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Introduction

The hypothalamic-pituitary-adrenal (HPA) axis, a major neuroen-
docrine stress system, has been a central focus to understanding
the pathophysiology of how posttraumatic stress disorder (PTSD)
arises in 9.3% of persons experiencing any single traumatic event
(1-9). Though studies have converged around findings of a hypoco-
rtisolemic HPA axis phenotype — lower morning plasma cortisol,
lower daily urine cortisol output, and enhanced negative feedback
suppression (4) — there have been several discrepancies in subse-
quent measurements of HPA axis activity in PTSD (10-12). Fur-
thermore, the majority of PTSD studies have examined peripheral
cortisol levels or peripheral glucocorticoid receptor (GR) sensitivi-
ty in lymphocytes in PTSD (13) as proxies for the brain cortisol sig-
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BACKGROUND. Investigations of stress dysregulation in posttraumatic stress disorder (PTSD) have focused on peripheral
cortisol, but none have examined cortisol in the human brain. This study used positron emission tomography (PET) to image
11B-hydroxysteroid dehydrogenase type 1 (118-HSD1), a cortisol-producing enzyme, as a putative brain cortisol marker in PTSD.

METHODS. Sixteen individuals with PTSD and 17 healthy, trauma-exposed controls (TCs) underwent PET imaging with ["®F]

RESULTS. Prefrontal-limbic 118-HSD1 availability, estimated as ['®F]AS2471907 volume of distribution (VT), was significantly
higher in the PTSD group compared with the TC group (f = 1.16, P = 0.0057). Lower prefrontal-limbic 113-HSD1 availability
was related to greater overall PTSD severity (R? = 0.27, P = 0.038) in the PTSD group. 118-HSD1 availability was not related to
plasma cortisol levels (R? = 0.026, P = 0.37). In a PTSD subset (n = 10), higher 118-HSD1 availability was associated with higher
availability of translocator protein (TSPO), a microglial marker (B = 4.40, P = 0.039).

CONCLUSION. Higher brain cortisol-producing 113-HSD1 in the PTSD group may represent a resilience-promoting
neuroadaptation resulting in lower PTSD symptoms. Along with preliminary associations between 113-HSD1and TSPO,
corroborating previous evidence of immune suppression in PTSD, these findings collectively challenge previous hypotheses of
the deleterious effects of both excessive brain glucocorticoid and brain immune signaling in PTSD.
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naling proposed to regulate the HPA axis at the corticolimbic level
(14). These previous examinations of stress dysregulation in PTSD
assume that the major source of glucocorticoid signaling in the
brain is peripherally produced adrenal cortisol that subsequently
enters the brain. However, peripheral cortisol enters the brain at
a slow rate (15) and may only contribute to approximately 5% of
the cortisol in the brain (16), arguing for local regulation of cortisol
production in the brain as an important modulator of the HPA axis
activity and fear memory processes found to be aberrant in PTSD.

11B-hydroxysteroid dehydrogenase type 1 (113-HSD1) is an
enzyme that intracellularly regenerates cortisol via reduction of the
highly brain-permeable but inactive cortisone (17). This enzyme is
estimated to contribute to at least 50% of the cortisol in the brain
(18). To date, investigations of cortisol concentrations in the brain,
either entering the brain from the periphery or produced in situ by
11B-HSD1, have not been performed in individuals with PTSD. [*F]
AS2471907 is anovel radiotracer with specific binding to 113-HSD1
(19) that has recently been characterized in humans (20), enabling
in vivo imaging of 11B-HSD1 in PTSD. Critically, this is the only
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Table 1. Participant characteristics and injection parameters

Characteristics Control (n =17) PTSD (n = 16)
Age, years 338 3710
Sex 8 female, 9 male 8 female, 8 male
Body mass index 26147 278 +5.6
Ethnicity, %
African American 6 (35) 5 (56)
White 5(29) 9(31)
Hispanic 4(24) 1(6)
Other 2(12) 1(6)
Clinical characteristics
Screening-day CAPS-5 (n)* 3+5(14) 31410 (16)
Scan-day PCL 3+4 31416
Trauma exposure(s)
Sexual trauma 6 9
Physical trauma 5 n
Childhood trauma 12 15
Combat 3 4
Accident/natural disaster 8
Years since primary trauma NN 15411
Current tobacco users 7
Current cannabis users 2 5
Current alcohol users 13 n
Current comorbid MDD - 10
Currently on psychotropic medication = 10
Injection parameters
Injected dose (MBq) 92+18 95+10
Injected mass (ug/kg) 0.0081+ 0.0064 0.0050 + 0.0029

ASignificant at P < 0.05; assessed from 2-sided independent samples t test. CAPS-5:
Clinician Administered PTSD Scale from the DSM-5 to confirm PTSD diagnosis; PCL: PTSD
Checklist to quantify symptom severity; MDD: major depressive disorder. Values are mean

+ SD, unless otherwise specified.

of brain cortisol resulting from higher 11p-HSD1 lev-
els could be a mechanism underlying 2 phenomena
observed in PTSD: first, the chronic HPA axis sup-

