L T

/

1\

BN AS  DNAS P

Downloaded at Palestinian Territory, occupied on November 25, 2021

Correction

NEUROSCIENCE

Correction for “Altered metabotropic glutamate receptor 5 markers
in PTSD: In vivo and postmortem evidence,” by Sophie E. Holmes,
Matthew J. Girgenti, Margaret T. Davis, Robert H. Pietrzak, Nicole
DellaGioia, Nabeel Nabulsi, David Matuskey, Steven Southwick,
Ronald S. Duman, Richard E. Carson, John H. Krystal, Irina Esterlis,
and the Traumatic Stress Brain Study Group, which was first pub-
lished July 17, 2017; 10.1073/pnas.1701749114 (Proc Natl Acad Sci
USA 114:8390-8395).

The authors note that the affiliation for € should instead appear
as National Center for PTSD, Clinical Neurosciences Division,
West Haven, CT 06516. The authors also note that this affiliation
shougd be applied to Steven Southwick, in addition to affiliations *
and °.

The corrected author and affiliation lines appear below. The
online version has been corrected.

Sophie E. Holmes®?, Matthew J. Girgenti®®<, Margaret T.
Davis®®, Robert H. Pietrzak®"<, Nicole DellaGioia®®,
Nabeel Nabulsi®®, David Matuskey®®, Steven Southwick®°<,
Ronald S. Duman®®<, Richard E. Carson®®, John H.
Krystal®P-<, Irina Esterlis*P<, and the Traumatic Stress
Brain Study Group

“Department of Psychiatry, Yale University School of Medicine, New Haven,
CT 06519; Department of Radiology and Biomedical Imaging, Yale
University School of Medicine, New Haven, CT 06519; and “National Center
for PTSD, Clinical Neurosciences Division, West Haven, CT 06516

www.pnas.org/cgi/doi/10.1073/pnas.1714425114

E7852 | PNAS' | September 12,2017 | vok. 114 | no. 37

WWW.pnas.org

www.manaraa.com


www.pnas.org/cgi/doi/10.1073/pnas.1714425114

-

Check for
updates

Altered metabotropic glutamate receptor 5 markers in
PTSD: In vivo and postmortem evidence

Sophie E. Holmes®?", Matthew J. Girgenti®", Margaret T. Davis**, Robert H. Pietrzak®"*, Nicole DellaGioia®®,
Nabeel Nabulsi®®, David Matuskey®?, Steven Southwick®?<, Ronald S. Duman®®<, Richard E. Carson®®,

John H. Krystal®P<, Irina Esterlis®P<

, and the Traumatic Stress Brain Study Group?

2Department of Psychiatry, Yale University School of Medicine, New Haven, CT 06519; PDepartment of Radiology and Biomedical Imaging, Yale University
School of Medicine, New Haven, CT 06519; and “National Center for PTSD, Clinical Neurosciences Division, West Haven, CT 06516

Edited by Marcus E. Raichle, Washington University in St. Louis, St. Louis, MO, and approved June 12, 2017 (received for review February 6, 2017)

Posttraumatic stress disorder (PTSD) is a prevalent and highly
disabling disorder, but there is currently no targeted pharmacolog-
ical treatment for it. Dysfunction of the glutamate system has been
implicated in trauma and stress psychopathology, resulting in a
growing interest in modulation of the glutamate system for the
treatment of PTSD. Specifically, the metabotropic glutamate re-
ceptor 5 (mGIuR5) represents a promising treatment target. We
used ['®F]FPEB, a radioligand that binds to the mGIuR5, and positron
emission tomography (PET) to quantify in vivo mGIuR5 availability
in human PTSD vs. healthy control (HCs) subjects. In an independent
sample of human postmortem tissue, we investigated expression of
proteins that have a functional relationship with mGIuR5 and glu-
cocorticoids in PTSD. We observed significantly higher cortical
mGIuR5 availability in PTSD in vivo and positive correlations be-
tween mGIuR5 availability and avoidance symptoms. In the post-
mortem sample, we observed up-regulation of SHANK1, a protein
that anchors mGIuRS5 to the cell surface, as well as decreased ex-
pression of FKBP5, implicating aberrant glucocorticoid functioning
in PTSD. Results of this study provide insight into molecular mech-
anisms underlying PTSD and suggest that mGIuR5 may be a prom-
ising target for mechanism-based treatments aimed at mitigating
this disorder.

