.037;
EXt2, Fis 5y = 9.44, p < 0.001; Ext3, F(3 g, = 4.5, p = 0.008) but
not on the conditioning day. Post hoc comparison revealed a
significant difference between the vehicle group and the Pre-
Cond 251 and Pre-Extl 251 groups (p = 0.02) on Extl, and
between the vehicle group and all the treatment groups on Ext2
{ p << 0.001) and Ext3 (Pre-Cond 251, p = 0.039; Pre-Ext1 251,
p = 0.005; Post-Extl 251, p = 0.004 ).

Thus, AM251 microinjected before conditioning enhanced [A
acquisition and/or consolidation, as indicated by a higher latency
to enter the dark side of the box on Ext1, and impaired extinction,
as indicated by a higher latency to enter the dark side on Ext2 and
Ext3. When AM251 was microinjected before the first extinction
trial, it enhanced TA retrieval and impaired extinction. Finally,
AM251 microinjected after Ext1 impaired the consolidation of TA
extinction, as shown by the increased latency on Ext2 and Ext3
{but not before microinjection on Extl). Repeated-measures
ANOVA also revealed significant within-subject differences in the
latency between the days (F,; 14 = 22.0%; p < 0.001) and a significant
interaction effect (F3 55, = 4.92; p = 0.005). Hence, the cannabinoid
receptor in the BLA is crucially involved in the conditioning and
extinction of TA.

latency between the groups on Extl

(Fi225 = 4.184; p = 0.027) but not after-

ward. Post hoc comparison showed signif-
icantly increased latency in the EP group compared with the
vehicle group { p = 0.008). There were no within-subject differ-
ences in the latency between the days (F,; 5, < 1; NS}, nor was
there an interaction effect (F,, »5; = 1.48; NS). Thus, exposure to
the EP stressor before conditioning enhanced IA acquisition
and/or consolidation on Extl, and microinjecting WIN55,212-2
into the BLA before exposure to the EP reversed the etfects of the
stressor or IA conditioning, because no significant differences
were observed between the vehicle and WIN _5+EP group
throughout the days of the experiment.

The experiment was then repeated on another set of rats with
stress exposure and drug administration placed before the first
extinction day. Before Ext1, rats were microinjected with vehicle
{n = 12), placed on the EP for 30 min (EP Pre-Extl, n = 9), or
microinjected with WIN55,212-2 (5 png/0.5 pb) and immediately
afterward placed on the EP for 30 min (WIN 5+EP, n = 10).
Repeated-measures ANOVA [treatment X days (3 X 4)] did not
reveal a significant difference between the groups in terms of their
latency to enter the dark side of the box (F; 55, = 1.04; NS) (Fig.
3b). Also, there were no within-subject differences in the latency
between the days (F,| 54y = 1; N8}, nor was there an interaction
effect (F; 55, = 1.04; NS). However, rats that were placed on the
EP avoided entering the dark side on Extl altogether {all rats
reached the maximum latency of 180 ). Thus, using one-way
ANGOVA on the different days, we found a significant effect on
latency on Extl (Fy; o5, = 4.81; p = 0.017). Post hoc comparisons
revealed significantly increased latency in the EP group compared
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with the wvehide (p = 0022) and
WIN_5+EP {p = 0.007) groups on the
first extinction day. Thus, exposure to the
EP stressor before the first extinction trial
enhanced IA retrieval and microinjecting
WINS55,212-2 into the BLA before expo-
sure to the EP blocked the effects of the
stressor on retrieval, because no signifi-
cant differences were observed between
the vehicle and WIN_5+EP groups
throughout the days of the experiment.

The experiment was then repeated
again on a third set of rats with stress ex-
posure and drug administration placed
after the first extinction day. After Extl,
rats were microinjected with vehicle (n =
14), placed on the EP for 30 min {EP Pre-
Extl, n = 8), or microinjected with
WIN55,212-2 (5 ug/0.5 ul) and immedi-
ately afterward placed on the EP for 30
min (WIN_5+EP, n = 8). Repeated-
measures ANOVA [treatmnent X days
(3 X 4)] did not reveal a significant differ-
ence between the groups in terms of their
latency to enter the dark side of the box
(Fisam = 1.86; NS) (Fig. 3c). Also, there
were no within-subject differences in la-
tency between the days {F; ., << 1; NS},
nor was there an interaction effect
(Fizar = 1.37; NS). However, rats that
were placed on the EP showed increased
latency to enter the dark side of the box on
Ext2, and, using one-way ANOVA on the
different days, we found a significant ef-
fect on the latency on Ext2 (Fi, 2y = 3.4
p = 0.048). Post hoc comparisons revealed
significantly increased latency in the EP
group compared with the vehicle (p =
0.019) and WIN_5+EP (p = 0.05)
groups.

Thus, exposure to the EP stressor after
the first extinction trial disrupted the con-
solidation of extinction, and micreinject-
ing WIN55,212-2 before exposure to the
EP reversed the impairing effects of the
stressor, because no significant differ-
ences were observed between the vehicle
and WIN_5+EP groups on the second
and third extinction days.

Next we exarmnined whether a lower
dose of WINS5,212-2 (2.5 pg/0.5 pl) mi-
croinjected into the BLA after Extl would
also block the impairing effects of the
stressor on the consolidation of [A ex-

tinction. After Extl, rats were microinjected with vehicle (n =
8), placed on the EP for 30 min (EP Post-Extl, n = 8), or
microinjected with a lower dose of WINS5,212-2 and imme-
diately afterward placed on the EP for 3¢ min (WIN_2.5+ 8P,
n = 8). Repeated-measures ANOVA [treatment X days (3 X 4)]
did not reveal a significant difference between the groups in terms
of their latency to enter the dark side of the box (F(, ;) = 1.03;
NS) (Fig. 3d). Also, there were no within-subject differences in
latency between the days (F,,;, = 2.7; NS}, nor was there an
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Figure3. Cannabinoid receptoragonist WIN55,212-2 blocks the effects of EP stress on I1A conditioning and extinction. a, Before

conditioning, rats were microinjected with vehicle {n = 12), placed on the EP (EP Pre-Cond, n = 9), or microinjected with
WINS3,212-2 (5 0g/0.5 2/ andimmediately afterward placed on the EP (WIN_5-4-EP, i == 7). The EP Pre-Cond group showed 2
significantly increased latency to enter the dark side on the first extinction day compared with the vehicle group (Extt, % << 0.01).
Thus, WiN55,212-2 administered into the BLA before stressor exposure reversed the enhancing effect of the stressor on 1A acqui-
sition and/or consolidation. &, Before the first extinction trial, rats were microijected with vehicle (n = 12), placed on the EP {EP
Pre-Ext1, n = 9), or micreinjected with WINSS, 212-2 (3 ug/0.5 wl) and immediately afterward placed on the EP (WIN_5+EP,
A = 10). The EP Pra-Ext? group showed a significantly increased latency to enter the dark side on the first extinction day (Ext1,
5 < 0.05, EP differs from vehicle; bp << 0,61, 5P differs from WIN_5 + £7). Thas, WINSS,212-2 administered inte the BLA before
stressor exposure reversed the enhancing effect of the stressor on [ retrieval. ¢, After the first extinction trial, rats were microin-
jected with vehicle (n = 14), placed cn the EP {EP Post-Ext1, n = 8), or microinjected with WINS5,212-2 (5 pg/0.5 pul) and
immediately afterward placed on the EP {WIN_5+EP, # = 8), The EP Post-Ext1 group showed a significantly increased latency to
enter the dark side on the second extinction day compared with the other groups (Ext2, %p << ¢.05). Thus, WIN53,212-2 adminis-
tered into the BLA before stressor exposure reversed the disrupting effect of the stressor on | A extinction. . After the first extinction
trial, rats were microinjected with vehicle (n = 8), placed on the EP (EP Post-Ext1, n = 8), or microinjected with a low dose of
WINS5,212-2 (2.5 1g/C5 ) and immediately afterward placed on the EP (WiN_2,5+EP, n = 8). The EP Post-Ext? group
showed a significanitly increased latency to enter the dark side en the second extinction day (Ext2, °p << 0.01, EP Post-Ext1 differs
from WIN_2 5+EP). Thus, a lower dose of WIN5S,212-2 administered into the BLA hefore stressor exposure also reversed the
disrupting effect of the stressor on 1A extinction. e, After the first extinction trial, rats were intraperitoneally injected with vehicle
(n = 9), placed on the EF (EP Post-Ext1, n = 8), intraperitaneally injected with WIN (0.25 mg/kg; WIN IP, = 8}, or intraperito-
neally injected with WIN and immediately afterward placed on the EP (WIN IP4-EP, n = 7). The EP Post-Ext1 group showed a
significantly increased latency to enter the dark side on the secand extinction day compared with all the other groups (Ext2, °p <
0.01). Thus, intraperitoneal administration of WIN55,212-2 before stressor exposure atso reversed the disrupting effect of the
stressor on b extinction.

interaction effect (F;5;, << 1; NS}, However, rats that were placed
on the EP showed increased latency to enter the dark side of the
box on Exi2 (ie., all EP Post-Extl rats reached the maximum
latency of 180 s). Thus, using one-way ANOVA on the different
days, we found a significant effect on the latency on Ext2
(Fia2y = 4.42; p = 0.027). Post hoc comparisons revealed signif-
icantly increased latency in the EP group compared with the
WIN_2.5+EP group { p = 0,009) and a marginally significant
difference compared with the vehicle graup ( p = 0.061}. Thus,
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Table 1. The effects of cannabinoid receptor agonists and antagonist microinjected into the BLA on locomotion and anxiety in the open-field test

Vehicle (n = 6} AM404 (n = 6) WINS5,212-2(n = 6) AM251{n=1¢)
Time in centey (s) 783 =125 63313 4.66 = 1.08 45+1.28
Time in periphery (s) 29216 = 1.25 29366 + 131 29533+ 1.08 2955+ 1.28
Number of rearing events 0332174 7166 = 2.3 27+ 169 1916 & 2.10

Distance covered (s) 175833 = 114.32

1915,66 * 158.46

1675 £ 107.04 729.76 -+ 23116

Rats inleroirjected into the BLA with the (B, receptor antagonist (44251, n = 6}, one of the agonists {WINS5,212-2 or AM4G4, n = 6 each), crvehicle (7 = &) shawed no differences in any of the parameters measlred in the open-field test.

microinjecting a lower dose of WINS5,212-2 into the BLA before
exposure to the EP also reversed the impairing effects of the stres-
sor on the consolidation of extinction.

Finally, we were interested in investigating whether the
same effects would be seen after systemic treatment with
WIN55,212-2 (0.25 mg/kg, i.p.). Hence, immediately after
Extl, rats were intraperitoneally injected with vehicle (Vehicle
IP, n = 9), placed on the EP for 30 min (EP Post-Ext1, # = &),
intraperitoneally injected with WIN55,212-2 (WIN IP, # = &),
or intraperitoneally injected with WIN55,212-2 and inumedi-
ately afterward placed on the EP for 30 min (WIN IP+EP, n =
7). Repeated-measures ANOVA [treatiment X days (3 X 4)]
revealed a strong trend in terms of the latency to enter the dark
side of the box (F; 14y = 2.61; p = 0.07) (Fig. 3¢). One-way
ANOVA applied on the different days revealed a significant
difference in latency between the groups on Ext2 (F, ., =
5.94; p = 0.003). Post hoc comparison showed significantly
increased latency in the EP group compared with the other
groups {p = 0.002). Thus, systemic administration of
WIN55,212-2 before exposure to the EP also reversed the
impairing effects of the stressor on the consolidation of
extinction. Repeated-measures ANOVA also revealed a signif-
icant interaction effect (F5,4 = 5.68 p = 0.004) but no
within-subject differenices in latency between the days
(Fiy 28y = L.4; NS).

The effects of the different manipulations on anxiety and
sensorimotor parameters

Next, we performed two types of control experiments {the open-
field and pain sensitivity tests) to exclude the possibility that the
effects of the drugs on 1A acquisition, consolidation, or extinction
were caused by sensorimotor deficits or by increased anxiety un-
der the experimental conditions used. Hence, rats were microin-
jected into the BLA with the CB, receptor antagonist (AM?251,
n = 6; 6 ng/0.5 ul}, agonists [WIN_5, n = 6 (5 ug/0.5 ul) and
AMA404, 7 = 6 (200 ng/0.5 ul}], or vehicle (# = 6) and then tested
in the open-field arena and in the pain sensitivity test. One-way
ANOVA did not reveal a significant difference in any of the pa-
rameters measured in the open-field test (Table 1), namely, time
spent in the center (F; 55, = 1.65; NS}, time spent in the periph-
ery (Fiz a0 = 2.8; NS), number of rearing events (F 5,y < 13 NS),
or the distance covered (F(, . = 2.44; NS). Also, ANOVA did
not reveal significant differences in pain sensitivity (F; 4, < 13
NS) (Table 2).

Although WIN55,212-2 microinjected into the BLA had no
effect on locomotion, anxiety, or pain sensitivity by itself, the
combination of WIN55,212-2 and the EP could conceivably have
a different effect on those parameters than either component
alone. Hence, experiments were undertaken in which the rats
were microinjected into the BLA with vehicle (n = &), placed on
the EP (n = 5), or microinjected with WIN55,212-2 and placed
on the EP (WIN_5+EP, # = 6} and then tested in the open-field
arena and in the pain sensitivity test. In the open field, one-way
ANCVA did not reveal a significant difference between the

Table 2. The effects of cannabineid receptor agonists and antagonist microinjected
into the BLA on pain sensitivity

Vehicle AM404 WIN55,212-2  AM25i
=8 {n=16) n=8) {n=16)
Painthreshold forfost 036 = .04 031 =003 030+ 001 0.34 = 003
sheck {mA)

Rats mictolnjected into the BLA with the (B, receptor antagonist (AM251, n = &), oneaf the agonists (WING3,212-2
or A404, n = 6 each), ot vehide (7 = 6} showed similar pain sensitivity respanses to electric footshack.

Table 3. The effects of WIN 55,212-2 and the EP on locomotion and anxiety in the
open-field test

Vehicle P WIN55,212-2 +
(n=1#6) {n =75} EP {n=16)
Time in center (s) 9.5 + 0.76 78 X418 5513
Time in periphery {s) 290.5 + 0.76 2922 = 478 2945 19
Number of rearing events 19.16 = 1,25 0.4 + 2.28% 12.83 = 11%¥

Distance covered {s} 1525 £ 163.17 1080 = 180,62 125833 £ 84.07

Rats placed on the £P (n = 5) showed increased rearing in the open-field test compared with groups that received
amicainjection ofvehicle {7 = 6} or WINSS,212-2 befora being placed on the platform (WIN_5+EP;n = 6) {*p <
0.05, vehicle graup differs from WiN_5 +EP group; “*p << 0.01, vehicle group differs from EP group).

Table 4. The effects of WINS5,212-2 and the EP on pain sensitivity

Vehicie P EP -+ WIN55,212-2
(n=¢) (n=75) {n=6)
Pain threshald for 025 = 001 024 + 0.0 0.24 £ 001
foot shock {mA)

Ratsmicroinjacted into the BLA with vehide in = 6), placed an the EP {n = 5),ar microinjected with WINSS 212-2
and placed on the EP (WIN_5 + EP, n = 6) showed similar pain sensitivity responses to electric footshack.

groups in terms of time spent in the center (Fy, 4y << 1;N§), time
spent in the periphery (F,, 4, < 1; NS}, or the distance covered
(Fyua = 2.17; NS) (Table 3). However, a significant difference
was found between the groups in terms of the number of rearing
events (F; 14, = 7.74; p = 0.003). Post hoc comparisons revealed
that the vehicle group reared significantly more times than the EP
(p = 0.002) and the WIN_5+EP ( p = 0.013) groups. Rearing
behavior characterizes individual differences in reactivity to nov-
elty, and, thus, more frequent rearing may indicate greater nov-
elty seeking behavior (i.e., less anxiety) {Thiel et al., 1999). The EP
group showed a reduced number of rearing events and a trend
toward a reduced distance covered in the open-field fest com-
pared with the control group, thus suggesting an increased stress
level that may have contributed to the enhanced IA acquisition or
consolidation and disrupted extinction shown in the previous
figures.