P;T:e pression and enhanced negative feedback, which
0.87 may be regulated by brain cortisol produced in situ
038 (22), and second, the pathology rooted in fear mem-
0.34 ory (i.e., threat symptoms, including intrusive reex-

periencing, trauma-related psychological and phys-

iological reactivity, and exaggerated startle; ref. 28).
Variability has been observed in HPA axis alter-
ations along symptom dimensions of PTSD, such as
loss (i.e. anhedonia), emotional detachment, and
<0.001 restricted affect (11), and in PTSD with comorbid
<0.001 major depressive disorder (MDD) compared with
PTSD alone (4). Meanwhile different HPA axis alter-
- ations altogether have been observed in MDD (29).
: Assessing PTSD symptom dimensions would shed
: greater light on PTSD-specific associations with nov-
_ el biomarkers like 118-HSD1 and on the heterogene-
028 ity within PTSD that has been observed across HPA
022 axis findings. Peripheral immune modulation has
017 also been shown to influence HPA axis alterations
0.62 observed in PTSD (30, 31). Recently, a postmortem

- PTSD transcriptomic study was the first to look at
- both glucocorticoid and immune signaling mark-
ers centrally, identifying molecular network hubs

046 in PTSD: FKBP5, a glucocorticoid receptor chaper-
one, and UBA7, an enzyme in inflammatory gene
expression cascade (32). The present study offered
the opportunity to examine, in vivo, additional cen-
tral glucocorticoid and immune markers through
imaging of 11p-HSD1 alongside a microglial marker,

currently viable in vivo imaging marker of brain cortisol-related
signaling. Previous radiotracers targeting GRs were not suitable for
brain imaging due to poor blood-brain barrier penetration, rapid
metabolism, or high levels of nonspecific binding (21).

11p-HSD1 is a putative modulator of HPA axis activity via cor-
tisol-GR signaling in cortical and limbic areas (14), based on pre-
clinical studies linking higher levels of the brain cortisol-producing
enzyme with enhanced HPA axis suppression (22). Thus, higher
levels of 11B-HSD1 may contribute to one of the more consistent
observations in PTSD: enhanced sensitivity of the HPA axis neg-
ative feedback loop. Examining 118-HSD1 as a mediator of brain
cortisol-GR signaling may also help elucidate the apparent dis-
crepancies between findings of heightened GR sensitivity in PTSD,
on one hand (13), and increased FKBP5-GR interactions leading to
GRresistance in PTSD, on the other (23). Apart from a putative role
in regulating the HPA axis, most preclinical studies demonstrate
that higher 118-HSD1 levels and corresponding increased concen-
trations of hippocampal corticosterone (rodent cortisol analog)
appear to impair spatial memory in the context of aging or acute
stress (16,24-26). 113-HSD1 activity may have an opposite effect on
fear memory processes, with reversible 118-HSD1 inhibition being
shown to impair fear memory consolidation (27). Increased levels

translocator protein (TSPO), in the same individuals
with PTSD. Given recent findings of lower TSPO in
PTSD that suggested neuroimmune suppression in
contrast with the long-proposed proinflammatory pathophysiolo-
gy of PTSD (33), the analysis of brain glucocorticoid and immune
regulation together may further elucidate the brain stress-immune
molecular network that distinguishes PTSD from MDD (33, 34).

In the current investigation, we used positron emission
tomography (PET) imaging with [*F]AS2471907 to examine brain
11B-HSD1, a putative marker of cortisol regulation, in relation to
PTSD pathophysiology. To our knowledge, this study is the first
to examine a putative brain cortisol marker in vivo in individu-
als with trauma and PTSD, and it has the potential to reveal the
brain glucocorticoid mechanisms underlying the pathophysiology
and diversity of symptom presentations in PTSD. Additionally,
this study allowed the examination of relationships between the
brains’ stress and immune systems in PTSD, within-subject, in a
subset of individuals who had also completed a ['C]PBR28 PET
scan as part of a previous study examining the microglial marker
TSPO in PTSD (33).

Results

Participants. Individuals with PTSD or trauma exposure but with-
out PTSD (trauma-exposed controls, TCs) were recruited using
IRB-approved advertisements. Written informed consent was
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Figure 1. Schematic of study design. Participants in the PTSD group (n =
16), who were screened using the CAPS-5, were matched on age, sex, BMI,
ethnicity, and substance use to trauma-exposed controls (TCs, n = 17).

All participants underwent a [®*F]AS2471907 PET scan, completed a PCL
self-report on scan day, and had plasma cortisol levels measured every 30
minutes from 0 to 90 minutes after the radiotracer injection.

obtained before participation. Participants in the 2 groups were
well-matched on demographic characteristics such as age, sex,
BMI, ethnicity, and injection parameters. Clinical characteristics
such as substance use and years since most significant trauma or
PTSD index trauma are outlined in Table 1 with study schemat-
ic shown in Figure 1. As expected, total PTSD severity measured
by scan-day PTSD Checklist (PCL) (with diagnosis of PTSD pre-
viously confirmed using the Clinician Administered PTSD Scale)
was significantly higher in the PTSD group versus the TC group
(P < 0.001). In the PTSD group, 10 participants had comorbid
major depressive disorder (MDD), and 10 were taking psychotro-
pic medications at the time of screening (7 for serotonin reuptake
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inhibitor/antagonist, 2 for norepinephrine-dopamine reuptake
inhibitor, 3 for GABA, agonist, and 1 for o, agonist).