PTSD | PET | glutamate | glucocorticoid | RNA

he lifetime prevalence of posttraumatic stress disorder
(PTSD) among adults in the United States is ~6% (1). PTSD
is triggered by a traumatic event and associated with reexper-
iencing, avoidance, negative changes in cognition and mood, and
symptoms of arousal (2). Despite the clinical, social, and eco-
nomic burden of PTSD (3), current pharmacological treatments
are ineffective in about 40% of patients (4), highlighting the
need to identify novel molecular mechanisms underlying PTSD
to develop more targeted and efficacious pharmacotherapies.
Glutamate is thought to play a key role in the pathogenesis of
PTSD (5, 6) for several reasons: glutamate underlies synaptic
plasticity and memory formation (7), stress significantly impacts
glutamate transmission (8), and the glutamate receptor antagonist
ketamine may have efficacy in treating PTSD (9). Metabotropic
glutamate receptors (mGluRs) are G protein-coupled receptors
that mediate neuromodulatory effects of glutamate, making them
a promising target for drug development (10). Considerable work
has focused on the mGlIuRS subtype, with multiple studies show-
ing that administration of mGIuRS antagonists, such as 2-methyl-
6-(phenylethynyl)pyridine (MPEP), leads to anxiolytic effects in
animal models (11-16). Of particular relevance to PTSD, animal
studies indicate that mGluRS5 activity underlies stress-induced fear
conditioning (17) and that antagonism of mGIluRS blocks the
acquisition and expression of conditioned fear (18), suggesting
that mGIuRS may play a crucial role in the storage and retrieval of
trauma-related memories in PTSD. However, studies examining
in vivo mGluRS5 availability in humans with PTSD are lacking.
In this study, we used in vivo positron emission tomography
(PET) and RNA sequencing to advance ‘our understanding of
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the role of the glutamatergic system in the pathophysiology of
PTSD. In study 1, we used PET and ['8F]FPEB, a radioligand that
binds to the negative allosteric modulator site on mGIluR5 with
high selectivity and specificity (19, 20), to quantify mGluRS
availability in individuals with PTSD. We hypothesized that cortical
mGIuRS5 availability would be altered in PTSD, with the largest
alterations in individuals with the most severe PTSD symptoms.
We also hypothesized that PTSD-related alterations in mGluRS5
availability in the PET study might reflect stress effects on receptor
trafficking, which could be mediated by alterations in the levels of
scaffolding proteins for mGluR5s, Homer, and SHANK-1. To
evaluate this hypothesis, in a second study, we measured the gene
expression levels for Homer and SHANK-1 in ventral prefrontal
cortex (PFC) postmortem tissue from an independent sample of
individuals with and without PTSD. We also examined gene ex-
pression for FKBPS, a cochaperone for the glucocorticoid receptor
(GR) that has been implicated in PTSD (21-25).

Results

Elevated mGIuR5 Availability in PTSD—PET Findings. Cortical mGIluRS
availability was significantly higher in the PTSD group relative to
the healthy control (HC) group by an average of 19% (F; 53 = 4.24,
P = 0.049) (Fig. 1 A and B and Table 1). Regional exploratory
analyses revealed significantly higher mGIuRS availability and large
effect sizes in the PTSD group compared with the HC group in
dorsolateral prefrontal cortex (dIPFC; P = 0.034; Cohen’s d = 0.77)
and orbitofrontal cortex (OFC; P = 0.044; d = (0.74), with trend
significance in ventromedial prefrontal cortex (vmPFC; P = 0.052;
d =0.70) and parietal (P = 0.050; d = 0.71), temporal (P = 0.072;
d = 0.65), and occipital cortices (P = 0.066; d = 0.66). Variances
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Fig. 1. mGIuR5 availability in PTSD: PET findings. (A) Parametric ['®FIFPEB V; images overlaid onto T1-weighted MRI in template space for a representative
PTSD subject (Upper: 29-y-old male) and HC subject (Lower: 27-y-old male) in transaxial, coronal, and sagittal planes. (B) mGIuR5 availability in PTSD (n = 16)
compared with HC (n = 16). (C) Correlation between mGIuR5 availability in the dIPFC and scores on the avoidance subscale of the PCL. Error bars represent SD.
P values obtained from exploratory MANCOVAs. Pearson’s r was used for correlation analysis. *Significant at P < 0.05.

were equal across groups as determined by Levene’s test (P values:
dIPFC, 0.132; OFC, 0.078; vmPFC, 0.075; parietal, 0.054; occipi-
tal, 0.114; temporal, 0.155). mGluRS5 availability was assessed in
subcortical regions (caudate, putamen, amygdala, hippocam-
pus, and ventral striatum) as an exploratory analysis. Volume of
distribution (Vr) values were consistently higher in the PTSD
vs. HC group, but only ventral striatum reached significance
(Table S1).

In the PTSD group, we found significant positive correlations
between mGIluR5 availability and scores on the avoidance sub-
scale of the PTSD checklist (PCL) across all regions [dIPFC (r =
0.61, P = 0.012), OFC (r = 0.58, P = 0.020), vmPFC (r = 0.59,
P = 0.016), parietal cortex (r = 0.56, P = 0.025), temporal cortex
(r = 0.60, P = 0.014), and occipital cortex (r = 0.58, P = 0.018)
(Fig. 1C)] and with the avoidance subscale of the Clinician-

Administered PTSD Scale (CAPS) in all PFC regions [dIPFC
(r = 0.56, P = 0.037), OFC (r = 0.56, P = 0.039), vimPFC (r =
0.56, P = 0.039), and temporal cortex (r = 0.58, P = 0.031)]. No
significant correlations between total CAPS or PCL scores or
with the other subscales (reexperiencing, numbness, hyper-
arousal) were observed. There were no significant correlations
between mGIluRS availability and age, body mass index, or du-
ration of illness in either PTSD or HC group.

To assess the reliability of these analyses, we conducted
bootstrapped analyses with 10,000 replicates; results of these
analyses revealed P values of <0.001 for correlations between
avoidance symptoms and mGluRS5 in dIPFC, vmPFC, OFC, and
temporal cortex and 0.001 for mGluRS5 in parietal and occipital
cortices. P values for all other correlations were >0.046.