Finally, one-way ANOVA did not reveal significant differ-
ences in pain sensitivity (F 5 14, < 1; NS) (Table 4.

WINS55,212-2 microinjected into the BLA or administered
intraperitoneally reduces stress-induced increases in
corticosterone levels

Because it has been suggested that the augmentation of endo-
cannabinoid signaling can suppress stress-responsive systems
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Figured, The effects of the cannabineid receptor agonist WINS5,212-2 and EP stress on
(GRT levels. @, CORT levels were measured tn rats microinjected with vehicle into the BLA
{vehide, p = 12}, placed on the EP (n = 8), microinjected with WINS5,212-2 (5 jug/0.5
puld into the BLA {WIN_S, n = 8), microinjected with WIN55,212-2 (5 12g/0.5 pul) into the
BLA and placed on the EP (WIN_5-+EP, n = 7), microinjected with a lower dose of
WINS5,212-2 (2.5 100/0.5 pl) into the BLA (WIN_2.5, n = §), or microinjected with the
tower dose of WIN55,212-2 and placed cn the EP (WIN_2.5+EP, » = 6). Data represent
the means = SEM expressed as a percentage of the CORT values of the vehicle animals
{CORT levelsin the vehicie group, 95.52 = 16.7 ng/mi} (% < 0.001, EP group differs from
afl other groups; ®p < 0.05 and p < 0,001, vehicle group differs from all ather groups;
4 << 0.01, WIN_5 group differs from WIN_2.5 and WIN_2.5--EP groups; °p << 0.05,
WIN_5-EP group differs from WIN_2.5 and WIN_2.5+EP groups). &, CORT levels were
measured In fats injected intraperitoneally with vehide (Vehicle 1P, n = 10),
WINSS,212-2{WINIP, » = 7), or injected with WIN55,212-2 Intraperitoneally and placed
on the EP (WIN IP+EP, n = 7). Data represent the means == SEM expressed as a percent-
age of the CORT values of the vehicle animals (CORT levels in the vehicle group, 381.01 +
64.39 ng/ml) {"p << 0.001, vehicte group differs from all other grotips),

(Patel et al., 2004; Cota, 2008; Steiner and Wotjak, 2008), we
sought to examine whether WIN55,212-2 given in conjunc-
tion with EP had a different effect on CORT levels than did
exposure to the stressor alone.

In the first CORT experiment, rats were microinjected with
vehicle to the BLA (vehicle, n = 12), placed on the EP {n = 8),
microinjected with WINS55,212-2 (5 pg/0.5 pl) into the BLA
{(WIN_5, n = 8), microinjected with WIN55,212-2 (5 ug/0.5
pl) and placed on the EP (WIN_5 -~EP, 1 == 7), microinjected
with alower dose 0of WINS55,212-2 (2.5 pug/0.5 ul) into the BLA
(WIN_2.5, # = 6), or microinjected with the lower dose of
WIN55,212-2 and placed on the EP (WIN_2.5+EP, n = 6).

Thirty minutes after microinjection (vehicle and WIN
groups) or immediately after the EP (EP and WIN +EP groups),
truak blood was collected for CORT measurement. One-way
ANOVA on CORT levels unveiled a significant difference be-
tween the groups (Fi5 4,y = 32.7; p << 0.001) {Fig. 4a). Post hoc
comparisons revealed that rats that were expased to the EP in the
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absence of previous WIN microinjection, ie., the EP group,
showed the bighest CORT levels when compared with all
the groups {p << 0.001). The vehicle group showed the lowest
CORT levels and was significantly different from all the
groups (WIN_5 and WIN 5+EP, p < 0.001; WIN_2.5 and
WIN_2.5+EP, p < 0.05). Also, the WIN 2.5 and
WIN_2.5+EP groups showed significantly lower CORT levels
than the WIN_5 {p <2 £.01) and WIN 5+EP groups (p <
0.05). Hence, WINS55,212-2 microinjection into the BLA (2.5
g5 plor 5 ugl0.5 pl) in itself increased CORT levels com-
pared with those of the vehicle group, but it reduced CORT
levels in rats that were exposed to the EP stress when compared
with rats exposed to the EP without WIN microinjection.
Furthermore, although both WIN doses reversed the stress-
induced increase in CORT levels, the effect was dose depen-
dent, because a lower dose of WIN resulted in less CORT
activation than did the higher dose of WIN.

In the second CORT experiment, rats were injected intraperi-
toneally with vehicle (Vehicle IP, n = 10) or WIN55,212-2 (WIN
1P, n = 7), or injected with WIN55,212-2 and placed on the EP
(WIN [P+EP, n = 7),

Thirty minutes after injection {vehicle and WIN groups) or
immediately after the EP (WIN+EP group), trunk blood was
collected for CORT measurement. It seerns that the injection of
the vehicle intraperitoneally is stressful by itself because the
intraperitoneal vehicle group showed relatively enhanced
CORT levels (CORT levels in the vehicle group, 381.01 =
64.39 ng/mi). Nevertheless, one-way ANOVA on CORT levels
unveiled a significant difference between the groups (F, ,,, =
39.11; p < 0.001) (Fig. 4b}. Post hoc comparisons revealed that
the vehicle rats showed significantly lower CORT levels than
the WIN IP and WIN IP+EP groups { p < 0.001), Hence,
WIN55,212-2 injected intraperitoneally in itself increased
CORT levels compared with those of the vehicle group, but it
reduced CORT levels in rats that were exposed to the EP stress
when compared with rats exposed to the EP without WIN
injection (EP) (shown in Fig. 4a).

Finally, we examnined whether the effects of AM251 microin-
jected into the BLA on IA conditioning and extinction are asso-
ciated with alterations in CORT levels. ¢ test unveiled a significant
increase in CORT levels in rats microinjected with AM251 into
the BLA [AM251 BLA, n = 7; plasma CORT levels (% of vehicle),
199.8 £ 40.8 ng/ml] compared with the vehicle group (Vehicle
BLA, n = 10; CORT levels, 100 & 23.72 ng/ml} (£, = 2.16; p =
0.047).

Discussion

The main finding of the present study is that cannabinoid recep-
tor activation in the BLA reverses the enhancing effects of envi-
ronmental stress on [A conditioning and its impairing effects on
extinction. We also find that WIN55,212-2 microinjected into
the BLA inhibits stress-induced corticosterone elevation, thus
suggesting that the reversal of the effects of stress on memory
caused by cannabinoid activation in the BLA may be associated
with influences on the HPA axis. Purthermore, the results
show the crucial involvement of the CB, receptorin the BLA in
the extinction of avoidance behavior because the CB, receptor
antagonist impairs [A extinction. The control experimenis
demonstrate that the effects of WIN55,212-2 cannot be attrib-
uted to sensorimotor deficits, because these parameters
seemed unchanged by WIN55,212-2 microinjected into the
BLA. Together, these findings suggest that the BLA could be an
important neural substrate relevant to the effects of cannabi-
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noids on emotional responses and that cannabinoids may have
a potfential therapeutic value in the treatment of fear- and
stress-related disorders,

The effects of CB, receptor antagonist AM251 on inhibitory
avoidance learning
Administration of the CB, receptor antagonist into the BLA
before conditioning or before/after the first extinction trial
potentiates the aversive response or blocks extinction of 1A,
Indeed, the importance of CB, receptors in the extinction of
aversive memories has been substantiated by several groups in
different behavioral paradigms using systemic administration.
CB, receptor antagonists were found to impair extinction in
fear-related (Marsicano et al., 2002; Suzuki et al,, 2004; Chhatwal
et al., 2005; Reich et al., 2008) and non-fear-related paradigms
(Varvel and Lichtman, 2002), with no effect on appetitively mo-
tivated learning tasks (Holter et al., 2005; Niyuhbire et al., 2007;
Harloe et al., 2008). Reich et al. {2008) found that administrat-
ing AM251 enhances acquisition of freezing behavior and
impairs extinction in trace and delay pavlovian fear condition-
ing. However, several studies did not find the CB, receptor
antagonist to have any effect on memory acquisition or con-
solidation (Marsicano et al., 2002; Suzuki et al,, 2004; De Ol-
iveira Alvares et al,, 2008), Recently, it has been suggested that
the endocannabinoid system prevents the expression of inap-
propriate generalized and learned responses during aversive
learning and retention (Reich et al., 2008), thus, possibly ex-
plaining the enhancing effects of the CB, receptor antagonist
on IA learning and ifs impairing effects on extinction.
Memaory retrieval is thought to activate a second memory
consolidation cascade (i.e., reconsolidation) or it may initiate
the opposite process of extinction (Nader et al., 2000; Sara,
2000; Dudai, 2002; Alberini, 2005). Reconsolidation acts to
stabilize, whereas extinction tends to weaken, the expression
of the original memory. It has been suggested that, after re-
trieval, there is a brief time window for reconsolidation,
whereas extinction only occurs after prolonged reexposure,
and that the process that prevails is determined (at least
partly) by the duration of the reexposure (Suzuki et al., 2004).
Here, the latencies of the control rats to enter the dark side
decreased over repeated tests, thus supporting the extinction
process, Accordingly, we suggest that AM25]1 microinjected
into the BLA impairs IA extinction rather than facilitates
reconsolidation.

The effects of cannabinoid receptor agonists WIN55,212-2
and AM404 on inhibitory avoidance learning

WINS55,212-2, in doses ranging from 2.5 to 10 ug/0.5 pl, admin-
istered infe the BLA has no effect on IA conditioning or on ex-
tinction kinetics. AM404 microinjected before the first extinction
trial reduces the latency to enter the dark side on Extl, with
latency recovering the following day. Thus, the drug may elicit
a general decrease in the inhibitory response that temporarily
affects the rats’ latency. Chhatwal et al. (2005) have shown that
AM404 facilitates the retention of extinction of conditioned
fear, whereas WIN55,212-2 has ne effect. However, Pamplona
etal. (2006) found that WIN55,212-2 facilitates the extinction
of both contextual fear memory and a reversal task in the water
maze. Using intracerebral injection, Kobilo et al. {2007} found
that WIN55,212-2 has no effect on the extinction of condi-
tioned taste aversion. Thus, the alleviating effects of cannabi-
neid receptor activation on extinction have not been observed
consistently.
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Many studies have shown that the administration of CB, re-
ceptor agonists impairs memory {Lichtman et at., 1995; Hamp-
son and Deadwyler, 199%; Davies et al., 2002). However, several
other studies have indicated differently, in particular with regards
to aversive or fear-based paradigms. For example, CB, receptor
agonist enhances the acquisition of contextual fear condition-
ing (Mikics et al,, 2006) but has no effect on the acquisition of
other aversive tasks (De Oliveira Alvares et al., 2008; Yim et al.,
2008). Thus, cannabinoids may have various effects that may
result from differences in experimental protocols (e.g., aver-
sive vs nonaversive protocols, mass vs spaced extinction trials,
time of drug injection or time between extinction learning and
testing, central or systemic drug administration, the use of
different drugs, etc).

Cannabinoid receptor agonist in the BLA reverses the effects
of stress on inhibitory avoidance learning

Exposing rats to acute stress before conditioning or before/after
the first extinction trial enhances inhibitory acquisition/consoli-
dation and disrupts extinction. This corrobarates several studies
that examined the effects of stress on different memory processes
(Cordero et al., 2003; Izquierde et al,, 2006; Akirav and Maroun,
2007). Although administering the cannabinoid receptor agonist
into the BLA has no effect on IA conditioning and extinction by
itself, environmental stress and cannabinoid receptor activity
interact in their regulation of memory in the BLA. Thus, can-
nabinoid activation in the BLA acts to modulate the effects of
stress on conditioning and extinction. In support, Patel et al.
{2005) found a synergistic interaction between environmental
stress and CB,| receptor activation in the amygdala, because
the combination of restraint stress and CB, agonist adminis-
tration produces robust Fos induction within the BLA and the
central amygdala.

The effects of cannabinoids and stress on
corticosterone levels
Intra-BLA WING55,212-2 by itself dose dependently enhances
CORT levels when compared with the control group, because
the higher dose (5 1eg/0.5 pl) resulted in more CORT secretion
than the lower dose (2.5 pg/0.5 ul). This is consistent with
findings that cannabinoid activation in both human and ani-
mal models stimulates glucocorticeid secretion {Murphy et
al., 1998). Mast impartantly, the CORT levels of rats microin-
jected with WING5,212-2 into the BLA without exposure to
the EP stressor do not differ significantly from those of rats
microinjected with WIN55,212-2 and then expased to the
stressor. Similarly we found that an intraperitoneal adminis-
tration of WIN35,212-2 (0.25 mg/kg) reversed the stress-
induced increase in CORT levels. Hence, acute stress elevates
corticosterone levels, and CB) receptor activation in the BLA
significantly reduces this stress-induced elevation. These find-
ings may suggest that cannabinoid activation in the BLA mod-
ulates the effects of stress on learning, at least partially, via
inhibition of the HPA axis. Similarly, Patel et al. (2004) have
demonstrated that mice treated systemically with CB, receptor
agonists show significantly decreased or eliminated restraint-
induced CORT release. In our study, the abolishment of the
effects of stress on CORT levels by WIN55,212-2 was localized
to the BLA. Interestingly, microinjecting the CB, receptor an-
tagonist AM251 (6 ng/0.5 )} also resulted in the enhancement
of CORT levels.

A model that explains the possible interaction between the
endocannabinoid system, stress and the HPA axis has been
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suggested previously (Patel et al., 2005; Cota, 2008), On expo-
sure to an acute stressor, a reduction in endocannabinoid
signaling would result in increased synaptic activity at gluta-
matergic afferents to the paraventricular nucleus (PYN), thus
allowing stressful stimuli to activate the HPA axis (D et al.,
2003; Patel et al., 2004). The BLA has received considerable
attention as a stress-regulatory structure, but there is limited
evidence of direct innervations of the PVN by the BLA or other
intra-amygdalar projections of the BLA, such as the medial
and central nuclei (Herman et al., 2003). Hence, the mecha-
nism by which WIN55,212-2 administered into the BLA
inhibits the HPA axis during stress needs additional investiga-
tion. In any case, it is important to note that pharmacological
administration of exogenous cannabinoids may lead to a dif-
ferent action than that induced by the endogenous agents of
the endocannabinoid system. Thus, exogenous CB, receptor
activation, as in our study, may not resemble endocannabi-
noid signaling and its role in HPA axis regulation {Steiner and
Wotjak, 2008).

It has been shown recently (Campolongo et al., 2009) that the
endocannabinoid system is involved in moduating the consoli-
dation of memory for 1A training and that CB, activity within the
BLA is essential for mediating glucocorticoid effects on long-
term IA memory. Specifically it has been shown that AM251
administered into the BLA prevented CORT effects on memory
consolidation. Steiner et al. (2608) have shown that mice lacking
CB, in cortical glutamatergic neurons showed decreased imimno-
bility in the forced swim test with normal corticosterone release
compared with controls. In our study, AM251 inte the BLA was
found to facilitate and impair IA conditioning and extinction,
respectively, and to increase CORT levels. Exposure to the EP
stress had similar effects on both 1A learning and CORT levels.
Together, it seems that additional investigation regarding the
possible interaction between the CB, receptor antagonist and the
HPA axis is required.