Imaging group differences in 113-HSDI in a prefrontal-limbic cir-
cuit. [¥F]AS2471907 is a radiotracer specific for 113-HSD1 (19, 35)
and was shown to be suitable for imaging of 11-HSD1 in healthy
individuals (20). Regional and composite [*F]AS2471907 V.,
values were not normally distributed and were log-transformed
(log-base 10) in all analyses. Availability of 11p-HSD1 in PTSD
group versus TC group was assessed quantitatively using [**F]
AS2471907 volume of distribution or V. Given preclinical stud-
ies showing greater cortical and limbic 11B-HSD1 expression in
association with HPA axis suppression (22) and fear memory
potentiation (27), the primary hypothesis proposed that the PTSD
group would have higher 11B-HSD1 availability. This group dif-
ference was analyzed across a prefrontal-limbic circuit of a priori
regions—amygdala, anterior cingulate cortex (ACC), hippocam-
pus, ventromedial prefrontal cortex (vmPFC) — heavily impli-
cated in the neuroendocrine dysregulation underlying PTSD (36,
37). There was a significant overall main effect in the PTSD group
versus the TC group in the identified prefrontal-limbic circuit (B
= 1.16, P = 0.0057; Figure 2A), indicating that 118-HSD1 avail-
ability was 16% higher overall in the PTSD group compared with
the TC group across the prefrontal-limbic circuit. Representative
images from an individual with PTSD and a sex- and age-matched
TC are shown in Figure 2B. Post hoc linear comparisons in each
ROI revealed a trending effect of group on 118-HSD1 availability
in amygdala (B =1.23, P= 0.096). Mean ["*F]AS2471907 V, values
were higher in the PTSD group, by 29% in amygdala, 25% in ACC,
9% in hippocampus, and 17% in vmPFC. Exploratory analysis
revealed no significant group difference across ROIs outside the
prefrontal-limbic circuit (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI150452DS1). [¥F]AS2471907 parent fractions in arterial plas-
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Figure 2. Prefrontal-limbic 113-HSD1 availability is higher in individuals with PTSD compared with TCs. (A) 113-HSD1 availability is higher in a prefrontal-
limbic circuit in individuals with PTSD (shown as orange triangles) compared with TCs (shown as blue circles) (group: § = 1.16, P = 0.0057). Group differences
were assessed using a univariate ANOVA with group as a between-subject factor and ROI as a within-subject factor. Displayed are log-transformed [®F]
AS2471307 V., values and horizontal bars indicate group-wise mean. AMYG, amygdala; ACC, anterior cingulate cortex; HIPP, hippocampus; VMPFC, ventro-
medial prefrontal cortex. (B) Parametric images of absolute [®F]AS2471907 V. values are shown in representative age- and sex-matched individuals from

the PTSD and TC groups.
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Figure 3. Lower prefrontal-limbic 113-HSD1 availability is associated with
greater PTSD severity. Lower composite prefrontal-limbic ['®F]AS2472907
V, values were significantly associated with greater overall PTSD severity,
assessed as the scan-day total on the PCL (n =16, R? = 0.27, P = 0.038).
Coefficient of determination was assessed using linear regression. Dis-
played are log-transformed ["*F]AS2471907 V, values.

ma were comparable across groups (e.g., 150 minutes after injec-
tion, 81% + 7% for PTSD versus 76% * 13% for TC).