Table 1. Regional ["®F]FPEB V; (mGIuRS availability) for PTSD vs. HC

Region HC (n = 16) PTSD (n = 16) Difference, % Cohen’s d P value*
dIPFC 30.25 (5.78) 36.40 (9.67) 204 0.77 0.034"
OFC 28.07 (5.23) 33.71 (9.45) 20.1 0.74 0.044"
vmPFC 29.73 (5.48) 35.16 (9.54) 18.2 0.70 0.052
Parietal cortex 27.06 (5.12) 32.44 (9.40) 19.9 0.71 0.050
Temporal cortex 29.44 (5.52) 34.30 (9.09) 16.5 0.65 0.072
Occipital cortex 26.73 (5.11) 31.38 (8.47) 17.4 0.66 0.066

Values are given as mean (SD).
*P values obtained from MANCOVAs, with age and sex as covariates.
TSignificant at P < 0.05.
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Up-Regulation of SHANK-1 and Down-Regulation of FKBP5 in PTSD—
Postmortem Findings. Our analysis revealed a statistically signifi-
cant 3.5-fold reduction in FKBP5 expression (+1.4; Bonferroni-
corrected P < 0.05; n = 19) and a 3.8-fold up-regulation of
SHANK-1 (£0.45; Bonferroni-corrected P < 0.05; n = 19) in
postmortem tissue of individuals with PTSD (Fig. 2 and Table S2).
mGIluR5, Homer, FKBP1a, and FKBPS did not differ between
groups (Table S2). There were no significant differences in tran-
script expression between the individuals with PTSD who were
medicated and nonmedicated at time of death.

Discussion

We report significantly higher cortical mGluRS availability in
medication-free individuals with PTSD compared with HCs. We
also found an association between higher mGIuRS availability
and an increase in avoidance symptoms, with the strongest as-
sociations occurring in the PFC. With ['®F]FPEB PET, we are
likely quantifying mGluRS at the cell surface but not internalized
receptors. Given that the mGIluRS gene expression was not in-
creased in the postmortem tissue, higher ligand binding to
mGIluRS5 receptors in vivo might reflect increased trafficking of
receptors or stabilization of receptors at the neuronal membrane
surface. Consistent with this hypothesis, SHANK-1 gene ex-
pression was up-regulated.

The mechanism underlying the up-regulation of mGIuRS is
not yet clear. A growing range of glutamate-related alterations
are associated with PTSD (26). The association between higher
mGluRS5 availability and increased SHANK-1 gene expression
raises the possibility of a coordinated pattern of synaptic adap-
tations in PTSD that serves to enhance the stabilization of
mGluRSs at the synapse. The processes driving these adaptations
need to be examined. Preclinical studies indicate that acute ad-
ministration of corticosterone (27) and acute stress-induced in-
creases in corticosterone (28) reduce the expression of mGluRS5.
However, PTSD seems to be associated with down-regulation
of the glucocorticoid-related gene serum- and glucocorticoid-
regulated kinase 1 (SGK1) (29) and now, FKBPS. Both SGK1
and FKBPS5 gene expressions are enhanced by cortisol exposure
in animals (30, 31). These findings raise the possibility that up-
regulated mGIuRS5 availability and SHANK-1 gene expression
could be related to the observed deficits in glucocorticoid sig-
naling in PTSD (32-35).

The 3.5-fold decrease in FKBPS5 expression that we found in
postmortem PTSD compared with comparison samples is con-
sistent with previous work showing decreased FKBP5 expression
in WBCs and brain after trauma (21, 22, 36). FKBPS5 regulates
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Fig. 2. RT-PCR analysis of selected genes in_control and PTSD subgenual
PFC. Dotted lines indicate control (no change). Error bars represent SEM.
*Significant at P < 0.05 (independent samples t tests).
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the cortisol binding affinity and nuclear translocation of the GR
(23). It is thought that changes in FKBPS5 may facilitate en-
hanced GR responsiveness and lower cortisol levels in PTSD
(23). Indeed, deletion of the FKBP5 gene in mice increases the
sensitivity of the hypothalamic—pituitary—adrenal (HPA) axis to
negative feedback by glucocorticoids, leading to lower cortisol
levels after acute stress (24), similar to what is seen in PTSD (32—
35). Decreased FKBP5 adds to the evidence implicating dys-
function of glucocorticoid function in PTSD and is consistent
with our previous finding of decreased SGKI1 (29). The fact that
we found no differences in FKBP1a or FKBPS suggests that our
findings are specific to FKBPS.

Alterations in mGluRS5 could play a role in the etiology of
PTSD. Preclinical research indicates that mGIuRS plays a crucial
role in fear-conditioning models, which are used to mimic the
traumatic events that induce the symptoms of PTSD. For ex-
ample, mGIuRS activity leads to enhancement of contextual fear
conditioning after stress, and antagonism of mGIuRS abolishes
this effect (17). Several other studies have shown that antago-
nism of mGIuRS5 (18, 37, 38) and genetic deletion of mGIluRS
(39) block or reduce fear conditioning and that fear conditioning
is associated with increased expression of mGIluRS5 (18). Fur-
thermore, a wealth of research shows that mGIuR5 antagonists
have anxiolytic effects in animal models (10-15), and we recently
showed that down-regulating mGIuRS is associated with a de-
crease in anxiety symptoms in individuals with major depressive
disorder (MDD) (40). The correlation between mGluRS5 avail-
ability and avoidance symptoms suggests that mGIuRS could be a
symptom-specific target. Indeed, PTSD symptom clusters may
have distinct neurobiological underpinnings (41-43). The fact
that we found significant correlations between mGIuRS avail-
ability and avoidance symptoms as measured by both the clinician-
administered CAPS and the self-rated PCL limits the likelihood
of a false positive. Avoidance is hypothesized to be the driving
force that perpetuates PTSD (44) and significantly impairs quality
of life (45, 46), highlighting the importance of elucidating its
molecular underpinnings. The fact that we found a correlation
with PTSD symptoms in the PFC specifically is consistent with the
known role of the PFC in regulating threat-related processing (47)
and data from neuroimaging studies showing impaired function in
PFC in individuals with PTSD (48-50). Furthermore, although we
show that mGluRS5 is globally higher in PTSD, the dIPFC and
OFC showed the greatest difference. Dysfunction of the PFC in
PTSD is thought to play a key role in fear conditioning (47) as well
as cognitive—emotional interactions and social-emotional process-
ing (51). Dysregulation of mGIuRS in the dIPFC might, therefore,
underlie PTSD symptoms. Impairments in OFC functioning have
been associated with impulsivity (52). Dysregulation of mGIuRS
in the OFC might, therefore, play a role in the association be-
tween PTSD and impulsive behaviors, including substance abuse
(53), self-harm (54), and aggression (55). Interestingly, Akkus
et al. (56) showed a positive correlation between mGIuRS and
anxiety-related symptoms in Obsessive Compulsive Disorder
(OCD) using PET. There is substantial symptomatic overlap be-
tween OCD and PTSD, with fear, anxiety, and avoidance symp-
toms being key to both disorders. Elevated mGluRS5 availability
in both PTSD and OCD could, therefore, represent a shared
neurobiological substrate.