The modulation of emotional processes by cannabinoids
Cannabis is widely used, primarily because of its euphorant,
anti-anxiety, and stress-reducing properties (Green et al,
2003). The effects of cannabinoid agonists on anxiety are bi-
phasic, with low doses being anxiolytic and high doses anxio-
genic (Viveros et al., 2605). Although the precise mechanisms
by which CB, receptors modulate neuronal activity within the
BLA are not fully understood, various studies have reported
that cannabinoids serve to attenuate the neuronal and behav-
ioral respanses to aversive environmental stimuli {Patel et al,,
2005}. Indeed, pharmacological augmentation of cannabineids
reduces anxiety-related behavioral responses (Berrendero and Maldo-
nado, 2002; Kathuria et al., 2003) and sappresses restraint stress-
induced corticosterone release (Patel et al, 2004), In addition,
cannabinoid exposure was shown to decrease corticotropin-
releasing hormone levels in the amygdala, which mayaccount for
reduced stress responses (Rodriguez de Fonseca et al., 1997).
Within the BLA, high concentrations of CB, receptors are
foundlocalized on a subpopulation of inhibitory interneurons
(McDonald and Mascagni, 2001), suggesting an important
regulatory role for CB, receptor transmission within the BLA
through endocannabinoid signaling. Several studies have re-
ported strong inhibition of BL.A interneurons after application
of CB, receptor agonists (Azad et al., 2004; Pistis et al., 2004),
which is expected to decrease local inhibitory feedback on
pyramidal amygdalar outputs neurons. Katona et al. (2001)
suggested that, by reducing the tonic GABAergic inhibitory
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control over pyramidal cells in the BLA, cannabinoids indi-
rectly inhibit neurenal activity in the central nucleus, which
mediates stress and fear responses to aversive stimuli, Nevertheless,
cannabinoids were found to control synaptic transmission in the
lateral amygdala by also modulating glutamatergic synapses
(Azad et al,, 2003). Thus, this suggests that the effects could
also resuit from CB,-mediated suppression of excitatory
neurotransmission,

It has been suggested that the endocannzbinoid system has a
specific involvement in the habituation component of fear ex-
tinction (Kamgprath et al,, 2006} and that this involvement resem-
bles its role in adaptation of sixess responses (Viveros et al., 2005).
Patel et al. {2005) showed that the endocannabinoid system me-
diates habituatior: to repeated restraint stress and suggested that
pharmacological augmentation of endocannabinoid signaling is
a good target for the treatment of affective disorders (Patel and
Hillard, 2008). Altogether, these studies indicate that extinction
of aversive memories via a habituation-like process and the ad-
aptation to stress responses via the alleviation of the stress axis
are, in part, controlled by endocannabinoids (for review, see
Lutz, 2007).

Conclusions

Qr findings give preclinical support to the suggestion that can-
nabinoids could represent a therapeutic target for the treatment
of diseases associated with the inappropriate retention of aversive
memories, such as posttraumatic stress disorder (Marsicano et
ak, 2002}. Importantly, because of the effects of the drug on the
stress response, it is likely that potential patients treated with
cannabinoids or related compounds might benefit also from the
stress-reversing effects of the drug. Nevertheless, studies show
that cannabinoids elicit dose-dependent, biphasic effects on
emotionality {Onaiviet al., 1990; Haller et al., 2004; Viveros et al.,
2007; Moreira et al,, 2009). Thus, the dose together with the
context in which cannabinoids are administered should be taken
into consideration.

References

Akirav I, Maroun M (2007) The rele of the medial prefrontal cortex-
amygdala circuit in stress effects on the extinction of fear, Neural Plast
2007:30873,

Alberini CM (2005) Mechanisms of memory stabilization: are consolida-
tion and reconsolidation similar or distinct processes? Trends Neurosci
2B:51-56.

Azad SC, Eder M, Marsicano G, Lutz B, Zieglginsberger W, Rammes G
(2003} Activation of the cannabinoid receptor type 1 decreases glutama-
tergic and GABAergic synaptic transmission in the lateral amygdala of the
mouse. Learn Mem 10:116--128.

Azad SC, Monory K, Marsicanc G, Cravatt BE, Lotz B, Zieglginsberger W,
Rammes G {2004) Circuilry for associative plasticity in the amygdala
mvolves endocannabinoid signaling, ] Neurosci 24:9953-99461.

Berrendero F, Maldonado R (2002) Involvement of the opioid system in the
anxiolytic-like effects induced by Delta(9}-tetrahydrocannabinol, Psy-
chopharmacolagy (Berl) 163:111-117.

Campolongo P, Roozendaal B, Trezza V, Haver I3, Schelling G, McGaugh J1,
Cuomo V (2009} Endocannabinoids in the rat basolateral amygdala en-
hance memory consolidation and enable glucocorticoid modulation ol
memory. Proc Natl Acad Sci U 5 A 106:4888—4893.

Chhatwal JP, Davis M, Maguschak KA, Ressler K} (20035) Enhancing canna-
binoid neurotransmission augments the extinction of conditioned fear.
Neuropsychopharmacology 30:516-524.

Cordero MI, Venero C, Kruyt NI, Sandi C (2003) Prior exposure to a
single stress session facilitates subsequent contextual fear condition-
ing in rats: evidence for a role of corticosterone. Horm Behav
44:338-345.

Cota D (2008} The role of the endocannabinoid system in the regulation of



Ganon-Flazar and Akirav & Cannabinoids and Inhibitery Avoidance Extinction

hypothalamic-pituitary-adrenal axis activity, ] Neuroendocrinol 20;
35-38.

Dravies SN, Pertwee RG, Riedel G (2002) Functions of cannabinoid recep-
tars in the hippocampus. Neuropharmacology 42:993-1007.

de Oliveira Alvares 1, de Oliveira LE, Camboim ¢, Dichl K, Genro BP,
Lanziotti VB, Quillfeldt JA (2005} Amnestic effect ol intrahippocam-
pal AM251, a CB1-selective blocker, in the inhibitory avoidance, but
not in the open field habituation task, in rats, Neurobiol Learn Mem
83:119-124.

Be Oliveira Alvares L, Genro BP, Diehl F, Quilifeldt JA (2008) Differential
role of the hippocampal endocannabinoid system in the memory consol-
idation and retrieval mechanisms. Neurobiol Learn Mem 90:1-9,

14 8, Malcher-Lopes R, Halmos KC, Tasker IG {2003) Nongenomic glu-
cocorticoid inhibition viz endocannabinoid release in the hypothalamus:
a fast feedback mechanism. ] Neurosci 23:4850—4857.

Dudal ¥ {2002} Molecular bases of long-term memories: a question of per-
sistence. Curr Opin Neurobiol 12:211-2186,

Garcia R, Spennato G, Nilsson-Todd L, Mareau JL, Deschanx O {2008)
Hippocampal Jow-frequency stimulation and chronic mild stress simi-
larly disrupt fear extinction memory in rats, Neurobiol Learn Mem
89:560-560.

Gardner Ei, Vorel SR (1998) Cannabinoid transmission and reward-
related events. Neurobiol Dis 5:502-533, "

Green B, Kavanagh [}, Young R (2003} Being stoned: a review of self-
reported cannabis effects. Drug Alcohol Rev 22:453- 460,

Haller J, Bakos N, Szirmay M, Ledent C, Freund TF (2002) The effects of
genetic and pharmacological blockade of the CB1 cannabinoid receptor
on anxiety, For | Neurosci 16:1395-1398.

Haller |, Varga B, Ledent C, Freund TF (2004) CBl cannsbinoid Tecep-
tors mediate anxiolytic effects: convergent genetic and pharmacolog-
ical evidence with CBl-specific agents. Behav Pharmacol 15:299-304.

Hampson RE, Deadwyler SA (1999) Cannabinoids, hippocampal function
and memory. Life Sci 65:715-723,

Harloe JP, Thorpe AJ, Lichtman AH (2008) Differential endocannabinoid
regulation of extinction in appetitive and aversive Barnes maze tasks.
Learn Mem 15:806-809.

Herman )P, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi
DC, Cullinan WE (2003} Central mechanisms of stress integralion: hi-
erarchical circuitry controlling hypeothalamo-pituitary-adrenocortical re-
sponsiveness, Front Neuroendocrinol 24:151-180.

Holter SM, Kallnik M, Wurst W, Marsicano G, Lutz B, Wotjak CT (2005)
Cannabineid CB1 receptor is dispensable for memory extinction in an
appetitively-motivated learning task. Eur J Pharmacol 510:69--74,

Izquierdo A, Wellman CL, Holmes A (2006} Brief uncontrollable siress
causes dendritic retraction in infralimbic cortex and resistance to fear
extinction in mice. § Neurosci 26:5733-5738.

Kamprath K, Marsicano G, Tang ], Monory K, Bisogno T, DiMarzo V, Lutz B,
Wotjak CT (2006) Cannabinoid CBI receptor mediates fear extinction
via habituation-like processes. } Neurosci 26:6677- 6686.

Kathuria 8, Gaetani §, Fegley I, Valifio F, Duranti A, Tontini A, Mor M,
Tarzia G, La Rana G, Calignano A, Giustino A, Tattoli M, Palmery M,
Cuomeo V, Piomelli D (2003) Modulation of anxiety through blockade
of anandarmide hydrolysis. Nat Med 9:76—81,

Katona I, Rancz EA, Acsady L, Ledent C, Mackie K, Hajos N, Freund TF
(2001} Distribution of CB1 cannabinoid receptors in the amygdala and
their role in the control of GABAergic transmission. ] Neurosci
21:9506-9518.

Kim J), DeCola JP, Landeira-Fernandez ], Fanselow MS (1991) N-methyl-
p-aspartate receptor antagonist APV blocks acquisition but not expres-
sion of fear conditioning. Behav Neurosci 105:126-133.

Kobilo I, Hazvi 8, Dudai Y (2007) Role of cortical cannabinoid CB1
receptor in conditioned taste aversion memory, Eur ] Neurosci
25:3417-3421.

Lichtman AH, Dimen KR, Martin BR (1995) Systemic or intrahippocampal
cannabinoid administration impairs spatial memoty in rats, Psychophar-
macclogy 119:282-290.

Lutz B (2007) The endocannabinoid system and extinction learning. Mol
Neurobiol 36:92-101,

Maren 5, Chang CH (2006} Recent fear is resistant to extinction. Proc Natl
Acad ScI1J S A 103:18020-18025,

Maroun M, Akirav 1 (2008) Arousal and stress effects on consolidation and

J. Meurosci., September 9, 2009 » 29{361:11075 11088 - 11087

reconsolidation of recognitien memory, Neuropsychopharmacology
33:394-403.

Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG,
Hermann H, Tang ], Hofmann C, Zieglgansberger W, Di Marzo V, Lutiz B
{2002} The endogenous cannabinoid system controls extinction of aver-
sive memories. Nature 418:530-534.

Martin W], Coffin PO, Autlas E, Balinsky M, Tsou K, Walker M (1999)
Anatomical basis for cannabineid-induced antinociception as revealed by
intracercbral microinjections. Brain Res 822:237-242,

McDaonald Af, Mascagni F {2001) Localization of the CB1 type cannabineid
receptor in the rat basolateral amygdala: high concentrations in 2 sub-
population of cholecystokinin-containing interneurons. Neuroscience
107:041-652,

Mikics E, Dombi'T, Barsvdri B, Varga B, Ledent C, Freund TF, Haller) (2006)
The effects of cannabinoids on contextual conditioned fear in CB1 knock-
out and CI1 mice, Behav Pharmacol 17:223-230.

Miracle A, Brace MF, Huyck KID, Singler SA, Wellman CL (2006) Chronic
stress impairs vecall of extinction of conditioned fear. Neurobiol Learn
Mem 85:213-218,

Moreira FA, Aguiar DC, (Guimarides FS (2007) Anxiolytic-like effect of can-
nebinoids injected into the rat dorsolateral periaqueductal gray, Neuro-
pharmacology 52:958 965,

Moreira EA, Aguiar DC, Campos AC, Lisboa SF, Terzian AL, Resstel LB,
Guimardes FS (2009} Antiaversive effects of cannabinoids: is the periag-
ueductal gray involved? Neural Plast 2009:625469.

Murphy LL, Mufioz RM, Adrian BA, Villanda MA (1998) Function of can-
nabinoid receptors in the neuroendocrine regulation of harmone secre-
tion. Neurobicl Dis 5:432—446,

Myers KM, Davis M (2007} Mechanisms of fear extinction. Mol Psychiatry
12:120--150.

Nader K, Schafe GE, LeDoux JE {2000) The labile nature of consolidation
theory, Nat Rev Neurosci 1:216-219,

Niyuhire F, Varvel SA, Thorpe AJ, Stokes R], Wiley JL, Lichtman AH (2007}
The disruptive effects of the CB1 receptor antagonist rimonabant on ex-
tinction learning in mice are task-specific. Psychopharmacology (Berl)
191:223-231.,

Onaivi ES, Green MR, Martin BR (1990} Pharmacological characterization
of cannabinoids in the elevated plus maze. } Pharmacol Exp Ther
253:1002-1009.

Pamplona FA, Prediger RD, Pandoifo P, Takahashi RN (2006) The canna-
binoid receptor agonist WIN 55,212-2 facilitates the extinction of contex-
tual fear memory and spatial memory in rats. Psychopharmacology
i88:041-649,

Pamplona EA, Bitencourt RM, Takahashi RN {2008} Short- and long-term
effects of cannabinoids on the extinction of contextual fear memory in
rats, Neurobiol Learn Mem 90:290-293.

Paiel S, Hillard CJ (2008} Adaptations in endocannabinoid signaling in re-
sponse to repeated homotypic stress: a novel mechanism for stress habit-
vation. Eur ] Neurosci 27:2821-2829,

Patel 8§, Roelke CT, Rademacher D}, Cullinan WE, Hillard CJ (2004}
Endocannabinoid signaling negatively modulates stress-induced acti-
vation of the hypothalamic-pituitary-adrenal axis. Endocrinology
145:5431-5438.

Patel §, Cravatt BF, Hillard C] (2005} Synergistic intetactions between can-
nabinoids and environmental stress in the activation of the central amyg-
dala. Neuropsychopharmacology 30:497-507.

Paxinos G, Watson C (1998} The rat brain in stereotaxic coordinates. San
Diego: Academic.

Pistis M, Perra S, Pillolla G, Melis M, Gessa GL, Muntoni AL (2004) Canna-
bincids modufate neuronal firing in the rat basolateral amygdala: evi-
dence for CB1 and non-CBl-mediated actions. Neuropharmacology
46:115-125.

Porter AC, Felder CC (2001) The endocannabineid nervous system:
unique opportunities for therapeutic intervention. Pharmacol Ther
90:45-60.

Reich CG, Mohammadi MH, Alger BE (2008) Endocannabinoid modula-
tion of fear responses: learning and state dependent performance effects.
I Psychopharmacol 22:769-777.

Rodriguez de Fonseca F, Carrera MR, Navarro M, Koob GF, Weiss F (1997)
Activation of corticotropin-releasing factor in the limbic system during
cannabinoid withdrawal. Science 276:2050--2054.



11088 - J. Neurosci,, September 9, 2009 - 29(36):11078 11088

Sara 5] (2000) Retrieval and reconsolidation: toward a neurcbiology of re-
membering. Learn Mem 7:73—84.