Relationship of 11B-HSDI to PTSD symptomatology. To investi-
gate possible relationships between brain cortisol regulation and
PTSD symptom heterogeneity, 113-HSD1 availability was assessed
in relation to overall PTSD severity and PTSD symptom dimen-
sions. In the PTSD group, greater overall PTSD severity (scan-day
PCL total) was significantly associated with lower composite pre-
frontal-limbic 118-HSD1 availability (R? = 0.27, P = 0.038; Figure
3). As expected, this association was only observed in the PTSD
group, given the limited range of total symptom severity in the
TC group that showed no association with composite prefrontal-
limbic 11B-HSD1 availability (P = 0.74). There also was no associ-
ation of total symptom severity with composite prefrontal-limbic
11B-HSD1 availability across the whole group (P = 0.97). Hetero-
geneity in HPA axis measures in relation to threat (5, 10) and loss
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symptoms (11) led to investigation of 118-HSD1 availability in rela-
tion to these symptom dimensions derived from a 7-factor model
of PTSD (38). Threat was a hybrid of 2 factors, reexperiencing and
anxious arousal, and loss reflected the factor comprised of loss of
interest, emotional detachment, and restricted affect. Lower pre-
frontal-limbic 11B-HSD1 availability was significantly associated
with higher scan-day threat symptoms (R? = 0.35, P = 0.015; Fig-
ure 4A), as well as higher scan-day loss symptoms (R? = 0.39, P =
0.010; Figure 4B) in the PTSD group. Post hoc exploratory anal-
yses showed no significant associations between 113-HSD1 and
any of the remaining factors of the 7-factor model (i.e., avoidance,
negative affect, externalizing behaviors, or dysphoric arousal).
Comparing measures of central versus peripheral cortisol regula-
tion. An important goal of this investigation was to examine rela-
tionships between a putative marker of brain cortisol regulation,
11B-HSD1, and conventional peripheral measures of HPA axis
regulation. Exploration of associations with peripheral cortisol
showed no significant relationships between composite prefron-
tal-limbic 11B-HSD1 availability and average of plasma corti-
sol over the 90-min collection period during the PET scan (R? =
0.026, P = 0.37; Supplemental Figure 2). Importantly, the time
of scan and accompanying plasma cortisol measurement were
carefully controlled to start between 11:00 am and 2:00 pm for
each participant, in order to avoid possible diurnal variability in
plasma cortisol between participants. There was no evidence of a
group by cortisol interaction effect on 113-HSD1 availability. Aver-
age peripheral cortisol was not correlated to 118-HSD1 availabil-
ity across the whole brain either (R? = 0.019, P = 0.44). Average
peripheral cortisol was not significantly different between groups
(P = 0.65) and not associated with scan-day overall symptom
severity, threat, or loss symptoms (all R? < 0.18, all P> 0.11).
Explovation of brain glucocorticoid and neuroimmune systems.
Recent findings of lower levels of the microglial marker TSPO
(33), and sex-specific lower brain expression of immune-related
genes (32) in PTSD have challenged assumptions that the widely
observed peripheral inflammation in PTSD would be associated
with neuroinflammation. In a subset of 10 individuals in the PTSD
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Figure 4. Prefrontal-limbic 118-HSD1 availability is associated with PTSD threat and loss symptoms. Lower composite prefrontal-limbic [®F]AS2472907
V, values were significantly associated with (A) greater threat (R? = 0.35, P = 0.015) and (B) greater loss (R? = 0.39, P = 0.010) severity. No significant
relationships were observed between prefrontal-limbic [®F]AS2472907 V, and the other factors of the 7-factor model. Coefficient of determination was
assessed using linear regression. Displayed are log-transformed ['*F]AS2471907 V, values.
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Figure 5. 11B-HSD1 availability is associated with availability of TSPO,

a microglial marker, and both predict lower symptoms. (A) Higher
["CIPBR28 V, is significantly associated with higher [*F]AS241907 V,
(log-transformed) in the same participants (n = 10) in a composite pre-
frontal-limbic region (R*= 0.72, P = 0.012; B = 4.40, P = 0.039, adjusting for
rs6971 genotype). (B) In this subgroup, higher prefrontal-limbic ["C]PBR28
V. was associated at a weak trend level with lower PTSD severity (R? =
0.65, P = 0.025; B = -0.058, P = 0.092, adjusting for rs6971 genotype), and
the same direction of association, though nonsignificant, was observed
for [18F]AS241907 V_ and PTSD severity (R? = 0.20, P = 0.20). Coefficient of
determination and standardized coefficients were assessed using linear
regression. Displayed are log-transformed [*F]AS2471907 V, values and
genotype-adjusted ["C]JPBR28 V, values.
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group (rs6971 genotype: 8 HAB, 2 MAB; ref. 39), associations
between 11B-HSD1 and TSPO availability were explored to shed
light on a possible immune-modulatory interaction of brain gluco-
corticoid and microglial signaling that may explain the apparent
immune suppression in PTSD. Exploratory analysis revealed a sig-
nificant positive association between prefrontal-limbic 11B-HSD1
and TSPO availability (R? = 0.72, P = 0.012; Figure 5A), and a sig-
nificant main effect of higher 11B-HSD1 availability being asso-
ciated with higher TSPO availability (3 = 4.40, P = 0.039) after
adjusting for TSPO binding status. Though not reaching statistical
significance in this smaller subgroup, the same direction of asso-
ciations was observed between greater PTSD severity and lower
availability of TSPO (R?= 0.65, P= 0.025; main effect of severity: B
0.058, P=0.092) and lower availability of 113-HSD1 (R?= 0.20,
P =0.20), as the statistically significant associations observed in
the overall groups from each respective study (Figure 5B).