Methodological limitations of this study must be noted. First,
the comparison groups in the PET and postmortem studies were
not matched for trauma exposure. A comparison of individuals
who developed PTSD after trauma vs. trauma-exposed individ-
uals without PTSD would be most informative in identifying
genetic and molecular mechanisms underlying PTSD. However,
the use of trauma-expose comparison subjects is not always
practically feasible, especially with postmortem samples. Second,
in studies using postmortem human brain tissue, it is not always
possible to rule out perimortem or postmortem confounds, and
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results from postmortem samples should be interpreted with this
in mind. Furthermore, in postmortem studies, it is not feasible to
control for comorbid diagnoses as stringently as in in vivo stud-
ies. Table S3 indicates that the majority of PTSD subjects who
donated their brains had some form of comorbid drug or alcohol
disorder, consistent with PTSD and substance abuse/dependence
being highly comorbid (53). Therefore, some caution is required
in the interpretation of findings. However, based on existing
literature, we attribute our postmortem results to the diagnosis
of PTSD rather than comorbidities or peri- or postmortem fac-
tors. For example, a recent ['*F]FPEB PET study found a re-
duction in mGluRS in alcohol addiction (57), and another study
using the mGIuR5 radioligand ["'C]JABP688 showed reduced
binding in cocaine-dependent subjects (58). Conversely, we found
no evidence of down-regulation of mGluRS, and the up-regulation
of SHANKI1 is consistent with increased expression of mGluRS at
the cell surface as shown by our PET findings. Third, a compre-
hensive measure of postmortem protein levels was beyond the
scope of our study because of the limited number of samples
available in the current PTSD brain bank. The proposed corre-
lation of RNA to protein is normally between 30 and 60% (59).
Our previous finding of decreased expression of SGK1 (29) and
this finding of decreased FKBPS5 expression in postmortem PTSD
are consistent with research indicating that PTSD is associated
with glucocorticoid dysfunction. Taken together with the research
showing that changes in glucocorticoid function are associated
with changes in mGIuRS5 and scaffolding proteins (17, 60, 61), we
conclude that our RNA findings are consistent with changes in
protein levels. Fourth, 9 of 16 PTSD participants in the PET study
had comorbid MDD, reflecting the high comorbidity and symp-
tomatic overlap between PTSD and depressive symptoms (62).
Previously, mGluRS availability was reported to be lower in MDD
(63, 64). However, more recent studies have shown no differences
between MDD and HC groups (65, 66). Sample size limited ex-
amination of the additive effects of MDD in this study; however,
future work should examine the potential effects. Fifth, our out-
come measure was Vr, which includes both specific and non-
specific binding. It was not possible to measure specific binding
directly because of the lack of a region devoid of mGluRS5 in the
human brain (67, 68). Potential confounds that might affect
mGIuRS binding were taken into account. Smoking has been
shown to be associated with a marked global reduction in mGluR5
(69). The PTSD and HC groups were, therefore, matched for
smoking status. Although the number of smokers was low in each
group (n = 4), limiting the investigation of smoking effects on
mGluRS5 availability, we found no significant main or interaction
effects of smoking (Table S4). Glutamate contributes to control of
the circadian system, and mGluRs are thought to be play a role in
circadian rhythms (70), raising the possibility that mGIuRS binding
may be affected by the time of scanning. To limit this potential
confound, participants in both groups were well-matched for time
of scan (all were scanned in the afternoon within 2 h of each other).
As an exploratory analysis, we investigated the relationship between
sleep disturbance and mGluRS availability within the PTSD
group but found no correlations (SI Text).

This study investigates mGluRS5 in vivo in PTSD and aims to
examine mGIluR5- and glucocorticoid-related protein expression
in postmortem tissue of individuals with PTSD. We provide ev-
idence for higher mGluRS availability in PTSD, which may be
related to avoidance symptoms specifically. In the postmortem
study, we found increased expression of SHANK-1, which could
be responsible for anchoring a greater number of mGluRSs to
the cell surface, possibly as a result of aberrant glucocorticoid
functioning. Collectively, results of this study provide insight into
the molecular mechanisms underlying PTSD and could help in-
form the development of targeted and effective treatments,
which are critically important because of the impairing nature of
PTSD, the associated high suicide risk, and the current lack of
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targeted pharmacological treatments. Additional research is
needed to confirm our findings, clarify the association between
mGluRS5 and glucocorticoid functioning, and evaluate whether
targeting mGluR5 may help mitigate symptoms of PTSD.

Materials and Methods

PET Imaging of mGIuR5.