Shors TJ, Weiss C, Thompson RF (1992} Stress-induced facilitation of clas-
sical conditioning, Science 257:537-539.

Shumake |, Barrett D, Gonzalez-Lima F (2005} Behavioral characteristics of
rats predisposed to learned helplessness: reduced rewsrd sensitivity, in-
creased novelty seeking, and persistent fear memories. Behav Brain Res
164:222-230.

Steiner MA, Wotjak CT (2008} Role of the endocannabinoids system in
regulation of the hypothalamic-pituitary-adrenocortical axis, Prog Brain
Res 170:397-432.

Steiner MA, Marsicano G, Wotjak CT, Lutz B (2008} Conditional cannabi-
noid receptor type ! mulants reveal neuron subpopulation-specific
effects on behavioral and neuroendocrine stress responses. Psychoneu-
roendocrinclogy 33:1165--1179,

Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S (2004)

Ganon-Elazar and Akirav « Cannabinoids and Inhibitory Avoidance Extinction

Memory reconsolidation and extinction have distinct temporal and bio-
chemical signatures, T Neurosci 24:4787—4795,

Thiel CM, Miiller CP, Huston JP, Schwarting RK {1999) High versus low
reactivity to a novel environment: behavioural, pharmacological and neu-
rochemical assessments, Neuroscience 93:243-251.

Varvel SA, Lichtman AH {2002) Evaluation of CB1 receptor knockoul mice
in the Morris water maze, ] Pharmacol Exp Ther 301:915-924.

Viveros MP, Marco EM, File SE (2005) Endocannabinoid system and stress
and anxiety responses. Pharmacol Biochem Behav 81:331-342,

Viveros MP, Marco EM, Llorente R, Lamota L (2007) The role of the hip-
pocampus in mediating emotional responses to picotine and cannabi-
noids: a possible neural substrate for functional interactions. Behav
Pharmacol 18:375-389.

Yim TT, Hong NS, Fjaredar M, McKexma JE, McDonald Rj (2008) Post-training
CB1 cannabinoid receptor agonist activation disrupts long-term consolidation of
spatial memeories in the hippocampus, Newroscence 151:929-936.



@ :

Neuropsychopharmacology (2005) 30, 516-524
& 2005 Nature Publishing Graup Al rights reserved 0893-133X/05 $30.00

www.neuropsychopharmacology.org

Enhancing Cannabinoid Neurotransmission Augments the

Extinction of Conditioned Fear

Center, Atlanta, GA, USA

Jasmeer P Chhatwal', Michael Davis', Kimberly A Ma.guschatkE and Kerry ] Ressler®!

"Emory University Schael of Medicine, Department of Psychiatry and Behavioral Sciences, Center for Behavioral Neuroscience, Yerkes Research

INTRODUCTION

Manipulation of the endogenous cannabinoeid (eCB} system
has become a major focus of current research, especially in
the search for novel therapeutics to treat many common
mental illnesses, including anxiety disorders, depression,
and drug addiction (Porter and Felder, 2001; Kathuria et al,
2003). Indeed, the potential therapeutic value of cannabi-
noid modulation is underscored by the dense expression of
the CBI receptor in regions known to be important for
anxiety and emotional learning, including the amygdala,
hippocampus, and throughout the mesolimbic dopamine
reward system {Katona et al, 1999, 2000, 2001; Freund et al,
2003; van der Stelt and Di Marzo, 2003).
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The endogencus cannabinoid {eCB} system represents a major therapeutic target for the treatment of a variety of anxiety-related
disorders. A recent study has demenstrated that pharmacologic or genetic disruption of CBI-receptor-mediated neurotransmission
decreases the extinction of conditionad fear in mice. Here, we exarnined whether CB1 blockade would similarly disrupt extinction in rats,
using fear-potentiated startle as a measure of conditioned fear. We also examined whether pharmacologic enhancernent of CBI
activation would fead to enhancements in extinction. Our results indicate that systemic administration of the CB| antagonist imonabant
(SRI41716A) prior to extinction training led to significant, dose-dependent decreases in extinction. White the administration of the CB}
agonist WIN 55,212-2 did not appear to affect extinction, administration of AM404, zn inhibitor of eCB breakdown and reuptake, fed to
dose-dependent enhancements in exlinction, In addition to showing decreased fear | and 24 h after extinction training, AM404-trezted
anirals showed decreased shock-induced reinstaterent of fear. Control experimenits demonstrated that the effects of AM404 could not
be attributed to alterations in the expression of conditioned fear, locomotien, shack reactivity, or baseline startle, as these parameters
seemed unchanged by AM404, Furthermore, coadministration of rimonabant with AM404 blocked this enhancement of extinction,
suggesting that AM404 was acting to increase CB| receptor activaticn during extinction training. These results demonstrate that the eCR
systern can be modulated to enhance emotional learming, and suggest that eCB modulators may be therapeutically useful as adjuncts for
exposure-based psychotherapies such as those used to ireat Post-Traumatic Stress Disorder and other anxiety disorders,
Neurspsychopharmacology (2005} 30, 516-524, advance online publication, 22 December 2004; doi:10.1038/sjnpp. | 300455
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Recent studies of CB1 knockout mice have demonstrated
that the genetic deletion of the CB1 receptor leads to
increased anxiety in several well-studied measures (Haller
et al, 2002, 2004a,b; Martin et al, 2002}. Furthermore, the
elegant studies of Marsicano et al (2002) have demonstrated
that CB1 knockout mice also show profound deficits in the
learned inhibition of fear (heretofore referred to as
extinction), while the acquisition of the initial fear response
was normal. In the same study, the authors demonstrated
that pharmacologic blockade of the CB1 receptor led to a
similar deficit in extinction in mice, demonstrating the
importance of CBl receptor activation for extinction in
mice.

The critical involvement of cannabincid-mediated trans-
mission in extinction potentially has important clinical
implications, as numerous similarities link the expression of
fear and anxiety in humans suffering from phobias, Post-
Traumatic Stress Disorder (PTSD), and other anxiety
disorders to the expression of classically conditioned fear
in animals. Perhaps the most important of these similarities
is the persistence of fear memories in both humans and
animal models. In this context, studying extinction in
animals may further the development of experimental



therapeutics for the treatment of these disorders. Indeed,
recent results from our laboratory have shown that the
administration of a partial NMDA agonist both enhances
the extinction of conditioned fear in rodents (Walker et al,
2002), and can increase the efticacy of behavioral exposure
therapy in human phobics (Ressler ef al, 2004},

Furthermore, several recent studies have suggested that
prolonging the action of released cannabinoids through the
inhibition of the enzyme fatty-acid amide hydrolase
(FAAML), which is critically involved in canpabinoid
catabolism and reuptake, leads to anxiolysis in rodents
(Kathuria er al, 2003). The results of these and other studies
have highlighted the sizable potential of the CBI receptor
and the eCB-degradative enzyme FAAH as targets of
experimental therapeutics (eg Porter and Felder, 2001;
Kathuria et al, 2003).

Given the mounting clinical interest in modulators of the
eCB system, we examined whether the CBI antagonist
rimonabant {SR141716A) would block extinction of fear in
rats as measured with fear-potentiated startle, We then
examined if administration of an agonist (WIN 55,212-2) or
of an inhibitor of eCB reuptake and breakdown (AM404)
would enhance the extinction of conditioned fear, In so
doing, we addressed whether manipulation of the eCB
system could lead to enhancements as well as decrements in
extinction, a clinically relevant form of fear modulation
important in the understanding of emotional learning and
in the treatment of anxiety-related behaviors.

MATERIALS AND METHODS
Animals

The procedures used were approved by the Institutional
Animal Care and Use Committee of Emory University and
in compliance with National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals, A total
of 216 adult male Sprague-Dawley rats (Charles River,
Raleigh, NC) weighing between 350 and 450 g were used.
Animals were housed in pairs in a temperature-controlled
(24°C) animal colony, with ad libitum access to food and
water. They were maintained on a 12 h light/&ark cycle with
lights on at 0800, with all behavioral procedures performed
during the rats’ light cycle.

In Situ Hybridization

In situ hybridization was performed as previously described
{Ressler ef al, 2002). A ¢DNA clone containing the coding
sequence of the rat cannabinoid receptor type 1 (CB1)
{LM.A.G.E. expressed sequence fag clone, GI Accession
#11375084) was linearized after sequence verification. An
antisense riboprobe was generated with T3 RNA polymer-
ase, Slide-mounted sections of snap-frozen rodent brain
tissue were postfixed, proteinase K digested, blocked, and
hybridized overnight at 52°C with **S-UTP-labeled ribop-
robes. After a stringent wash protocol, slides were apposed
to autoradiography film and hybridization density was
qualitatively assessed.
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Fear Conditioning

Animals were trained and tested in 8 x 15 x 15 cm Plexiglas
and wire-mesh cages, with floors consisting of four 6.0-mm-
diameter stainless-steel bars spaced 18 mm apart, Fach cage
was suspended between compression springs within a steel
frame and located within a  custom-designed
90 x 70 x 70cm  ventilated sound-attenuating chamber.
Background noise (60-dB wide-band) was provided by a
General Radio Type 1390-B noise generator (Concord, MA)
and delivered through high-frequency speakers (Radio
Shack Supertweeter; Tandy, Fort Worth, TX} located 5cm
from the front of each cage. Sound level measurements
(sound pressure level) were made with a Bruel & Kjaer
(Marlborough, MA) model 2235 sound-level meter (A scale;
random input} with the microphone (Type 4176) located
7cm from the center of the speaker (approximating the
distance of the rat’s ear from the speaker), Startle responses
were evoked by 50-ms, 95-dB white-noise bursts generated
by a Macintosh G3 computer soundfile {(0-22kHz),
amplified by a Radio Shack amplifier (100 W; meodel
MPA-200; Tandy), and delivered through the same speakers
used to provide background noise. An accelerometer
{model U321A02; PCB Piezotronics, Depew, NY) affixed
to the bottom of each cage produced a voltage oulput
proportional to the velocity of cage movement. This output
was amplified (model 483B21; PCB Piezotronics) and
digitized on a scale of 0-2500U by an InstruNET device
{model 1008; GW Instruments, Somerville, MA) interfaced
to a Macintosh G3 computer. Startle amplitude was defined
as the maximal peak-to-peak voltage that occurred during
the first 200 ms after onset of the startle-eliciting stimulus.
The €S was a 3.7-s light (82 lux) produced by an 8W
fluorescent bulb (100 s rise time) located 10cm behind
each cage. Luminosity was measured using a VWR light
meter (Atlanta, GA). The US was a 0.5-s shock, delivered to
the floorbars and produced by a shock generator (SGS-004;
Lehigh Valley, Beltsville, MD). Shock intensities {measured
as in Cassella and Davis, 1986) were 0.4 mA, The presenta-
tion and sequencing of all stimuli were under the control of
the Macintosh G3 computer using custom-designed soft-
ware (The Experimenter; Glassbeads Inc., Newton, CT).
Animals were pre-exposed to the chambers for 10min on
each of 2 days prior to training to habituate them to
handling and the test chambers and to minimize the effects
of contextual conditioning. On 2 consecutive days following
habituation, rats were returned to the same chambers and
presented with 10 pairings of a light (3.7s) coterminating
with a 0.4-mA, 0.5-s shock (3.6-min intertrial interval).

Matching

At 241 following the last fear-conditioning session, animats
were returned to the same chambers and presented with
startle stimuli {50-ms, 95-dB white-noise bursts) in the
presence or absence of the light-conditioned stimulus (15
light-startle compounds and 15 startle alone). Increased
startle in the presence of the light-CS was taken as a
measure of conditioned fear, and the magnitude of the fear
response was calculated as the percentage by which startle
increased when the light-CS was presented in compound
with the startle stimulus vs when it was omitted (fear-
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potentiated startle or FPS). Using these measurements,
animals were divided into groups displaying approximately
equal levels of FP$S prior to drug treatment and extinction
training.

Extinction Training

At 5 days following the last fear-conditioning trial, animals
were injected intraperitoneally with a test compound or its
vehicle in 1 ml/kg volumes and then immediately returned
to the same chambers and presented with 30 or 90
presentations of the light-CS in the absence of footshock
(3.7-s light, 30-s intertrial interval). At 1h following this
extinction training session, animals were given a short test
consisting of startle stimuli in the presence or absence of the
light-CS (2-5 light-startle compounds and 2-5 startle alone,
values shown are averages of all trials). At 24h postextine-
tion training, all animals were tested for the presence of
{ear-potentiated startle (15 light-startle compounds and 15
startle alone). As animals showed a large amount of
extinction within the 24-h testing session (within-session
extinction), the FPS values shown for all drug studies are the
average I'PS during the first five light-startle compounds.

Reinstatement

Previously fear-conditioned and extinction-trained animals
were returned to the testing chamber 48h following
extinction training and presented with three footshocks in
the absence of the light-C$ {0.4mA, 0.5s shock, 2nin
intertrial interval). Immediately following the unpaired
shocks, animals were tested for the presence of fear-
potentiated startle (15 light-startle compounds, and 15
startle alone).

Shock Reactivity, Startle, and Activity Measures

A separate group of fear-conditioned animals was injected
with AM404, placed in the training/testing chambers, and
presented with three unpaired shocks and 42 startle stimuli
{0.4-mA, 0.5-s shocks, 95-dB noise-burst startle). The same
group of animals was returned to the same chambers 3 days
later, injected with vehicle, and presented with an identical
behavioral test. The values shown are the mean integrated
voltages of the accelerometers measured over 200-ms
periods beginning at the onset of either the shocks or the
startle stimuli. Additionally, a measure of spontaneous
motor activity was derived from the mean displacement of
the accelerometers in the 2 min prior to delivery of the first
shock, while animals were exploring the chambers.

Drugs

Rimonabant (SR141716A, NIMH Drug Supply Program,
Bethesda, MD) and WIN 55212-2 (Biomol, Plymouth
Meeting, PA) were dissolved in 100% DMSO. AM404
(Biomol, Plymouth Meeting, PA} was dissolved in 70%
DMS0, 30% PBS. In experiments in which both rimonabans
and AM404 were used, all drugs were dissolved in 100%
DMSO.

Neurepsychopharmacology

Statistics

Comparisons were made across drug-treatment groups at
each test (eg 24-h groups were compared across treatment
groups) using ANOVA or Student’s ¢-test with drug or dose
as the independent measure, and using Fischer’s LSD test
for post hoc analysis.

RESULTS
CB1 is Enriched in the Rat Basolateral Amygdala (BLA)

The BLA has been repeatedly implicated in the extinction of
conditioned fear in both direct pharmacological inactiva-
tion and augmentation studies (Falls et al, 1992; Walker
et al, 2002; Davis et al, 2003}, In situ hybridization was used
to determine if CBl mRNA was expressed within the rat
amygdala and whether it was differentially expressed in the
basolateral, medial, and central amygdafoid nuclei. Repre-
sentative sectjons {rom these in sifu hybridization studies
(Figure 1), suggest that CB1 mRNA is highly enriched in the
BLA, with very little CBl mRNA expression seen in the
central (CeA) or medial nuclei (MeA) of the amygdala.
Additionally, the presence of the mRNA for the CBI protein
within the BLA itsell suggests that the CBl-mediated
signaling taking place in the BLA is part of the intrinsic
neurocircuitry of the BLA. These hybridization results are
in close agreement with previous studies using immuno-
histochemical and hybridization technigues (Katona et al,
1999; Marsicano and Lutz, 1999; McDonald and Mascagni,
2001).