Discussion

In this study we used a novel PET radiotracer to examine
11B-HSD], a putative marker of brain cortisol, in vivo in individu-
als with PTSD. Overall, 118-HSD1 availability in a prefrontal-lim-
bic circuit was higher in the PTSD group versus the TC group.
Interestingly, we observed that higher prefrontal-limbic 113-HSD1
availability in the PTSD group was related to lower overall sever-
ity of PTSD symptoms. Additionally, higher 113-HSD1 availabil-
ity was associated with lower threat and loss symptoms, but not
with other PTSD dimensions. Thus, it is possible that rather than
driving worse symptomatology and brain cortisol dysfunction, the

J Clin Invest. 2021;131(20):e150452 https://doi.org/10.1172/)CI150452
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higher 118-HSD1 levels observed in the PTSD group may repre-
sent an adaptive compensation associated with less severe PTSD
symptomatology. Importantly, the lack of an association between
11B-HSD1 and basal peripheral cortisol levels raises the possibil-
ity that 11B-HSD1 availability may predict symptom dimensions
independently of peripheral cortisol. Preliminarily, a positive
association of 113-HSD1 availability with TSPO availability within
a PTSD subgroup suggests 2 possible molecular markers of neu-
ral immune-stress network interactions in PTSD. Thus, 113-HSD1
appears to be a specific marker of brain glucocorticoid regulation
in relation to PTSD pathophysiology, which may also have import-
ant interactions with the neuroimmune system.

It would appear that the higher prefrontal-limbic 11B-HSD1
availability observed in the PTSD group is driven by individuals
with lower PTSD severity, rather than those with higher severi-
ty. The association of higher 11B-HSD1 availability with lower
overall PTSD severity and specifically with threat symptoms may
reflect a compensatory role for brain glucocorticoid signaling in
the fear memory-related pathophysiology of PTSD. Though pre-
clinical experiments inhibiting 113-HSD1 showed impaired fear
memory consolidation (27), several other preclinical experiments
employing direct manipulations of systemic and brain corticoste-
roid concentrations implicated intact brain glucocorticoid sig-
naling in enhanced fear extinction (40-44). Moreover, prelim-
inary evidence from clinical trials suggests that administration
of oral corticosteroids can decrease reexperiencing symptoms
(45), improve fear extinction deficits in PTSD (46), and enhance
the efficacy of exposure therapy (47), thus supporting a role for
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increased brain cortisol signaling in the augmentation of extinc-
tion-based therapeutic interventions.

The observation that lower prefrontal-limbic 113-HSD1 avail-
ability was also associated with greater loss symptoms may rep-
resent either a specific association with this symptom dimension
or the tendency of threat and loss symptoms to be correlated with
each other and with overall PTSD severity. Such relationships
between threat and loss dimensions have been reported in func-
tional neuroimaging studies in which decreased prefrontal cortical
suppression of amygdala was associated with greater anhedonia
(48) and greater attempts to decrease negative affective response
to fearful negative imagery (49), which were, in turn, associated
with HPA axis dysregulations. The prevalence of both greater
threat and loss in individuals with lower 118-HSD1 availability
may thus reflect an inability of emotional numbing to contain neg-
ative affect related to intrusive memories and hyperarousal, thus
contributing to higher overall PTSD severity driven by both these
symptom dimensions.

Though we had hypothesized a role for higher 118-HSD1 as a
mediator of the chronically suppressed HPA axis activity report-
ed in PTSD, we did not observe associations between higher
11B-HSD1 and lower HPA axis activity, as assessed by our measure
of 90-minute plasma cortisol. There could be a few reasons why
analyses in the present study did not detect a possible underlying
role of 11B-HSD], a central cortisol-generating enzyme, as a link
between peripheral cortisol and PTSD symptomatology. Nota-
bly, the association between lower peripheral cortisol and PTSD
may itself be influenced by factors such as degree of PTSD symp-
tom severity or symptom dimension, which could potentially be
obscured when measuring peripheral cortisol across individuals
grouped under a singular diagnosis of PTSD (4). It remains pos-
sible that some of this symptom heterogeneity can be attributed
directly to peripheral cortisol and its effects on more somatic PTSD
symptoms. Previous work has suggested that lower peripheral cor-
tisol in PTSD resulted in a failure to contain hyperactivation of the
sympathetic nervous response, driven by traumatic memories,
and thus contributing to somatic symptoms and behaviors such
as elevated heart rate, exaggerated startle response, or dissocia-
tion (8, 50, 51). Additionally, the type of peripheral cortisol assay
has been shown to greatly influence the heterogeneity of cortisol
findings in PTSD (4). Also, though we carefully controlled the
time of cortisol assay, different associations with PTSD have been
revealed for morning and afternoon cortisol levels (4) which may
not be represented in the 11:00 am to 2:00 pm collection window.
Accordingly, the present findings do not preclude the possibility of
11B-HSD1 as a mediator of HPA axis hypersuppression measured
by a different assay or in a different PTSD sample, in which such
HPA axis dysregulation and associated symptomatology are pres-
ent to a greater degree. Last, because 11p-HSD1 availability in vivo
in humans is not necessarily the equivalent of its enzyme activi-
ty and thus of specific levels of brain cortisol, it is possible that a
true relationship between central cortisol and peripheral cortisol
in PTSD is not captured.