Participants. Sixteen medication-free individuals with PTSD (mean + SD age =
36.5 + 8.8 y old; 10 females) and 16 age-, smoking-, and sex-matched HC
individuals (mean + SD age = 36.4 + 11.0 y old) participated in the PET study;
9 of 16 individuals with PTSD also met criteria for MDD, but there were no
other comorbid diagnostic and statistical manual of mental disorders (DSM-
IV) diagnoses. All participants ranged in age from 18 to 55 y old. Table S5
shows demographic and clinical characteristics of the sample. Participants
underwent physical and neurological examination to rule out any major
medical or neurological illness. Screening involved electrocardiography,
complete blood counts, serum chemistries, thyroid function test, liver function
test, urinalysis and urine toxicology screening, and plasma pregnancy tests (for
women). Diagnosis was confirmed using the Structured Clinical Interview for
DSM-IV (71). PTSD and mood symptoms were additionally assessed using the
DSM-IV CAPS (72), the DSM-IV PCL (71), the Montgomery-Asberg Depression
Scale (73), and the Hamilton Depression Rating Scale (74). Scores on the CAPS
and the PCL were broken down according to the following symptom clusters:
reexperiencing (including distressing recollections, dreams and flashbacks of
the traumatic event, and psychological and physiological reactions to cues
associated with the event), avoidance (including efforts to avoid thoughts,
feelings, places, or people associated with the trauma and an ability to recall
important aspects of the trauma), numbing (including anhedonia, feelings of
detachment, and restricted range of affect), and hyperarousal (including hy-
pervigilance, exaggerated startle response, difficulties sleeping, and concen-
trating). The DSM-IV combines avoidance and numbing symptom in one
subscale, however, factor analysis (75) indicates that avoidance and numbing
are distinct symptom clusters of PTSD, which are reflected in DSM-V criteria.
As such, we combined the scores of the avoidance items (efforts to avoid
thoughts, feelings, or conversations associated with the trauma and efforts
to avoid activities, places, or people that arouse recollections of the trauma)
and scores of the numbing items separately. Types of trauma included sexual
abuse (n = 4), witnessing of shooting (n = 3), military combat (n = 2), physical
abuse (n = 2), car accident (n = 2), sexual assault (n = 1), human trafficking
(n = 1), and robbery at gunpoint (n = 1). Exclusion criteria were lifetime
history of bipolar disorder or schizophrenia; diagnosis of alcohol or sub-
stance abuse (past 6 mo) or dependence (past 12 mo), except for nicotine
dependence; positive urine toxicology or pregnancy tests before any scan;
psychotropic medication within the past 2 mo; history of loss of conscious-
ness for more than 5 min; significant medical condition; and contraindica-
tions to MRI/PET scans. Exclusion criteria were the same for the HC group,
except for the addition of no current or history of any DSM-IV diagnosis,
except for nicotine dependence. The Yale University Human Investigation
Committee and the Radioactive Drug Research Committee approved the
study. All participants provided written informed consent before inclusion in
the study.

MRI and PET scanning. T1-weighted MRI scans were acquired on a 3T scanner
(Trio; Siemens Medical Systems) to exclude structural abnormality and for
coregistration with PET. ['®F]FPEB was synthesized onsite as described pre-
viously (19). ['®F]FPEB was administered i.v. as bolus plus infusion for
120 min, with a Ky of 190 min (19, 76). Based on previous studies showing
that equilibrium was reached at 60 min, emission data were acquired 90—
120 min after the start of injection on the high-resolution research tomograph
(Siemens/CTl), which has intrinsic spatial resolution of ~2.5 mm FWHM. We
have previously shown that venous and arterial concentrations are well-
matched at equilibrium, allowing venous sampling to be collected for me-
tabolite correction as opposed to the more invasive arterial sampling (19). We
also showed good test-retest variability (mean TRV of 12%) of ['®FIFPEB
binding using this approach (19). Venous samples were acquired at 15, 20, 25,
30, 40, 50, 60, 75, 90, 105, and 120 min postinjection for calculation of a
metabolite-corrected venous input function as validated previously (19). A
6-min transmission scan was obtained for attenuation correction. Head motion
was tracked using the Polaris Vicra optical tracking system (Vicra; NDI System).
There were no significant differences in the injected dose or mass between
PTSD and HC groups (P = 0.40 and P = 0.78, respectively) (Table S5). Dynamic
scan data were reconstructed with corrections for attenuation, normalization,
randoms, scatter, dead time, and motion using the ordered subset expectation
maximization-based MOLAR algorithm (77). PET acquisition and quantitation
were performed under blind conditions: radiotracer synthesis and data analyses
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were performed based on anonymized identification numbers and without
knowledge of psychiatric status.

PET image analysis. PET images were coregistered to each participant’s
T1-weighted MRI images using a six-parameter mutual information algo-
rithm (FLIRT; FSL 3.2, Analysis Group, FMRIB), which was then coregistered to
the magnetic resonance template by nonlinear transformation using the
Bioimagesuite software (version 2.5; www.bioimagesuite.com). Regions of
interest (ROIs) from the Anatomical Automatic Labeling for SPM2 template
were used. ROIs included subdivisions of the PFC: vmPFC, OFC, dIPFC, parietal
cortex, temporal cortex, and occipital cortex. The primary dependent vari-
able, mean cortical mGIuR5 availability, represents mean mGIuR5 availability
across these regions. Gray matter segmentation was conducted using
FSL-FAST, and a gray matter mask was applied to the ROIs. Given the lack of
a reference region for mGIuR5 targets (78), Vr (ratio of radioligand con-
centration in ROI to the concentration in plasma at equilibrium) was used as
the outcome measure. Vy was estimated by the equilibrium analysis method
described previously (76) and a venous plasma input function (19).