CB1 Antagonist Blocks Extinction

The next experiment examined whether pharmacologic
antagonism of the CB1 receptor would disrupt extinction in
rats and the dose-response relationship for this interaction.
Parametric studies were performed to identify a set of
behavioral manipulations that could reliably induce extinc-
tion in rats. In these studies (outlined in Figure 2a}, animals

Figure | (Bl is densely expressed within rat BLA, Expression patterns
of CBI-receptor mRNA are shown following in situ hybridization with a
5 Jabeled antisensa rboprebe. {a) Dense CBI mRNA expression is seen
within amygdala (arrow) and hypothalamus, with more sparse cellular
axpression throughout hippocampus and cortex. (b} Cresyl violet-stained
sections of the ternporal lobe. () CBI is most densely expressed within the
basolateral amygdala (BLA, arrow). CeA=central amygdaloid nucleus,
MeA = medial amygdaloid nucleus.
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foliowing extinction In the presence of the CBI agonist, WIN 55212-2
{n=>5 per group).

showed robust fear conditioning prior to extinction training
and varying the number of nonreinforced light-C5 pre-
sentations decreased the amount of fear animals showed in
subsequent testing trials (Figure 2b). We found that 90 trials
of nonreinforced lights led to significant extinction reten-
tion, whereas only 30 trials led to a more modest,
nonsignificant reduction in fear (compared to pre-extinc-
tion: 90 trials, F; 57y =4.05, p<0.05; 30 trials, p>0.05). In
all subsequent studies, the 90-trial extinction protocol was
used when trying to block extinction, while the weaker 30-
trial extinction protocol was used when trying to enhance
extinction.

This 90-trial extinction protocol was used to test the effect
of systemic administration of the CB1 antagonist rimona-
bant on extinction in rats. The acute administration of
rimonabant to rats immediately prior to extinction training
led to a profound disruption of extinction retention, as
evidenced by the fact that rimonabant-treated animals
showed significantly higher levels of fear in the presence of
the light-CS 24h following extinction training (Bigure 2c,
ANOVA dose x postextinction FPS, B 55y =3.40, p<0.05).
This disruption in extinction appeared to be dose-
dependent, as animals receiving 1.5 or 5mg/kg of rimona-
bant showed significantly higher levels of conditioned fear
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than vehicle-treated controls, and appeared to show
virtually no reduction in conditioned fear following
extinction training (post hoc, p<<0.01 for 1.5 and 5mg/kg
compared to vehicle). The ability of rimonabant to disrupt
extinction at the relatively low doses used here suggested
that the neural process underlying extinction may be
extremely sensitive to the level of CB1 receptor activation
during extinction training.

A Direct CB1 Agonist has No Effect on Extinction

The next experiment examined whether the application of
the CB1 direct agonist WIN 35-212,2 (WIN) prior to
extinction training might enhance extinction retention. A
relatively high dose of WIN (5mg/kg) was administered
prior to a 30 trial-extinction training protocol, to determine
if increasing CB1 activation would augment the modest
extinction normally induced by this weak training protocol.
The administration of 5mg/kg WIN prior to extinction
training did not enhance extinction; in contrast, WIN-
treated animals actually showed a nonsignificant, but
slightly higher, level of conditioned fear 24h following
extinction training (Figure 2d). Notably, the well-documen-
ted emergence of prominent locomotor and analgesic effects
following administration of higher doses of WIN (eg Tsou
et al, 1996; Herzberg et al, 1997) limited our ability to test
the effects of doses of WIN greater than 5 mg/ke.

One explanation for this lack of agonist effect on
extinction is that the CB1 receptor could be rapidly
downregulated following direct agonist administration
(Coutts et al, 2001; Hsieh et al, 1999). The next experiments
examined whether augmentation of endogenously released
¢CBs, instead of direct agonist administration, would have a
different effect.

AM404, an Inhibitor of Cannabinoid Reuptake and
Breakdown, Enhances Extinction

In confrast to the potential compensatory decrease in
efficacy of CBl-mediated transmission following direct
agonist administration, an inhibitor of eCB reuptake or
breakdown may enhance extinction by prolonging the
action of released ¢CBs, This, in turn, would lead to
increases in activity-dependent CBl-receptor activation.

Consistent with this hypothesis, administration of AM404
prior to 30-trial extinction training led to an enhancement
of extinction retention, as AM404 animals showed sig-
nificantly less fear in the presence of the CS 24 h following
extinction training (Figure 3a, main effect of drug treatment
Fi1,70)=4.06, p<:0.05). This enhancement of extinction
appeared to be dose-dependent, as animals treated with
10mg/kg AM404 showed less fear than those treated with
2mg AM404 and significantly less than vehicle-treated
animals (10 mg vs control, post hoc p <0.05).

A subset of AM404-treated animals was tested 1h
following extinction to assess whether the effects of
AM404 were likely taking place during the acquisition
phase of extinction. The AM404-induced enhancement of
extinction was evident 1h postextinction, as animals that
received the 10-mg/kg dose of AM404 showed significantly
less fear than vehicle-treated controls (Figure 3b, ANOVA
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linear contrast Fy; 37, = 4.89, p<0.05; post hoc comparison,
10 mg/kg vs vehicle, p<0.05).

AM404-Dependent Enhancement of Extinction Appears
to be Mediated by Activation of CB1 Receptor

AM404 has been implicated in the inhibition of eCB
reuptake as well as in inhibiting FAAH (Jarrahian et al,
2000; Beltramo et al, 2000; Giuffrida et al, 2001), but does
not itself activate CBI receptors (eg Beltramo ef al, 1997). As
the enzyme FAAH participates in the breakdown of a
number of neuroactive arachidonic-acid derivates (Giuffri-
da et al, 2001) and some have suggested that AM404 may
also act at the vanilloid receptor (VRI1, Smart and Jerman,

MNeurepsychopharmacology

2000), a series of experiments was performed to determine
if the AM404-induced enhancement of extinction requires
CB1 activation.

Animals were fear conditioned and extinction trained (30
trial extinction) as in the previous study, and prior to
extinction training administered 10 mg/kg AM404, 10 mg/ke
AM404 4 5mg/kg rimonabant, or 5mg/kg rimonabant
alone. During testing, animals administered AM404 -+
rimonabant and rimonabant alone showed virtually no
decrease in FPS 24h following extinction. In contrast,
animals treated with 10mg/kg AMA404 alone showed
significant extinction (¢ =2.36, p<0.05 AM404 alone as
compared to pre-extinction}, and significantly less fear than
animals receiving AM404 + rimonabant or rimonabant
alone (Figure 3c, F(j ;3 =>5.40, p<0.05, rimonabant and
rimonabant4+ AM404 groups pooled for comparison).
Taken together, these results suggest that the enhancement
of extinction seen in AM404-treated animals is mediated via
CBl-receptor activation.

AM404-Induced Enhancement of Extinction Requires
Cue-Exposure and is not Due to Drug-Induced Changes
in the Expression of Conditioned Fear

A series of control experiments was performed to rule out
the possibility that AM404 administration itself could lead
to decreases in the expression of conditioned fear, even in
the absence of cue re-exposure during extinction training.
To this end, a parallel set of rafs was fear conditioned and
matched for equivalent levels of FP§ as in the above studies.
On the day on which extinction training was to be
performed, animals were administered 10 mg/kg AM404,
5mg/kg rimonabant, or vehicle, but cue re-exposure was
omitted. At 1 h following drug administration, animals were
tested for FPS using a procedure similar to the above
studies. The results from these studies indicate that the
highest doses of AM404 and rimonabant used here had no
effect on FPS if cue-exposure was omitted, as all drug
groups showed similar levels of conditioned fear 1h
following drug administration {(Figure 4a).

AM404 Treatment Does not Lead to Obvious Analgesic
or Locomotor Effects

To better understand the behavioral effects engendered by
AM404 treatment, a series of control experiments was
performed. These included testing the effects of 10mg/kg
AM404 on (1) shock reactivity as a measure of pain
sensitivity, (2) baseline startle as one measure of anxiety,
and (3) general maotor activity within the training chambers,
Animals were fear conditioned and then returned to the
training chamber several days later and administered
19 mgfkg AM404. Following drug administration, animals
were presented with three shocks and 42 siartle stimuli
identical to those used in the above studies. Subsequently,
the same animals were returned to the testing chamber 3
days later, injected with vehicle, and similarly tested. The
results from these studies (Figures 4b-d) showed that the
administration of AM404 had little effect on shock reactivity
or overall locomotor activity levels in the testing chamber
(p>0.5 for both comparisons). The apparent decrease in
baseline startle observed following AM404 administration
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was not significant (p = 0.45). Taken together, these results
suggest that the administration of AM404 at the doses used
in this study are insufficient to generate obvicus motor or
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analgesic effects, and do not likely affect anxiety levels as
measured by baseline startle amplitude,

AM404 Treatment Prior to Extinction Training
Decreases Shock-Induced Reinstatement of Fear

Shock-induced reinstatement was then examined 2 days
following treatment with AM404 or vehicle during extinc-
tion, Previous studies have shown that the level of fear
following reinstatement is dependent both on the level of
the stressor and the amount of previous extinction, as long
as the stressor is delivered in the same context as the
original training context (Rescorla and Heth, 1975; Bouton
and King, 1983). Thus, diminished reinstatement following
extinction serves as an additional measure of the strength of
the extinction process. As animals were matched for
equivalent FPS prior to extinction training, the suscept-
ibility of animals to reinstatement can be taken as a
secondary measure of the strength of extinction training,
and perhaps as a preliminary measure of the resiliency of
these inhibitory extinction memories to stressors.

In these studies, animals that had previously been fear
conditioned, extinction trained, and tested for extinction
retention were returned to the training chambers and
presented with three footshocks (in the absence of light-CS
presentation) followed by a test for the presence of FPS to
the light-CS. During these reinstatement tests, AM404-
treated animals showed less reinstatement-induced condi-
tioned fear, whereas control animals showed a transient but
robust re-emergence of conditioned fear following the
unpaired footshocks. This effect was especially prominent
during the first two testing trials, where vehicle-treated
animals showed significantly more fear to the light CS than
their AM404-treated counterparts (Figure 5a t(;=4.5,
Pp<0.05, 2 and 10mg/kg AM404-treated groups pooled for
comparison to vehicle). Additionally, examination of with-
in-session extinction demonstrated a significant decrease in
FPS among vehicle-treated groups, but little change among
AM404-treated groups (Figure 5b, repeated measures
ANOVA, Trial x Drug interaction, F(; gz =5.67, p<0.02).
Note that within this period of extinction testing, neither
group reached terminal levels of extinction.

DISCUSSION

These experiments demonstrate that: (1) CBI mRNA is
expressed densely and relatively specifically within the rat
BLA, a region implicated in the extinction of conditioned
fear, and there is little expression seen in the medial and
central nuclei; (2) systemic application of a specific CBI
antagonist {SR 141716A) to rats dose-dependently blocks
the extinction of fear as it does in mice; (3) this dose-
dependent blockade of extinction is robust and easily
measured using fear-potentiated startle as a measure of fear;
(4) systemic application of AM404, an inhibitor of eCB
breakdown and membrane transpert, dose-dependently
enthances extinction of fear as measured at different times
following cue re-exposure; (5) this enhancement of extine-
tion is not likely due to changes in baseline anxiety,
locomotion, or nociception; (6) the enhancement of
extinction with AM404 is likely CBl-dependent, as this
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last testing trial prior to reinstatement {shown as trial () indicates that
vehicle and AM404-treated animals showed similar FPS levels prior to
reinstaternent,

effect is blocked almost completely by coadministration of
rimenabant; and (7) this enhancement of extinction appears
to diminish reinstatement of fear following footshock.

As has been shown previously, eCB function is normally
required for extinction of fear in mice using both
pharmacological (Marsicano er al, 2002; Suzuki et al,
2004) and genetic approaches in CB1 knockout animals
(Marsicano et al, 2002). In this study, we demonstrate that
blockade of the CB1 receptor with rimonabant also prevents
extinction of fear in rats as measured with the fear-
potentiated startle paradigm.

That a similar effect did not occur with systemic
application of the direct CB1 agonist, WIN 55,212-2, could
be due to a rapid downregulation or desensitization of the
CBI receptor following prolonged activation (Coutts et al,
2001; Hsich er al, 1999). Direct CB1 agonists have been
shown to lead to downregulation of CB1 receptors (Hsich
et al, 1999) and to uncoupling of the CB1 receptor from its
effector G-protein, G; (Mato et al, 2004), The presence of a
physiologic mechanism to rapidly decrease the efficacy of
CB1-mediated transmission would have important implica-
tions for future and ongoing clinical studies examining the
use of direct CBl agonists for the treatment of anxiety
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disorders and drug addiction. Future studies examining a
broader range of doses of WIN 55,212-2 would be necessary
to definitely determine if a lower dose of this drug might
enhance extinction without Ieading to potential CB1 down-
regulation. These concerns make the use of inhibitors of
cannabinoid reuptake and of FAAH more clinically
attractive, since the cannabinoid system has very low basal
levels of activation (Giang and Cravatt, 1997; Cravatt et al,
2001).

Reinstatement of fear is one of the principle behavioral
processes upon which the idea is based that extinction does
not lead to an ‘erasure’ of memory, but rather to a parallel
inhibitory process that masks the previous fear memory
{for a review, see Myers and Davis, 2002). We found that
animals that had received AM404 during the extinction
exposure showed less initial fear-potentiated startle when
tested following reinstatement in the absence of any drug
(Figure 5a and b). This finding is consistent with previous
findings in which pharmacological enhancement of exting-
tion with p-cycloserine (DCS) leads to less reinstatement
{Ledgerwood et al, 2004), and provides further support for
the hypothesis that the extinction seen following AM404
treatment is more robust and less susceptible to subsequent
stress than the extinction seen in vehicle-treated controls.
Future studies using more clinically relevant stressors and
contexts are needed to clarify whether AM404 reduces
susceptibility to reinstatement in a therapeutically useful
way.

Drugs that can be given only at the time of extinction may
provide for a new and powerful way to treat anxiety
disorders. We and others have previously shown that
extinction, which is known to be NMDA-dependent {Falls
et al, 1992; Santini et al, 2001; Suzuki et gl, 2004), can be
enhanced with systemic or local administration into the
amygdala of DCS, a partial NMDA agonist (Walker et al,
2002; Ledgerwood et al, 2003, 2004). Follow-up clinical trials
have now demonstrated that this approach may be
successful in humans as well (Ressler et al, 2004; Rothbaum
and Davis, 2003).

AM404 and other inhibitors of the anandamide trans-
porter, such as the newly identified AM1172 (Fegley ef al,
2004), may enhance the process of extinction through an
alternate mechanism. Since DCS can potentially activate all
NMDA receptors, it is possible that it could enhance fear
learning as well as extinction, although this has not been
observed experimentally (Ledgerwood ef al, 2003). In
contrast, the CBl-receptor knockout mice have no decre-
ment in fear learning, and pharmacological blockade of CB1
does not affect fear conditioning (Marsicano et al, 2002).
Therefore, it appears that the activation of the cannabinoid
system may be relatively specific to effects on inhibitory
learning within the BLA, and it may not be required for or
have a substantial impact on excitatory learning such as fear
conditioning. This idea fits well with recent physiclogic
studies suggesting that CB1 activation may lead to enhanced
LTD by presynaptically decreasing GABA release within the
BLA (Azad ef al, 2003; Chevaleyre and Castillo, 2003},
perhaps via coincident activation of both presynaptic
NMDA and cannabinoid receptors, as has been elegantly
shown in the neocortex (Sjostrom et gl, 2003). Lastly, it has
been shown that extinction learning critically requires the
activation of MAP kinase and calcineurin {Lu et al, 2001;



Lin et al, 2003a,b), and that CBl-receptor activation
regulates the activity of a variety of kinases and phospha-
tases within the BLA (including MAP kinase and calcineur-
in, Cannich et al, 2004), providing a putative mechanistic
link between eCB modulation and the plasticity underlying
extinction.