Based on the present findings, we propose a possible model of
brain glucocorticoid dysregulation in PTSD in which higher brain
levels of 118-HSD1 may develop as a compensatory neuroadapta-
tion. Preclinical studies demonstrate that both exogenous cortico-
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steroids and psychological stressors produce modest increases in
peripheral cortisol subject to negative feedback regulation, while
simultaneously upregulating 118-HSD1 expression and activity
to produce increases in brain cortisol via positive feed-forward
potentiation (16, 52, 53). The increased brain cortisol signaling
during reexposure to traumatic reminders may thereby facilitate
formation of fear extinction memories in place of the original fear
memory. Brain cortisol-mediated facilitation of fear extinction
could contribute to the observed lower levels of threat symptoms,
such as intrusive recollections and physiological and emotional
reactivity to trauma reminders, by attenuating the cycle of reacti-
vation and reconsolidation of the original fear memory with each
instance of reexperiencing. The brain glucocorticoid signaling
may also oppose noradrenergic signaling (30, 54, 55), elevations
of which are known to drive threat symptoms of intrusive memo-
ries and hyperarousal (50, 56). Increased expression of the brain
cortisol-producing enzyme, 113-HSD1, could be a compensation
to overcome GR resistance and increased FKBP5-GR interac-
tions, which were recently identified in PTSD and rodent fear-
conditioning models (23) and in contrast with previous findings of
heightened GR sensitivity in PTSD (13).

Complementing these findings, we also observed that
11B-HSD1 and TSPO availability, a biomarker of microglia, were
positively correlated, and each was negatively associated with
symptom severity, in the subgroup of individuals who participat-
ed in both studies. Indeed, there is emerging support in preclini-
cal PTSD studies for adaptive roles of both brain cortisol signaling
and brain immune responses. Barrientos and colleagues found
that higher hippocampal 11B-HSD1 levels in rats were associated
with higher levels of markers of both glucocorticoid signaling and
microglial activation, but also with reduction of conditioned fear
responding following an E. coli immune challenge, an effect that
was blocked by mifepristone, a glucocorticoid antagonist (57).
Thus, one interpretation of our data in conjunction with these
preclinical findings is that stress-induced greater brain gluco-
corticoid signaling may sensitize microglia, allowing for a neu-
roprotective neuroimmune response that results in less severe
PTSD symptoms. These findings collectively challenge previous
hypotheses of the deleterious effects of both excessive brain glu-
cocorticoid and brain immune signaling in PTSD and point us
toward joint examination of deficiency in these systems in the
pathophysiology of PTSD (58).

A few limitations of this study should be noted. First, [*¥F]
AS2471907 V_ reflects the number of 113-HSD1 sites available to
bind [*¥F]AS2471907, which is interpreted as a proxy for 113-HSD1
enzyme density. This interpretation is supported by the associ-
ations between regional patterns of 11B-HSD1 availability and
118-HSD1 mRNA expression (Allen Human Brain Atlas) observed
in our previous study (20). As enzyme density is not necessarily
equivalent to enzyme activity, a potential indirect relationship
of [*F]AS2471907 V, and 11B-HSD1 enzyme activity could part-
ly explain why an association between 11B-HSD1 availability and
peripheral cortisol was not observed. However, evidence from
postmortem studies of aging men suggests a correlation between
11B-HSD1 mRNA expression and ex vivo 11p-HSD1 activity in hip-
pocampus and cerebellum (24). Furthermore, the approximate-
ly 4-fold greater 11B-HSD1 enzyme activity of cerebellar tissue

J Clin Invest. 2021;131(20):e150452 https://doi.org/10.1172/)C1150452


https://www.jci.org
https://doi.org/10.1172/JCI150452

The Journal of Clinical Investigation

compared with hippocampal tissue paralleled the approximately
4-fold greater 118-HSD1 availability in cerebellum compared with
hippocampus seen here and reported previously (20, 24). None-
theless, full extrapolation from availability to activity will require
ongoing studies to directly assay in vitro [¥F]AS2471907 binding
in relation to 118-HSD1-mediated cortisol production. Second,
the present study was not powered to analyze possible effects of
sex, but we have matched the PTSD and TC groups on sex. Third,
we did not exclude for comorbid nicotine and cannabis use, given
the prevalence of these disorders in the PTSD population (1), and
instead the TC group is matched for these conditions. We also did
not exclude comorbid MDD or use of certain psychotropic medi-
cations to allow for a representative PTSD sample, and though the
study was not powered to analyze the effect of these factors, we
feel it is a strength that our sample is more generalizable. Fourth,
given the known heterogeneity in the finding of hypocortisolism
in PTSD that is dependent on type and time of cortisol assay (4),
the observed lack of association between peripheral cortisol and
11p-HSD1 availability in the present study could be followed up
with additional evaluation of HPA axis function such as daily cor-
tisol output or characterization of diurnal cortisol rhythm and cor-
tisol response to dexamethasone challenge.

Overall, the association of greater 113-HSD1 levels with low-
er PTSD symptom severity observed in our study provides a nov-
el finding about the brain cortisol system. Moreover, these data
generate hypotheses of a neuroadaptive role for brain cortisol
signaling in stress-related pathology associated with PTSD, shed-
ding light on a potential mechanism underlying the therapeutic
response to cortisol administration in PTSD (59). This first step
toward greater understanding of the brain cortisol system in vivo in
PTSD paves the way for future interrogations of this system—lon-
gitudinal studies at multiple time points following index trauma,
pharmacological challenges to alter 113-HSD1 levels, and charac-
terization of functional HPA axis and neuroimmune responses in
relation to 11B-HSD1. Undoubtedly, there is an emerging role for
11B-HSD1 as an important molecular player in the glucocorticoid
system in PTSD.