Postmortem Gene Expression Analysis. Quantitative RT-PCR (qQRT-PCR) was
performed on Brodmann Area 25 (BA 25; part of vmPFC and anterior cingulate)
in 19 individuals with PTSD (mean age + SD = 47.6 + 10.9 y old; 10 females) and
19 matched comparison subjects without PTSD (mean age = 50.1 + 10.4 y old;
10 females) (Table S6). gQRT-PCR was performed, and primers for the transcripts
of FKBP5, SHANK-1, mGlur5, and Homer were designed to test mGIuR5- and
glucocorticoid-related genes. At the time of death, 13 of 19 individuals with
PTSD were on an antidepressant, and 10 of 19 comparison subjects were using
an over the counter medication. Details of cause of death are in Tables S3 and
S7. The average postmortem interval (PMI) was 15.6 h (+5.7) in the PTSD
samples and 18.8 h (+7.1) in comparison samples. There were no significant
differences between PTSD and HC samples in age, PMI, pH, or RNA integrity
number. RNA was isolated from subgenual anterior cingulate cortex (sgACC)
(BA 25) using the RNEasy Plus Mini kit (Qiagen); 1 pg was reverse-transcribed
into ¢cDNA using oligo-dT primers and reverse transcriptase. RNA was then
hydrolyzed and resuspended in nuclease-free water. Gene-specific primers
were designed using Primer 3 freeware (bioinfo.ut.ee/primer3-0.4.0/primer3/)
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and tested for efficiency and specificity by serial dilution and melt curve
analysis. Sybr Green mix (ABI) was used to amplify cDNA, and fold regulation
was calculated using the 2-delta delta threshold cycle (2-DDCt) method. The
2-DDCt analysis calculates relative gene expression levels between different
samples by using threshold cycles generated by the fluorescent signal of the
amplicon during quantitative PCR (79).

Statistics. For the PET study, statistical analysis was performed in SPSS Sta-
tistics v22 (IBM Corp.). Independent samples t tests were used to assess dif-
ferences between demographic and radiotracer characteristics across groups.
Group differences in mGIuRS5 availability (['®FIFPEB V) were assessed using a
univariate analysis of covariance, with mean cortical V1 as the dependent
variable, diagnosis as the independent variable, and age and sex as cova-
riates. Regional exploratory analyses were carried out using multivariate
analysis of covariance (MANCOVA) adjusted for age and sex. Sphericity of
the data was checked by Mauchly’s test and corrected by the Greenhouse-
Geisser procedure if violated. Homogeneity of variances was checked by
Levene’s test. Pairwise comparisons were subsequently carried out to de-
termine regional V differences. To evaluate associations between mGIuR5
availability and clinical and demographic variables, which were normally
distributed based on Shapiro-Wilk tests, we computed Pearson’s r. Find-
ings were considered significant at the P < 0.05 level. For the postmortem
study, differences in transcriptional changes in PTSD relative to compari-
son samples were evaluated using Graphpad Prism v6 (Graphpad Software
Inc.), with fold changes calculated using the 2-DDCt method. Independent
samples t tests followed by Bonferroni correction were used to assess
statistical differences in the fold regulations calculated.

ACKNOWLEDGMENTS. We thank the staffs at the Yale PET Center, the
National Center for PTSD (West Haven Campus), and the Yale Center for
Clinical Investigation (YCCI), the individuals who took part in the PET study,
and those who donated their brain tissue. Funding support was provided
by the Veterans Affairs National Center for PTSD (R.H.P., R.S.D., J.H.K., and
I.E.), National Institute of Mental Health (NIMH) Grants KO1TMH092681 and
ROTMH104459 (to I.E.), a Dana Foundation Grant (to I.E.), and the YCCI.

19. Park E, et al. (2015) Test-retest reproducibility of the metabotropic glutamate re-
ceptor 5 ligand ['®F]FPEB with bolus plus constant infusion in humans. Eur J Nuc/ Med
Mol Imaging 42:1530-1541.

20. Wong DF, et al. (2013) 18F-FPEB, a PET radiopharmaceutical for quantifying metab-
otropic glutamate 5 receptors: A first-in-human study of radiochemical safety, bio-
kinetics, and radiation dosimetry. J Nuc/ Med 54:388-396.

21. YehudaR, et al. (2009) Gene expression patterns associated with posttraumatic stress
disorder following exposure to the World Trade Center attacks. Biol Psychiatry 66:
708-711.

22. van Zuiden M, et al. (2012) Glucocorticoid receptor pathway components predict
posttraumatic stress disorder symptom development: A prospective study. Biol
Psychiatry 71:309-316.

23. Binder EB (2009) The role of FKBP5, a co-chaperone of the glucocorticoid receptor in the
pathogenesis and therapy of affective and anxiety disorders. Psychoneuroendocrinology
34:5186-5195.

24. Touma C, et al. (2011) FK506 binding protein 5 shapes stress responsiveness: Modu-
lation of neuroendocrine reactivity and coping behavior. Biol Psychiatry 70:928-936.

25. Gillespie CF, Phifer J, Bradley B, Ressler KJ (2009) Risk and resilience: Genetic and
environmental influences on development of the stress response. Depress Anxiety 26:
984-992.

26. Averill LA, et al. (2017) Glutamate dysregulation and glutamatergic therapeutics for
PTSD: Evidence from human studies. Neurosci Lett 649:147-155.

27. Besheer J, Fisher KR, Jaramillo AA, Frisbee S, Cannady R (2014) Stress hormone ex-
posure reduces mGIuR5 expression in the nucleus accumbens: Functional implications
for interoceptive sensitivity to alcohol. Neuropsychopharmacology 39:2376-2386.