Taken together, the findings in the present study suggest
that augmenting eCB-mediated neurotransmission by in-
hibition of eCB transport or breakdown may provide a
novel mechanism for enhancing the extinction of fear. As
such, eCB reuptake inhibitors may serve as useful adjuncts
in the treatment of anxiety disorders (such as PTSD, panic
disorder, and OCD) as well as drug addiction and other
disorders that respond to behavioral treatments utilizing
extinction processes.
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INTRODUETION

Past-traumatic stress disorder (PTSD) is characterized by vari-
ous altered emotional responses as a result of rauzma expasure
{e.g., combat, assault, and disasters). Patients with PTSD not only
experience intense negative emotional reactions when reminded
of their trauma but also report exaggerated arousal (poor sleep,
restlessness, hypervigilance), anhedonia, social withdrawal, and
decreased emotional expressivity, referred io as “emotional numb-
ing.” Characterizing the neural basis of these diverse, distorted
emotional responses poses a major challenge to contemporary
psychiatric research. Functional neuroimaging techniques have
focused primarily on the study of brain function related to fear per-
ception and response, and have consistently implicated aberrant
amygdala reactivity to fear-relevant probes and other abnormal-
ities in a broad aberrant amygdala-linked circuitry involving the
medial prefrontal cortex (mPFC), msula, dntenm cingulate cortex
(A(L) and hlppocampus (Has 5 9 3 R

EHIDR Together these mterconnected regions form a dlqrupted
functional network thought to be responsible for impaired regula-
tion of fear responses, enhanced attention to threat-related stimuli,
and biased memory for adverse events (%h 34). Andety dis-
orders, such as PTSD, are believed to manifest from dysfunction
in a complex integrated functlonal network iargely, between cor-
tical and hmblc reglons (¢ ; ;
s Bl

Eal, 2 ) Some studles have begun to examine these brain cir-
cuits and region-to-region interactions, by measuring the extent to
which activity in one region is correlated with activity in another
during a particular task. Although these dysfunctional networks
have been implicated in mediating several characteristics of PTSD,
such as, hyperarousal, abnormal reactivity to emotional stimul,
and avoadance of emononally distressing memories {M 2

£ hin and Liberson, 2010), litte is known about how
these reglons may interact dynamically within individual subjects.
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Some clues exist from anatomical and functional studies that
these brain regions may indeed form a network responsible
for emotion processrng Tracer studres in non-human prrmates

identified robust bldrrectronal pro;ecﬂons between the amygdala
and the mPFC, rostral ACC (rACC), insula, and hippocampus.
Consistent with known anatomical connections, several studies
that have examined functional connectivity of the amygdala have
found significant co-activation and/or functionally correlated acti-
vation of the amygdala and the mPFC, 1nsu§a, hlppoearnpus and
rACC(l*i;ft al :

ST

well establlshed that negatrvely Valenced emotronal stnnuh activate
the amygdala, which mediates sub;ecnve and attentronal vigilance
aspects of threat processmg( : o 2UHY

3 i a ). Snmiarly, insula
actrvrty also increases in response to ernotronaily aversive st1muh

Increased amygdala and insula activation durlng fear condmonlng
have been shown to be reliably associated with one another (£tiir

ai . 2807}, Amygdala activity is decreased in response to
suppression of negative affect via reappraisal and during inhibition
of conditioned fear responses as a result of increased activation in
the mPFC and rACC, which exert top-down 1nh1b1tory 1nﬂuences
on amygdala reactlvrty to fear and threat (:

The magmtude of task- dependent funcnonal couphng between
the amygdala and mPFC/rACC has been shown to be negatively
correlated with intensity of subjective reports of negative affect
{ Hani al, 207). Increased functional connectivity between the
amygdala and the hippocampus has been attributed to the persrs—
tence of memorres for ernotronally arousing events (¥

: 2 ) Specrﬁcally, the hlppocampus forms eprsodrc
representatrons of the emotional significance and interpretation of
events, and influences amygdala activity when emotional stimuli
are encountered {(Pheigs. 2i4), These lines of convergent evi-
dence suggests that how the amygdala interacts with other regions
may mediate the control, or lack thereof, of fear perception and
emotional arousal in humans.

Dysfunctions within discrete areas that form an amygdala—
paralimbic/frontal network have been implicated in mediating
several characteristics of PTSD, such as, hyperarousal, abnormal
reactivity to emotional stimuii, and avoidance of ernotronally dis-
tressing memories (% coft et al, 2008

ancd Like
2210}, In particular, many studres have shown amygdala Lyper-
activity in PTSD in response to trauma-related imagery (5iin
-3 E3R combat-related sounds or smells ( :

"’“H RO,

, trauma-
T

21l

related photographs or words (? fendler

00%), and fearful

i e Exaggerated arnygda]a reactwrty
observed in PTSD has been posited to be a result of insufficient
top-down regulation from the mPFC and ACC, consequently
leading to hyperarousal and deficits in extinction as well as the
inability to suppress enhanced fear perceptron or exaggerated fear
responses to trauma- related stlmuh ( ?

example, Shiy ;
ated amygdala reactmty is negatrvely correlated with responses
in the dorsal and ventral mPRC across individuals with PTSD.
However, {:itboy 4 found little evidence for failure of
inhibition of A_CC over the amygdala in individuals with PTSD
related to civilian trauma during symptom provocation and in fact
found that amygdala activity significantly infiuenced ACC activ-
ity. Insula hyperactivity has been observed in PTSD patients and
given its role in the experience (e.g., somatic sensation} of nega-
tive emotrons and structural conneetrvrty to amygdala (/ :

the insula rnay be worlung in concert w1th aberrant arnygdala
responses (Fres 5

.
i
AN

; ; Although less com-
monly 1mpheated abnormal h;ppocampal function, and dimin-
ished hippocampal volumes in PTSD patients have been associated
with deficits in eontextual processrng, as well as rnemory 1mparr-

3 et el

IRESE))

Recently these functional connectivity techniques have been
applied to the study of corticolimbic circuitry abnormalities at
baseline or “at rest” {resting-state functional connectivity). Stud-
ies of functional interconnectivity of brain regions derived from
“resting-state” scans provides insight into the relationship of
spontaneous brain activity between brain regions without being
confounded by task influences on activation and has even been
shown to reﬁect struetural connectlvrty between brain regions
(Greic I 200 In healthy
humans restrng ~state funcnonal connectivity of the amygdala has
revealed patterns of connectivity consistent with task-based con-
nectivity patterns ( ; ; ). Moreaver,
resting-state functional connec‘nvrty has been a useful tool for
identifying abnormalities in the functional organization of brain
systems in several anxiety and mood disorders (< ).
However, little is known about what abnormalities, if any, in
amygdala connectivity exist at rest in PTSD. Therefore the pri-
mary aim of the present experiment was to investigate aberrant
amygdala functional connectivity patterns in returning Operation
Enduring Freedom/Qperation Iraqi Freedom (OEF/QIF) veterans
with combat-related PTSD (PTSD group) and combat-exposed
OEF/OIF veterans without PTSD [combat-exposed control {CEC)
group] during resting-state. We hypothesized that amygdala con-
nectivity to the ACC, mPFC, insula, and hippocampus would
differentiate the PLSD group from the CEC group. If observed,
such findings would extend our understanding of the pathophys-
iology of PTSD by identifying a disturbed network that exists
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outside of the presence of an overt threat/danger or in the absence
of stimulus or task-induced negative emotional processing,

BALTERIALE AND MIFTHODS

PARTICIPANTS

Thirty-four, right-handed, male veterans returning from OEF/QIF
with documented exposure to combat-related trauma parthl—
pated in this study. Based on the DSM-IV (AP, 1934
participants met criteria for current PTSD (PTSD group; age:
30.12 4 7.70 years; Caucasian = 16; Hispanic or Latino=1) and
the other 17 participants were combat-exposed matched controls
without PTSD (CEC group; age: 33.71£9.12; Caucasian = 16;
Asian = 1). Psychiatric diagnoses were established via the Struc-
tured Clinical Interview for DSM-IV (¥ 5. Additional
standardized clinical instruments 1nc1ud1ng the Chmcmn Admin-
istered PTSD Scale (CAPS - 3 3}, the PTSD Checklist:
Military (PCL-M; B! :), the Combat Exposure
Scale (CES; & 1}, the Hamilton Depression Inventory
(HAM- D; Wy #), and the Beck Depression Inventory
(BDI-IT; i 3%) were administered to quantitatively
characterize PTSD symptoms, severity of trauma exposure, and
depression.

Table 1 shows the participant’s demographic and clinical char-
acteristics, Relative to the CEC group, the PTSD group had signif-
icantly higher scores on the CAPS, PCL-M, and HAM-D and BDI-
[L. Of note, the groups did not differ in severity of trauma exposuze.
Some of the PTSD patients had cursent psychiatric co-morbidity
{1 =2 with current major depressive disorder; n = 2 with current
alcohol abuse) or had a past co-morbidity more than 6 months ago
{n = 1 had major depressive disorder; # = 4 had alcohol abuse, one
of whom also had past opioid abuse; 7= 1 had alcohol dependence
in full sustained remission) at the time of scanning. In addition,
some PTSD patients had a history of psychotropic medication
usage {7 =8 had taken an selective serotonin reuptake inhibitor,
one of whom had alse taken a norepinephrine-dopamine reup-
take inhibitor; n=1 had taken a tri-cyclic antidepressant; # =2
had taken a serotonin antagonist-reuptake inhibitor), but none
of the PTSD patients were currently taking any psychotropic
medications at the time of scanning. Afl participants were free

Table 1 | Group demographic and clinical characteristics.

Group mean (£SD) t Value pValue
PTSD CEC

Age 30.12 (770) 33.71 19.12} ~1.24 0.22
CAPS 6735 (12.41) b.24 {5.75) 18.72 <0.001
PCLM 54.69{9.78) 25.06 (7.34) 9.96 <0.001
BDI-l! 22.76 (746} 5.53 (6.25) 730 <0.001
HAM-D 10.18 {3.75) 2.181(2.38) 744 <0.001
CES 23.88 (5.98) 122 0.23

27.47 (5.60)

PTSD, post-traumatic stress disorder; CEC, combat-exposed controls; CAPS, Clin-
fcian Administered PTSD Scals; PCI-M, PTSD Checoklist: Military; BOI-i, Beck
Depression Inventory; HAM-D, Hamifton Depression Inventory; CES, Combat
Exposura Scale.

of any clinically significant medical or neurologic conditien that
would affect brain blood flow/metabolism or function and/or task
performance. None of the subjects had a positive urine toxicol-
ogy screen at the time of scanning. All participants gave written
informed consent after explanation of the experimental proto-
col, as approved by the VA Ann Arbor Healthcare System and
University of Michigan Institutional Review Boards.

FUNCTIONAL IMAGING ACCQUISITION

All participants underwent an 8-min resting-state fMRI scan in
which they were instructed to fixate on a white crosshair that was
centrally projected against a black background and let their mind
wander without falling asleep. fMRI scanning was performed on
a 3T GE Signa System (General Electric; Milwaukee, WI, USA)
using a standard radiofrequency coil at the University of Michi-
gan Functional MRI Laboratory. Whole-brain functional images
(i.e,, blood oxygenated level-dependent, BOLD) were collected
from 43 axial, 3-mm-thick slices using a T -sensitive gradient
echo reverse spiral acquisition sequence (repetition time, 2000 ms;
echo time, 30 ms; 64 x 64 matrix; 220 mm field of view; flip angle,
90°), optimized to minimize susceptibility artifacts (signal loss) at
the medial temporal lobe (including the amygdala; &+ al,
JtH3), Cardiac and respiratory cycles were recorded with MRI
vendor supplied pulse-oximeter and respiratory belt for physiolog-
ical corrections on resting-state data. A T'-weighted anatomical
image was collected in the same planes as the functional data,
but with higher in-plane resolution (1 mm?, Ty -overlay) to aid in
later co-registration. A high resolution, T'}-weighted volumetric
anatomical scan {T1-5PGR; three-dimensional spoiled gradient
echo} was also acquired for precise anatomical localization and
normalization.

FUNCTIONAL IMAGING ANALYSIS

Data from 32 participants (CEC = 17; PTSD = 15) met criteria for
high quality and scan stability with minimum motion correction
and were subsequently included in fMRI analyses (<3 mm dis-
placement in any one direction; two PTSD patients were excluded
for poor data quality due to excessive head movement). The
first four volumes were discarded to allow for T, equilibration
effects. Functional data were processed and analyzed using Statis-
tical Parametric Mapping software (SPM8; Wellcome Trust Centre
for Neuroimaging, London! ) usmg similar methods previously
published from our lab (J2lsone- ¢t sk, 201, Images were
corrected for physiological s1gna] ﬂuctuatlons using a custom code
writterr in MATLAB (MathWorks, Natick, MA, USA; = ot ak,,

Lg

i), Slice timing and movement correction was done to the
time-series data using SPMS8. Each participant’s T|-overlay was
co-registered to the time-series data and the T|-SPGR was then co-
registered to the co-registered T -overlay image. The co-registered
T-SPGR was then segmented into gray maiter, white matter, and
cerebrospinal fluid {CSF) and normalized to Montreal Neurolog-
icaf Institute (MNI) space using VBMS toolbox of SPMS8 and the
resulting normalization matrix was applied to the time-series data.
These normalized time-series data were subsequently re-sampled

My fil ion.uclac.uk/spm
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to 2mm?® voxels and smoothed with an & mm Gaussian kernel
to minimize noise and effects due to residual differences in func-
tional and gyral anatomy during inter-subject averaging. Then
the resulting white matter and CSF segments were further deﬁned
using a custom algorithm previously described (34'eish 21

Each voxel’s time-series was detrended to correct for Linear dr]ft
over time. Nine nuisance covariates {time-series predictors for
global signal, white matter, CSE, and the six movement parame-
ters, including the first derivative, obtained during realignment
to account for motion-related effects in BOLD) were sequentially
regressed from the time-series. The resulting time-series were then
band-passed filtered between the frequencies of 0.01 and 0.10-Hz
to limit the analysis to resting-state frequencies of interest.

To determine amygdala connectivity during resting-state, seed
regions in the left and right amygdala were defined by an anatom-
ically based amygdala mask in each hemisphere {from MAsk of
regmn of interest analysls software, MARINA; Trouric-Maroyer

abal. . We then extracted the averaged time
course from these seed regions in each participant’s data and cal-
culated correlation coefficients between these average time courses
and all other voxels of the brain resulting in an r-image for amyg-
dala connectivity. The resulting correlation coefficients were then
transformed into Z-scores using a Fisher r-to-Z transformation
and the resulting Z images were analyzed at the second level in a
random-effects statistical model. Two-tailed independent samples
1 tests were used to identify arcas of the brain that exhibited activity
that covaried with the amygdala differentially during resting-state
between the two groups (PTSD > CEC; CEC > PTSD). Significant
activations were identified with a whole-brain voxel-wise thresh-
old of p< 0.005 with a minimum cluster extent of >387 con-
tiguous voxels (3096 mm?*}, to correct for multiple comparisons
at a corrected p < 0.05 calculated using Monte-Carlo simulations
(AFNI 3dClustSim?2}. Previous studies interested in differences
in brain connectivity between patients with PTSD and trauma-
exposed controls without PTSD have used similar significance

e

2http://afrd nimb.nil.gov/pub/dist/doc/program_help/3dChustSim. html

thresholding approaches to balance Type I and II error rates {¥in

21 iak). To darify the signal direction, variance, and speci-
ficity of differences in strength of connectivity between the CEC
and PTSD groups during resting-state, we extracted individual
subject’s Z-score values from activated voxels that fell within
an anatomically based mask for each a priori region from the
between -group contrast (PTSD » CEC; ° v g
valter ¢ al,, J003), Of note, we did not conduct statlstlcal
tests on these measures, as they were defined from significant acti-
vations resulting from whole-brain maps of group differences in
connectivity.