Methods

Participant characteristics. Sixteen individuals with PTSD (8 female, 8
male) and 17 healthy control individuals with trauma exposure (TCs)
(8 female, 9 male) participated in the study. Psychiatric screening was
conducted by clinically trained staff with supervision from a licensed
clinical psychologist. The Structured Clinical Interview for the DSM-5
(SCID-5) and the Clinician Administered PTSD Scale for the DSM-5
(CAPS-5) were used to determine current diagnosis of PTSD in the
PTSD group, and no current or past diagnosis of PTSD in the TC
group. In all subjects, the SCID-5 was used to rule out exclusionary
diagnoses (e.g., schizophrenia, bipolar disorder). In the PTSD group
it was used to determine comorbidity of disorders with high preva-
lence in the general PTSD population including MDD (60). Similarly,
due to high prevalence in individuals with PTSD, nicotine, cannabis,
and alcohol use were not exclusionary (1, 61, 62). Use of other illicit
psychoactive substances based on urine drug testing was exclusion-
ary. Individuals currently taking prescribed psychotropic medications
other than monoamine (serotonin, norepinephrine, and dopamine)
reuptake inhibitors, serotonin antagonists, and o,- and GABA-receptor
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agonists were not eligible to participate. The study physician oversaw
medical screening, including EKG, bloodwork, history, and physical
exam, to rule out significant medical illnesses. Current use of steroidal
and nonsteroidal antiinflammatory medications was exclusionary.

Trauma history and PTSD severity assessment. History of at least
one traumatic event was assessed in all participants by screening with
the SCID Trauma and Stress-Related Disorders screen (DSM-5). His-
tory of exposures to particular types of trauma as listed in Table 1 was
assessed by a combination of participant report during clinician inter-
view, self-report on the Life Events Checklist, a well-validated 17-item
tool for assessing trauma history (63), and the Childhood Trauma
Questionnaire Short Form (CTQ), a well-validated 28-item measure
for assessing history of traumatic events before 18 years of age (64).
Total PTSD severity and threat and loss subscores were assessed on
the PET scan day by self-report using the PCL for the DSM-5.

Hormone assessments. Peripheral cortisol was measured for all par-
ticipants on the PET scan day in plasma samples drawn at O (immedi-
ately prior to), 30, 60, and 90 minutes relative to radiotracer injection
(Corti-Cote Cortisol Solid Phase Component System, MP Biomedicals
LLC). Plasma cortisol measurements started between 11:00 am and
2:00 pm across all participants in accordance with tightly controlled
timing of the radiotracer injection.

Imaging acquisition. Participants were given an intravenous bolus
injection of 93 + 15 MBq of [**F]AS2471097, which was synthesized
as previously described (19), and imaged for up to 150 (n = 6), 180
(n = 24), or 240 (n = 3) minutes after injection on a High-Resolution
Research Tomograph (HRRT; Siemens, Medical Solutions) with a
30-minute break starting at 90 (n = 6) or 120 (1 = 27) minutes. All par-
ticipants were scanned starting between 11:00 am and 2:00 pm, to
reduce possible diurnal variability in 113-HSD1 availability in associ-
ation with well-established diurnal cortisol rhythms (65). A structural
image for anatomical coregistration was acquired with a high-reso-
lution T1-weighted MRI with a sagittal gradient-echo (MPRAGE)
sequence (Siemens 3.0T Prisma Fit; 176 sagittal slices, thickness =
1 mm, TR =2530 ms, TE = 2.26 ms, flip angle = 7°, FoV = 256 mm,
matrix size = 256 x 256).

Arterial input function measurement. An arterial catheter was
placed in the radial artery contralateral to the injection site for ['*F]
AS2471907, for arterial sampling throughout the duration of the scan.
Radioactivity was measured in manual samples collected every 16 sec-
onds from O to 2.5 minutes, then at 2.75, 3, 5, 10, 20, and 30 minutes,
and every 15 minutes thereafter until 120 minutes or 150 minutes,
then every 30 minutes for scans longer than 150 minutes. Fraction
of unmetabolized [*F]AS2471907 was measured using high-perfor-
mance liquid chromatography (HPLC) as previously described (66) in
plasma samples taken at 0, 10, 30, 60, 90, 120, and 150 minutes, or
every 60 minutes after the 120 minute time point for scans longer than
150 minutes. A metabolite-corrected arterial input function was cal-
culated as the product of the plasma radioactivity and unmetabolized
['®F]AS2471907 fraction, with radioactivity measured with a cross-
calibrated well counter (1480 Wizard, Perkin-Elmer).