28. Wagner KV, et al. (2013) Homer1 mediates acute stress-induced cognitive deficits in
the dorsal hippocampus. J Neurosci 33:3857-3864.

29. Licznerski P, et al.; Traumatic Stress Brain Study Group (2015) Decreased SGK1 ex-
pression and function contributes to behavioral deficits induced by traumatic stress.
PLoS Biol 13:21002282.

30. Lee RS, et al. (2010) Chronic corticosterone exposure increases expression and de-
creases deoxyribonucleic acid methylation of Fkbp5 in mice. Endocrinology 151:
4332-4343.

31. Anacker C, et al. (2013) Role for the kinase SGK1 in stress, depression, and glucocorticoid
effects on hippocampal neurogenesis. Proc Nat/ Acad Sci USA 110:8708-8713.

32. Yehuda R, et al. (1995) Low urinary cortisol excretion in Holocaust survivors with
posttraumatic stress disorder. Am J Psychiatry 152:982-986.

33. Yehuda R, et al. (1990) Low urinary cortisol excretion in patients with posttraumatic
stress disorder. J Nerv Ment Dis 178:366-369.

34. Boscarino JA (1996) Posttraumatic stress disorder, exposure to combat, and lower
plasma cortisol among Vietnam veterans: Findings and clinical implications. J Consult
Clin Psychol 64:191-201.

Holmes et al.

www.manaraa.com


http://www.bioimagesuite.com/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701749114/-/DCSupplemental/pnas.201701749SI.pdf?targetid=nameddest=ST6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701749114/-/DCSupplemental/pnas.201701749SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701749114/-/DCSupplemental/pnas.201701749SI.pdf?targetid=nameddest=ST7
http://bioinfo.ut.ee/primer3-0.4.0/primer3/
www.pnas.org/cgi/doi/10.1073/pnas.1701749114

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Goenjian AK, et al. (1996) Basal cortisol, dexamethasone suppression of cortisol, and
MHPG in adolescents after the 1988 earthquake in Armenia. Am J Psychiatry 153:
929-934.

Young KA, Thompson PM, Cruz DA, Williamson DE, Selemon LD (2015) BA11
FKBP5 expression levels correlate with dendritic spine density in postmortem PTSD
and controls. Neurobiol Stress 2:67-72.

Rodrigues SM, Bauer EP, Farb CR, Schafe GE, LeDoux JE (2002) The group | metabo-
tropic glutamate receptor mGIuR5 is required for fear memory formation and long-
term potentiation in the lateral amygdala. J Neurosci 22:5219-5229.

Gravius A, Pietraszek M, Schmidt WJ, Danysz W (2006) Functional interaction of
NMDA and group | metabotropic glutamate receptors in negatively reinforced
learning in rats. Psychopharmacology (Berl) 185:58-65.

Xu J, Zhu Y, Contractor A, Heinemann SF (2009) mGIuRS5 has a critical role in inhibitory
learning. J Neurosci 29:3676-3684.

Esterlis I, et al. (April 11, 2017) Ketamine-induced reduction in mGIuR5 availability is
associated with an antidepressant response: An [(11)C]JABP688 and PET imaging study
in depression. Mol Psychiatry, 10.1038/mp.2017.58.

Hopper JW, Frewen PA, van der Kolk BA, Lanius RA (2007) Neural correlates of re-
experiencing, avoidance, and dissociation in PTSD: Symptom dimensions and emotion
dysregulation in responses to script-driven trauma imagery. J Trauma Stress 20:
713-725.

Norrholm SD, Jovanovic T (2010) Tailoring therapeutic strategies for treating post-
traumatic stress disorder symptom clusters. Neuropsychiatr Dis Treat 6:517-532.
Pietrzak RH, et al. (2014) Association of in vivo x-opioid receptor availability and the
transdiagnostic dimensional expression of trauma-related psychopathology. JAMA
Psychiatry 71:1262-1270.

Rauch S, Foa E (2006) Emotional processing theory (EPT) and exposure therapy for
PTSD. J Contemp Psychother 36:61-65.

Lunney CA, Schnurr PP (2007) Domains of quality of life and symptoms in male vet-
erans treated for posttraumatic stress disorder. J Trauma Stress 20:955-964.

Schnurr PP, Lunney CA (2008) Exploration of gender differences in how quality of life
relates to posttraumatic stress disorder in male and female veterans. J Rehabil Res
Dev 45:383-393.

Bishop S, Duncan J, Brett M, Lawrence AD (2004) Prefrontal cortical function and
anxiety: Controlling attention to threat-related stimuli. Nat Neurosci 7:184-188.
Liberzon I, Martis B (2006) Neuroimaging studies of emotional responses in PTSD. Ann
N Y Acad Sci 1071:87-109.

Shin LM, et al. (2004) Regional cerebral blood flow in the amygdala and medial
prefrontal cortex during traumatic imagery in male and female Vietnam veterans
with PTSD. Arch Gen Psychiatry 61:168-176.

Etkin A, Wager TD (2007) Functional neuroimaging of anxiety: A meta-analysis of
emotional processing in PTSD, social anxiety disorder, and specific phobia. Am J
Psychiatry 164:1476-1488.

Liberzon |, Sripada CS (2008) The functional neuroanatomy of PTSD: A critical review.
Prog Brain Res 167:151-169.

Winstanley CA, Theobald DEH, Cardinal RN, Robbins TW (2004) Contrasting roles of
basolateral amygdala and orbitofrontal cortex in impulsive choice. J Neurosci 24:
4718-4722.