BESHLTS

Across the entire brain, we observed a discretely localized differ-
ence in amygdala connectivity pattern between groups. From the
right amygdala anatomical “seed” region, we observed that PTSD
patients exhibited stronger connectivity with the insula than CEC
subjects (MNI peak: {38, —18, —2], Z-score = 4.29, volume == 440
voxels; Figure 1); this pattern was not detected from the left amyg-
dala seed. Follow-up ROI analyses on the extracted Z-scores of the
strength of connectivity from the insula revealed that both groups
exhibited positive amygdala~insula coupling, however, the extent
of connectivity between the amygdala and insula was greater in
the PTSD group than the CEC group (Figure 1). To explore the
clinical relevance of the observed amygdala~insula connectivity
abnormalities, we performed correlational analyses between the
extracted values of the strength of connectivity and PTSD symp-
tom severity measures (CAPS, BDI-II, PCL-M, and HAM-D) but
did not observe any significant correlations {all ps >0.05, corrected
for multiple comparisons). Of note, we did not observe group
differences in any other a priori areas that we predicted, such
as the ACC, mP¥C, and hippocampus in relation to amygdala
connectivity at rest.

BISCUSSION

This is the first study to our knowledge that examines intrinsic
amygdala functional connectivity patterns during rest in return-
ing OEF/OIF veterans with combat-related PTSD compared to a

1 t-score

FIGURE 1| Between-group whole-brain voxel-wise statistical t map
overiaid on a canonical brain rendering (left, MNI coronal, y-plane =—14;
right, MNI sagittal, x-plane =38 [right]) showing stronger amygdala
connectivity to the insula during rest in the PTSD group [PTSD > CEC).
Connectivity "target” is displayed at whole-brain voxel-wise p = 0.005,

0.48

x
n
w
<0

o
N
1=

Connactivity Valus
b
o
=]

FBCEC
E&PTSD

-0.10

uncorrected; color bar represents statistical t-scores; Bar graph shows mean
extracted Z-scores (£SEM) within each group from activated voxels that feit
within an anatomicatly based insula mask, showing stronger connectivity in
PTSD patients (»CEC) PTSD, post-traumatic stress disorder; CEC,
combat-exposed control; L, left.
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group of OEF/OIF veterans with combat exposure, but without
PTSD. We found stronger amygdala-insula resting-state func-
tional connectivity in the PTSD group compared to the CEC
group. Of note, this connectivity pattern was from the right amyg-
dala “seed” and was not shown from the left amygdala, Although
we did not make an a priori prediction about lateralization of
amygdala resting-state connectivity several findings of amygdala
hyperactivity in PTSD and correlations between PTSD symptom
seventy and amygdala actmty have been right-sided ( Rauch

1 2uikia). Contrary to our ongmal
hypothesis we dld not observe any SIgmﬁcant differences in amyg-
dala connectivity to any other a priori regions {mPFC, ACC, hip-
pocampus) in the PTSD group compared to the CEC group at rest.
Thisis a notable negative finding and requires replication; however,
we acknowledge that the absence of differences in amygdala—
frontal or amygdala—hippocampal connectivity between groups
could have resulted from: (1) Qur stringent, whole-brain cor-
rection for multiple comparisons to detect significance coupled
with a small sample size may have led to false negatives and/or
more subtle connectivity abnormalities; and/or (2) The resting-
state task may be insensitive to detecting amygdala—prefrontal and
amygdala—hippocampal connectivity abnormalities, which may
require engagement by an overt task.

Both the amygdala and insula have been separately 1mphcated
int the pathophysmlogy' of anx1ety and PTSD ( - 20

plays an 1mportant role in the subjective and attentional- vigilance
aspects of threat processing, and thus abnormalities in amygdala
activity may be assoctated with hyperarousal and hypervigilance
to threat in PTSD (F:kin, 20¥3%). Moreover, several studies have
shown that the amygdaia is hyperresponswe to both trauma-

1), amygdala activation is
posmvely correiated w1th PTSD symptom seventy {1

. a;} &3 (iz‘)

and selfvreported anxiety (£ : ..
: ark. 30033), and symptom reductlon after treatment is
associated with decreased amygdala activation (Goiming

2307), Likewise, PTSD patients d:splay exaggerated msula activa-
tion durmg script-driven imagery (5.a
; =

i28), fear conditioning and extinction (
%), the anticipation of negative images (Siaum
the retr:eval of emonona] or neutral stlmuh (Bromae
iy ##), and aversive smeils and

palnful stlmuh (% 0L ") and is also positively cor-
related with PTSD symptom seventy (sl e H 3
7 :8). The 1nsula controls evaluative,
experiential, and expressive aspects of internal emotional states
via visceral and somatic changes (e.g., autonomic “flight-or-fight”
responses} evoked durmg presentatlons of aversive stlmuh

EE z Diupone of sl

#1 /

¢ S AT }and it
has been p051ted that the insula re]ays intero ceptwe 1nformatlon to
the amygdala to help guide behavmral responses { I

i
.7 : & ) In fact,
the 1nsula pr0v1des some of the strongest cort1ca1 connections to
the rna;or output division of the amygdala responstble for gen-

A g Same
abnormalmes in these structures has been suggested to under~
lie exaggerated fear responses and the persistence of traumatic
memories (Shin sevrt, DOHED

ness (Fauing ong TRIRY 200y o
3). Furthermore, evidence from a recent study suggests that
a functional network between the amygdala and insula mediates
anxious anticipation of negative events and anxious individuals
display exaggerated activity within this network during anticipa-
tion of aversive stimuli (Cuarison 3210}, Individuals with
P'I'SD display excess anticipation of negative events and because of
this are preoccupied with studying their environment for possible
threats {i.e,, hypervigilance) and increased amygdala—insula func-
tional coupling may be a mechanism supporting hypervigilance
in patients with PTSD.

Besides the present study, others have investigated baseline con-
nectivity patterns in patients with PTSD and observed abnormal-
ities in functional connectivity within the default-mode network
when Compared to healthy controls (although sometimes incon-
sistent; } ]
not dxrectly related to amygdala connectmty Our study extends
these findings to resting-state amygdala coupling within a corticol-
imbic network known to be dysfunctional during trauma-related
anxiety provocation, emotionally based tasks, and evocative stim-
uli in PTSD patients, However, our study has some important
limitations. First, our study only inciuded males and therefore can-
not be generalized to females. Second, the resting-state analysis of
changes in amygdala—insula connectivity do not allow for infer-
ences about directionality or causality, which await task-based path
or dynamic causal analyses. In addition, we have interpreted our
resting-state findings based on previous functional and stractural
imaging studies, however, research with converging methods {i.e.,
task-dependent and -independent fMRI, diffusion tensor imag-
ing) are much needed to link connectivity at rest with brain
structure and function. Lastly, the cross-sectional nature of our
measurement does not allow us to ascertain whether enhanced
amygdala—insula resting-state connectivity was present before the
traumatic experience and if so, makes it a potential vulnerability
maker for PTSD.

Despite these limitations, our findings demonstrate that alter-
ations in these connectivity patterns in a network involved in emo-
tional processing and regulations may be relevant to a brain model
of PTSD that involves baseline abnormalities in amygdala-insula
functional conmnectivity that exist even without task induction.
These findings suggest that the aberrant amygdala and insula acti-
vation to fear-evocative probes previously characterized in PTSD
may be driven by an underlying enhanced connectivity between
amygdala, a region known for perceiving threat and generating
fear responses, and the insula, a region known for processing the
meaning and prediction of aversive bodily states. This enhanced

€4 al.
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amygdala—insula connectivity may reflect an exaggerated, perva-
sive state of arousal that exists outside the presence of an overt,
actual threat/danger. Studying amygdala functional connectivity
“at rest” extends our understanding of the pathophysiology of
PTSD, and the current findings prompt further investigation in
this emerging area of neuroimaging research.
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Abstract

Background

Among injury victims relatively high prevalence rates of posttraumatic stress disorder (PTSD)
have been found. PTSD is associated with functional impairments and decreased health-
related quality of life (HRQoL). Previous studies that addressed the latier were restricted to
injuries at the higher end of the severity spectrum. This study examined the association
between PTSD symptoms and health-related quality of life (HRQoL) in a comprehensive

population of injury patients of ail severity levels and external causes.

Methods

We conducted a self-assessment survey which included items regarding demographics of the
patient, accident type, sustained injuries, EuroQol health classification system (EQ-5D) and
Health Utilities Index (HUI}) to measure functional outcome and HRQoL, and the Impact of
Event Scale (IES) to measure PTSD symptoms. An IES-score of 35 or higher was used as
indication for the presence of PTSD. The survey was completed by 1,781 injury patients two
vears after they were treated at the Emergency Department (ED), followed by either hospital

admission or direct discharge to the home environment.

Results

Symptoms indicative of PTSD were associated with more problems on all EQ-5D and HUI3
domains of functional outcome and a considerable utility loss in both hospitalized (0.23-0.24)
and non-hospitalized (0.32-0.33) patients. Differences in reported problems between patients
with IS scores higher or lower than 35 were largest for EQ-5D health domains

pain/discomfort { 82% versus 28%) and anxiety/depression (53% versus 11%) and HUI



domains emotion (92% versus 33%) and pain (84% versus 38%). After adjusting for potential

confounders, PTSD remained strongly associated with adverse HRQoL.

Conclusions

Among patients treated at an ED posttraumatic stress symptoms indicative of PTSD were
associated with a considerable decrease in HRQoL in both hospitalized and non-hospitalized
patients. PTSD symptoms may therefore raise a major barrier for full recovery of injury

patients of even minor levels of severity.

Key words: posttraumatic stress disorder, injury, functional outcome, quality of life



Background

Posttraumatic stress disorder (PTSD) may result from any event that involves an injury, or
threatened or actual death. Regarding injury victims PTSD prevalence rates up to 37% have
been found three months after the injury [1]. At long-term follow-up (>1 year) PTSD
prevalence rates from 5% [2] to 32% [3] have been reported.

A substantial share of studies that investigated prevalence rates and predictors of PTSD
following injury addressed certain injury subgroups, such as victims of motor vehicle
accidents [4-7], burn victims [8-10] or patients who required admission to hospital or the
Intensive Care Unit {3, 11-15]. Those previous studies were mainly conducted in clinical
patient populations and were therefore restricted to accidents and injuries at the higher end of
the severity spectrum.

PTSD generally originates from cumulative exposure to traumatic stressors, which also
influence the probability of spontaneous remission from PTSD [16, 17]. The level of
traumatic stressors in the population of study may therefore affect to a large extent the
prevalence rates found in studies on injury victims and which focus on a single stressor.
PTSD is associated with functional impairments and decreased health-related quality of life
(HRQoL) [18, 19]. In one of the scarce studies addressing the latter, Holbrook et al. [20]
showed that in a subgroup of injury patients admitted to a trauma centre PTSD has a
substantial impact on health-related quality of life. Similar results were found among
adolescents and children [21, 22]. However, these studies were again restricted to victims at
the higher end of the severity spectrum and the association between PTSD and health-related
quality of life among a comprehensive population of injury patients has yet to be studied.
The objective of this study was to assess the association between posttraumatic stress

symptoms indicative of PTSD and HRQoL among this comprehensive injury population.



Methods

Stucly design

A patient-follow-up study, which was previously published [23], was conducted among a
population-based sample of injury patients of all severity levels. This study followed injury
patients aged 15 years and older who attended the ED of the Dutch Injury Surveillance
System (a representative continuous registry of intentional and unintentional injuries of 17
hospitals in the Netherlands). Surveys were conducted at 2 months, 5 months, 9 months and

two years after initial treatment. This study was conducted with the approval of the Ethics

Committee Erasmus MC University Hospital.

Subjects

Between 8 October 2001 and 31 December 2002 a sample was selected of 8,564 patients aged
15 years and older who attended the ED of the Dutch Injury Surveillance System [23]. The
patients were treated at the ED, followed by either hospital admission or direct discharge to
the home environment. The sample of patients consisted of victims of traffic, home and
leisure, occupational and sport accidents. The sustained injuries varied from minor to severe
mmjury, single and multiple injury and hospitalized and non-hospitalized patients. The sample
of patients was stratified, over sampling patients who were hospitalized. Each injury patient of
the selected sample received a postal questionnaire 2%2 months after the injury and 3,167
(37%) responded. The first questionnaire was made anonymous for privacy reasons. At 5, 9
and 24 months a follow-up questionnaire was sent to patients that responded to the preceding
questionnaire. For these questionnaires the patients needed to give permissions by an
informed consent form. The 5, 9 and 24 months follow-up questionnaire were completed by

respectively 2,384 , 2,295 and 1,781 patients. The present study used a sample of 1,781



respondents (i.¢ 21% of the original sample) on the two year post-trauma survey, which
assessed both posttraumatic stress symptoms and HRQol. [23]. To adjust the data for non-
response, a non-response analysis was conducted [23]. Multivariate logistic regression
analysis was used to examine if variables age, sex, type of injury, external cause of the injury,
hospitalization and length of stay, health status and ambulance transport were possible
determinants of non-response. The significant variables were used to adjust for response bias
by inverse probability weighting [24]. Additionally, the data were adjusted for stratification of

the sample of ED patients [23]

Questionnaire

The follow-up questionnaire included items regarding demographics of the patient, accident
category, type of injury, health care use and the Impact of Event Scale (IES), which was used
0 assess symptoms of posttraumatic stress indicative of PSTD [25]. The IES consists of 15
items, which measure intrusive re-experiences of the trauma and avoidance of trauma-related
stimuli. By combining the 15 items the total IES-score, ranging from () through 75, can be
calculated. Wohlfarth et al. showed that a cut-off score of 35 on the total IES-score produced
a sensitivity of .89, and a specificity of .94 against the DSM-IV diagnostic criteria for PTSD
as the gold standard [26]. Therefore, we assumed that an IES-score higher than 35 (IES>35)
represents sympioms of posttraumatic stress indicative of PTSD. The Dutch translation of the
IES has been found to be valid and reliable [27].

Additionally, the questionnaire included items to measure functional outcome and HRQoL.
HRQoL is an index of perceived functional outcome of an illness and disability that is
anchored between 0 (worst imaginable health state or death) and 1 (full health), thus allowing
comparison between the health status of patients with distinct diseases. To measure HRQoL,

multi-attribute utility instruments (MAUTSs) such as the Health Utility Index (HUT) or the EQ-



5D may be used [28, 29]. These instruments require the patient to report his or her health state
with a standardised generic health state classification system, which is then converted into a
health utility score nsing utility weights derived from the general population. Despite the
similarities in obtaining the health utility score, there are important variations between the
instruments regarding the health domains included in the health classification system and the
methods applied to derive the utility weights [30]. As a result of these variations, the distinct
instruments yield different utilities for similar health states. To overcome omissions in
measuring HRQoL it is important to use several instruments that have complementary health
domains [31].