Jacobsen LK, Southwick SM, Kosten TR (2001) Substance use disorders in patients with
posttraumatic stress disorder: A review of the literature. Am J Psychiatry 158:
1184-1190.

Sacks MB, Flood AM, Dennis MF, Hertzberg MA, Beckham JC (2008) Self-mutilative
behaviors in male veterans with posttraumatic stress disorder. J Psychiatr Res 42:
487-494.

Jakupcak M, et al. (2007) Anger, hostility, and aggression among Iraq and Afghani-
stan War veterans reporting PTSD and subthreshold PTSD. J Trauma Stress 20:
945-954.

Akkus F, et al. (2014) Metabotropic glutamate receptor 5 binding in patients with
obsessive-compulsive disorder. Int J Neuropsychopharmacol 17:1915-1922.

Holmes et al.

57.

58.

59.

60.

6

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

72.

74.

75.

76.

77.

78.

79.

Leurquin-Sterk G, et al. (2016) Positive association between limbic metabotropic
glutamate receptor 5 availability and novelty-seeking temperament in humans: An
18F-FPEB PET study. J Nuc/ Med 57:1746-1752.

Milella MS, et al. (2014) Limbic system mGIuR5 availability in cocaine dependent
subjects: A high-resolution PET [(11)C]JABP688 study. Neuroimage 98:195-202.

Vogel C, Marcotte EM (2012) Insights into the regulation of protein abundance from
proteomic and transcriptomic analyses. Nat Rev Genet 13:227-232.

Orlowski D, Elfving B, Miiller HK, Wegener G, Bjarkam CR (2012) Wistar rats subjected
to chronic restraint stress display increased hippocampal spine density paralleled by
increased expression levels of synaptic scaffolding proteins. Stress 15:514-523.

. Pinheiro S, et al. (2016) Tau mislocation in glucocorticoid-triggered hippocampal

pathology. Mol Neurobiol 53:4745-4753.

Gros DF, Price M, Magruder KM, Frueh BC (2012) Symptom overlap in posttraumatic
stress disorder and major depression. Psychiatry Res 196:267-270.

Fatemi SH, Folsom TD, Rooney RJ, Thuras PD (2013) mRNA and protein expression for
novel GABAA receptors 6 and p2 are altered in schizophrenia and mood disorders;
relevance to FMRP-mGIuR5 signaling pathway. Trans/ Psychiatry 3:e271.
Deschwanden A, et al. (2011) Reduced metabotropic glutamate receptor 5 density in
major depression determined by [(11)CJABP688 PET and postmortem study. Am J
Psychiatry 168:727-734.

Abdallah C, et al. (2017) mGIuR5 and glutamate involvement in MDD: A multimodal
imaging study. Biol Psychiatry 2:449-456.

Delorenzo C, et al. (2015) Characterization of brain mGIuR5 binding in a pilot study
of late-life major depressive disorder using positron emission tomography and
["'CIABP688. Transl Psychiatry 5:693.

DeLorenzo C, et al. (2011) In vivo positron emission tomography imaging with [''CIABP68S:
Binding variability and specificity for the metabotropic glutamate receptor subtype
5 in baboons. Eur J Nucl Med Mol Imaging 38:1083-1094.

Kéagedal M, et al. (2013) A positron emission tomography study in healthy volunteers
to estimate mGIuR5 receptor occupancy of AZD2066 - estimating occupancy in the
absence of a reference region. Neuroimage 82:160-169.

Akkus F, et al. (2013) Marked global reduction in mGIuR5 receptor binding in smokers
and ex-smokers determined by [11CJABP688 positron emission tomography. Proc Nat/
Acad Sci USA 110:737-742.

Gannon RL, Millan MJ (2011) Positive and negative modulation of circadian activity rhythms
by mGIuR5 and mGIuR2/3 metabotropic glutamate receptors. Neuropharmacology 60:
209-215.

. American Psychiatric Association (2000) Diagnostic and Statistical Manual of Mental

Disorders: DSM-IV-TR (American Psychiatric Association, Washington, DC).
Blake D, et al. (1990) A clinician rating scale for assessing current and lifetime PTSD:
The CAPS-1. Behav Ther 13:187-188.

. Montgomery SA, Asberg M (1979) A new depression scale designed to be sensitive to

change. Br J Psychiatry 134:382-389.

Hamilton M (1967) Development of a rating scale for primary depressive illness. Br J
Soc Clin Psychol 6:278-296.

King DW, Leskin GA, King LA, Weathers FW (1998) Confirmatory factor analysis of the
clinician-administered PTSD Scale: Evidence for the dimensionality of posttraumatic
stress disorder. Psychol Assess 10:90-96.

Sullivan JM, et al. (2013) Kinetic analysis of the metabotropic glutamate subtype
5 tracer [(18)F]FPEB in bolus and bolus-plus-constant-infusion studies in humans.
J Cereb Blood Flow Metab 33:532-541.

Carson RE, Barker WC, Liow J-S, Johnson CA (2003) Design of a motion-compensation
OSEM list-mode algorithm for resolution-recovery reconstruction for the HRRT. Nu-
clear Science Symposium Conference Record (IEEE, Piscataway, NJ), Vol 5, pp 3281-
3285.

Patel S, et al. (2007) Species differences in mGIuR5 binding sites in mammalian central
nervous system determined using in vitro binding with [18F]F-PEB. Nuc/ Med Biol 34:
1009-1017.

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative C(T)
method. Nat Protoc 3:1101-1108.

PNAS | August1,2017 | vol. 114 | no.31 | 8395

NEUROSCIENCE

www.manaraa.com