Therefore, to measure functional outcome and HRQoL., the questionnaire included the EQ-5D
and the HUI mark 3 (HUI3). With the EQ-5D classification system, respondents describe their
health in three levels of severity on the health domains mobility, self-care, usual activities,
pain/discomfort and anxiety/depression [32]. Subsequently, the weight of that health state is
computed by a formula that firstly yields a partial weight score for each domain depending on
the reported level and secondly adds the utility weights (also referred to as the ‘tariff’), which
are based on preference data of the general population of the UK [33].

For instance, a patient reports some problems with walking and performing usual activities, as
well as moderate pain or discomfort (EQ-5D profile 21221}, Full health has a utility value of
1. Because the health state of the patient deviates from the best possible health state (EQ-5D
profile 11111), a fixed reduction of -.081 is applied. For the problems with walking,
performing usual activities and moderate pain or discomfort reductions are applied of -0.069,
-0.036 and -0.123 respectively. This is results in a utility of 0.691. The complete algorithm to
calculate EQ-5D utilities is published by Dolan et al. [34]

The questionnaire included 19 items regarding the presence of one or more chronic disease(s)

prior to the injury to assess comorbidity [35]. Comorbidity is defined as the presence of any



coexisting medical conditions or disease processes additional to the injury that the injury

patients sustained [36].

Primary data-analysis

For analysis of the data the Statistical Package for the Social Sciences version 14.0 was used
(SPSS Inc, Chigaco, Ill). The IES-score can be calculated if all IES items are completed. In
8% of the cases data of one of the 15 IES items was missing. For these cases, the missing IES
item was estimated by calculating the median value of 5 nearby points. The missing data was
then imputed by the estimated values [37]. If more than one of the 15 IES items was missing,
data were not imputed. Chi-square statistics (dichotomous variables) and Student t tests
(continuous variables) were used to test for differences between injury patients with IES
scores higher or lower than 35.

Univariate logistic regression and multivariate logistic regression analyses (enter method)
were used to determine the predictive value of patient demographics, accident category and
severity level of the sustained injuries with regard to posttraumatic stress symptoms indicative
of PTSD (IES>35) at two-year post-trauma. To dichotomize severity level, the injury
diagnoses were categorized into two severity classes (mild versus moderate to severe) as
previously tested by an international expert group [38]. The injury severity class moderate to
severe comprises injuries such a skull-brain injury, fracture/dislocation of the veriebral
column, fracture of pelvis and hip fracture. The injury severity class mild comprises injuries
such as superficial injury, concussion and wrist fracture.

For the analysis of the association between IES>35 and HRQoL, we selected participants that
filled in both EQ-5D and HUI3. To test differences between participants with and without
PTSD regarding their responses on each of the EQ-5D and HUI3 health domains, the non-

parametric Wilcoxon-Mann-Whitney test was conducted. Differences regarding the mean EQ-



5D and HUI3 summary scores were tested with a one-way ANOVA. P-values < 0.05 were
considered to indicate statistical significance.

Stepwise multiple regression analyses (enter method) was applied to investigate the
association between demographics (block 1), hospitalization and comorbidity (block 2)

posttraumatic stress symptoms indicative of PTSD (IES>335) (block 3) and HRQoL measured

with the EQ-5D and HUI3,

Results

Study population

Regarding the respondents on the 24-month follow-up questionnaire, the average age was
44.5 years old and 46% were female. Over one half (54%) was injured due to home and
leisure accidents. The sustained injuries of all the respondents consisted mostly of superficial
injury/open wounds (51%) and upper extremity fractures (13%). After treatment at the ED,
9% of the respondents were admitted to hospital. Approximately one third (31%) had one or
more pre-existing comorbid conditions. Table 1 shows the characteristics of the injury

patients, accident category and hospitalization status.

Association of posttraumatic stress symptoms indicative of PTSD (IES>35) with HRQol
With reference to the 1,781 respondents that completed the 24-month follow-up
questionnaire, 1,585 (89%) filled in the EQ-5D and the HUI3 and 1,380 (77.5%) filled in the
IES.

EQ-5D - Table 2 shows the responses on the EQ-5D of injury patients with TES scores higher
or lower than 35. The calculated mean EQ-5D summary score for injury patients with TES

scores>35 was 0.56, whereas for injury patients with lower IES scores the mean EQ-5D



summary score was 0.87 (1=112.0; p<0.001). Respondents with posttraumatic stress
symptoms indicative of PTSD reported significantly more problems on all five EQ-5D health
domains (p<0.001). Differences in reported problems between patients with IES scores higher
or lower than 35 were largest for EQ-5D health domains pain/discomfort ( 82% versus 28%)
and anxiety/depression (53% versus 11%).

When the responses of hospitalized and non-hospitalized injury patients with TES>35 and
IES<35 are presented separately, again patients with symptoms indicative of PTSD (IE$>35)
report significantly more problems on each of the EQ-5D health domains, resulting in a mean
EQ-5D utility loss of 0.32 for non-hospitalized patients (t=112.2; p<0.001) and 0.23 for
hospitalized patients (t=22.1; p<0.001). Compared to the injury patients without PTSD
indications, injury patients with symptoms indicative of PTSD (IES>35) at 24-months post-
trauma also had significantly lower mean EQ-5D utility scores at the 2¥4-month (t=105.0,
p<0.001), 5-month (t=100.1, p<0.001) and 9-month (t=38.1, p<0.001) follow-up.

Figure 1 shows the mean EQ-5D utility score of non-hospitalized and hospitalized patients

with and without symptoms indicative of PTSD at 2%, 5, 12 and 24 month follow-up

HUI3 — Table 2 also shows the responses on the HUI3 domains reported by injury patients
with IES-scores higher or lower than 35. For patients with IES>35 the calculated mean HUI3
summary score was 0.51 and for patients with lower IES-scores .83 (t=81.1; p<0.001).
Respondents with posttraumatic stress symptoms indicative of PTSD (IES>35) reported
significantly more problems on all HUI3 health domains, except hearing where a reverse
association was found (p<0.001). Differences in reported problems between patients with
[ES>35 and IES<35 were largest for the HUI3 health domains emotion (92% versus 33%) and
pain (84% versus 38%). Analysing the responses of non-hospitalized and hospitalized patients

with and without PTSD indications (IES>35) separately shows that hospitalized patients with



symptoms indicative of PTSD (IES>35) reported most problems. Non-hospitalized patients
with lower IES-scores reported least problems on the HUI3 health domains. Symptoms
indicative of PTSD (IES>35) were associated with a mean utikity loss of 0.33 in non-
hospitalized patients (t=80.8; t<0.001) and 0.24 in hospitalized patients (t=15.9; t=0.001)
The models tested to predict HRQoL measured with EQ-5D and HUI3 were both statistically
significant (EQ-5D: F = 80.27, p < 0.001; HUI3: F = 118.55, p<0.001). Table 3 shows that
posttraumatic stress symptoms indicative of PTSD (IES>35) are associated with decreased

HRQoL, even after controlling for possible confounders.

Discussion

Posttraumatic stress symptoms indicative of PTSD were associated with more problems on
almost all domains of functional outcome and a considerable decrease of HRQoL in both non-
hospitalized and hospitalized injury patients two years post-injury.

Previous studies on PTSD and HRQoL were conducted in clinical patient populations and
were therefore restricted to accidents and injuries at the higher end of the severity spectrum
[20-22].This study was not restricted to particular injury subgroups, such as adolescent
victims or victims with severe injuries [4, 8, 11, 12, 20]. The high variety in injuries included
in this study and the relatively large sample size allowed examination of the association of a
number of injury characteristics and posttraumatic stress symptoms indicative of PTSD.

We found that injury patients with posttraumatic stress symptoms indicative of PTSD
reported significantly more problems on all EQ-5D and almost all HUI3 health domains. A
study that investigated HRQoL with EQ-5D among patients with PTSD following cardiac
arrest reported similar findings [39]. Among adolescent victims PTSD was associated with
impairments in Role/Social Behavioral, Role/Social Physical, Bodily Pain, General Behavior,

Mental Health, and General Health Perceptions subscales of the 87-item Child Health



Questionnaire [22]. The resulting EQ-5D and HUI3 utility scores of injury patients with
PTSD found in the current study are approximately in the range of the utility scores that
Holbrook et al. derived with the multi-attribute utility instrument Quality of Well-being scale
(QWB) (0.58 — 0.62) [20]. Although the HUI3 instrument yielded significantly lower health
utility scores compared to the EQ-5D, which accords with results of other studies [40-42],
both HUI3 and EQ-5D showed that PTSD was associated with a mean utility loss of 0.17 —
0.25. This concurs with the utility loss of anxiety disorders social phobia, generalized anxiety
disorder and agoraphobia [43].

It should be noted that Holbrook et al. focused on injury patients admitted to a trauma centre
with a length of stay of more than 24 hours and patients injured due to unintentional and
intentional injury, whereas the current study included all admitted injury patients to general
and university hospitals who were injured due to unintentional injury. Moreover, Holbrook et
al. used an IES-score greater than 24 to identify patients with PTSD, whereas in the current
study a cut off of 35 was used. Evidence from studies on this matter suggests that to avoid
overestimation of the number of cases with PTSD, an IES-score of greater than 35 is more
appropriate {26, 44]. Using the DSM-1V as the diagnostic criteria for PTSD, a cut-off score of
35 produced sensitivity of .89, specificity of .94 [26]. With a cut-off point of 24, the
sensitivity is 0.91 and the specificity 0.46 [45]. To avoid over diagnosing of PTSD in a
comprehensive population with a relative low PTSD prevalence, it is important to use a high
IES cut-off score that incurs a high specificity.

Nonetheless, an important shortcoming of this study was that existence of PTSD symptoms
was measured with the IES rather than Clinician-Administered PTSD Scale for DSM-IV
(CAPS). The IES is a self-report questionnaire that measures only two of the three main
PTSD symptoms, namely intrusion and avoidance, It is not a diagnostic tool, i.e., it is not

designed to diagnose mental disorders according to the DSM-IV (the fourth edition of the



diagnostic and statistical manual for psychiatric disorders). Consequently, cases that in the
current study were identified as having PTSD symptoms might not meet the DSM-IV criteria
of clinical PTSD, and inversely. Due to differences in assessment of PTSD symptoms it is
difficult to compare the results found in this study to previous studies on PTSD and health-
related quality of life (HRQol.).

Both hospitalized and non-hospitalized injury patients with symptoms indicative of PTSD at
24 months post-injury reported a decrease in health status after 9 months, which may indicate
that the sample is starting a deterioration process. On the other hand, patients might have
overestimated their 9-month health status (and possibly also their 5-month health status),
because their frame of reference has changed as a result of a temporary decrease in health
status after the injury (response shift) [46, 47]. However, without information on PTSD status
at previous measure points, the reasons for the reductions in HRQoL at 24-months post-injury
can only be speculated about.

Functional consequences of injury, both temporary and permanent, show large variations
dependent on the injury location and injury type. In the current study we used the European
injury classification EUROCOST [48]. This classification is compatible with the International
Statistical Classification of Diseases, Injuries and Causes of Death — Ninth revision (ICD-9)
classification system an consists of 39 injury groups that are homogeneous in terms of
healthcare use, disability, as well as treatment and prognosis. In terms of anatomical
classification the EUROCOST classification is simple compared to the ICD, which provides
very detailed information on injury diagnoses by location and type of injury.

A second limitation of this study was the low response rate of the follow-up questionnaires
[23]. The 24-month follow-up questionnaire, which included the IES, was send only to those
patients who responded to the preceding three follow-op questionnaires send at 22, 5 and 9

months. This meant that only 21% of the patients of the initial sample selected for the follow-



up study filled in the 24-month follow-up questionnaire. However, the data were adjusted for
non-response and possible response bias, because the PTSD prevalence rates were calculated
using data that were weighted with respect to the original sample size and composition by
inverse probability weighting. For some aspects, such as the severity of sustained injuries, the
adjustments of non-response could be improved, since injury severity scores were not
available.

Evidence suggested that patients with very severe health problems are less likely to respond to
a survey [49]. Differential underreporting by level of severity cannot be excluded, since we
found a larger proportion of hospitalized patients among those with PTSD at 2 vears post-
injury. This could partly be caused by missing a larger share of the more severely injured
hospitalized patients among those without PTSD (e.g. comatose patients). This may have led
to a slight overestimation of the utility losses due to PTSD. However, severely injured
patients are only a minor part of the total sample and PTSD remained significantly associated
to adverse HRQoL, even after adjustment for confounders including hospitalization status.

In the current study PTSD is measured at 24 months follow-up only. A longitudinal study on
PTSD and HRQol. among injury patients might elucidate any causal relationship between
PTSD and subsequent reduced HRQol.. Furthermore, the influence of earlier HRQol. on

PTSD remains to be investigated.

Conclusions

We conclude that among patients admitted to an ED due to injuries of all causes and severity
levels posttraumatic stress symptoms indicative of PTSD are associated with decreased
HRQol even after correction for possible confounders such as comorbidity. PTSD seems a

major barrier for full recovery of injury patients of even minor levels of severity, and the



development and evaluation of ED based policies for its early diagnosis and treatment should

therefore be stimulated.
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Figure title
Figure 1. Mean EQ-5D utility score of non-hospitalized and hospitalized patients

with and without symptoms indicative of post-traumatic stress disorder (PTSS)

at 2¥2, 5,12 and 24 month follow-up



Tables

Table 1. Characteristics of the injury patients, accident category and hospitalization

status

Characteristics (n=1781)"

Patient demographics

Age 449 (sd” 23.1)
Female sex 46%
Comorbid disease 31%

Accident category

Home and leisure 34%
Traffic 16%
Occupational 13%
Sport 16%0
Hospitalization 8%

* Weighted for stratification of the sample of injury patients and non-response.

® sd = standard deviation



Table 2. Mean utility scores and percentage of reported problems on the EQ-5D and
HUI3 health domains of the respondents without and with posttraumatic stress

symptoms (PTSS) indicative of posttraumatic stress disorder

No posttraumatic stress Posttraumatic stress

symptoms

symptoms
(IES-score <35; (IES-score >35 P
n=1708) n=73)
EQ-5D
Mean EQ-5D utility score 0.87 (sd* 0.15) 0.56 (sd" 0.26) <(.001
Problems with mobﬁity 15.4% 47.0% <0.001
Problems with self-care 5.1% 18.9% <0.001
Problems with usual 16.9% 53.2% <0.001
activities
Pain/discomfort 28.1% 82.3% <0.001
Anxiety/depression 11.4% 53.9% <0.001
HUI3
Mean HUI3? utility score 0.83 (sd*0.24) 0.51 (sd® 0.26) <0.001
Problems with vision 54.1% 65.2% <(.001
Problems with hearing 8.6% 1.6% <(1.001
Problems with speech 4.6% 28.7% <(.001
Problems with ambulation 12.8% 20.4% <0.001
Problems with dexterity 10.6% 23.0% <0.001
Problems with emotion 32.5% 91.6% <0.001
Problems with cognition 14.3% 52.6% <0.001
Pain 38.4% 84.4% <0.001

*sd = standard deviation



Table 3. Predictors of health-related quality of life at 2-year fo]]ow-up§

Predictors R2 Standardized B P
EQ-5D Ape -0.023 0.335
Sex -0.134 <(1.001
Hospitalization -0.246 <(.001
Comorbidity -0.238 <0.001
PTSS -0.234 <0.00!
0.217
HUI3 Age -0.159 <0.001
Sex -0.058 0.008
Hospitalization -0.098 <0.001
Comorbidity -0.371 <0.001
PTSS -0.211 <0.001
0.278

§Araa]ysis based on stepwise multivariate regression analysis with demographics (age, sex) as block 1;
comorbidity, hospitalization and severity level of the injury as step 2, and posttraumatic stress
symptoms (PTSS) indicative of posttraumatic stress disorder as step 3.
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