PET imaging analysis. PET data were collected in list-mode and
reconstructed using MOLAR (67) with correction for attenuation,
scatter, randoms, deadtime, and subject motion recorded by Vicra
(Polaris Vicra Optical Tracking System, NDI Systems). A 7-minute
transmission scan was done prior to radiotracer injection and imme-
diately following completion of full PET data acquisition, with the
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latter transmission scan allowing attenuation correction for poten-
tial large shifts in participant position in the scanner following the
30-minute break. A O to 10 minute summed PET image was linearly
coregistered to each individual’s T1-weighted structural MR image.
Nonlinear transformation from Montreal Neurological Institute
(MNI) atlas space to individual MR space and an anatomic auto-
matic labeling (AAL) template were used to generate time activity
curves in the following ROIs: frontal, occipital, temporal, parietal,
ventromedial prefrontal, orbitofrontal, and anterior cingulate corti-
ces, amygdala, hippocampus, insula, caudate, putamen, cerebellum,
thalamus, and in a whole brain ROI. Based on previous character-
ization of optimal modeling methods (20), the multilinear analysis
(MA1) modeling approach with t* = 30 minutes was used to estimate
regional [*F]AS2471907 volume of distribution or V,, defined as the
ratio of radioactivity in tissue to plasma at equilibrium (68). To con-
sider participant comfort in ongoing studies, analyses of truncated
data revealed that 150 minutes of scan acquisition yielded V. values
in good agreement (within 5%) with values of V estimated from the
previously validated 180-minute scan length, and in good agreement
(within 10%) with values of V. estimated from 240 minutes of data in
8 individuals (20). Therefore, V, values were estimated with the first
150 minutes of data across all participants for consistency. Voxel-
wise parametric images were generated using 1T compartment mod-
el and smoothing with a 7 mm Gaussian kernel, with this method
being chosen for reasons previously described (20).

[MC]PBR28 PET data comparison. In a subgroup of individuals with
PTSD who had also completed ['"C]PBR28 scans (n = 9 scanned 36 +
26 days apart; n =1 scanned 2.5 years apart), [*F]AS2471907 V, was
examined in relation to ["C]PBR28 V, in a prefrontal-limbic region.
["C]PBR28 imaging acquisition, arterial input function measure-
ment, and imaging analysis used to obtain ["C]PBR28 V, values in this
subgroup were reported previously (33). Within this subgroup, total
PTSD severity was obtained from total CAPS scores obtained during
participation in the ['C]PBR28 study, as previously reported (33).
Exploratory linear regression analyses assessed possible associations
of [¥F]AS2471907 V, in a composite prefrontal-limbic region with
["CIPBR28 V values in a composite region formed of the same ROIs
(amygdala, ACC, hippocampus, and vmPFC). These analyses were
adjusted for rs6971 genotype (70) which confers differential binding
affinity of ["C]PBR28 for TSPO (39). Relationships of composite [**F]
AS2471907 V, and ["C]PBR28 V, with overall PTSD severity scores,
measured using PCL and CAPS, respectively, were also explored.
Overall PTSD severity scores were normalized to the same scale for
visualization purposes.

Statistics. Demographic characteristics and injection parameters
were compared between the PTSD group and the TC group using
Student’s ¢ tests, Mann-Whitney U tests, or y? tests, where appropri-
ate. Normality of dependent variables in all linear modeling anal-
yses was determined using Shapiro-Wilk tests and examination of
QQ distributions with log-transformations as necessary to stabilize
variance and satisfy modeling assumptions. Regional and composite
[*F]AS2471907 V. values that were not normally distributed were
log-transformed (log-base 10) to produce normal distributions across
participants and within PTSD and TC groups.

The main effect of the PTSD group versus the TC group on pre-
frontal-limbic 113-HSD1 availability was examined using a univariate
ANOVA, with log-transformed ["*F]AS2471907 V, as the dependent
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variable, PTSD group versus TC group as a between-subject factor,
and ROI as a within-subject factor for the following a priori ROIs com-
prising a prefrontal-limbic circuit: amygdala, anterior cingulate cortex
(ACC), hippocampus, and ventromedial prefrontal cortex (vmPFC).
This main effect of group was tested with appropriate post hoc con-
trasts for the PTSD group versus TC group within each a priori ROI
and also in exploratory analyses in each of the remaining ROIs. Unlike
in Bhatt et al. (69), in which insula was included in a prefrontal-limbic
circuit based on previous associations of insular TSPO availability with
loss symptoms, no such association of insular 113-HSD1 expression or
density with preclinical threat or loss behaviors has been observed to
our knowledge. Thus, in the present study, insula was not included in
the prefrontal-limbic circuit. Standardized coefficients (B), reported
for the main effect of the group in these analyses, were reported as
multiplicative coefficients of non-log-transformed V, values (i.e., a p
of 1.1 corresponds to a 10% difference in mean V, values).

A general linear modeling approach was used to compare total
PTSD severity and severity of threat and loss symptoms to log-trans-
formed ["*F]AS2471907 V, values in a composite average ROI of the
a priori prefrontal-limbic ROIs including the amygdala, ACC, hippo-
campus, and vmPFC. Overall PTSD severity was the total score of
the scan-day PCL-5. Threat was a summed subscore of the respec-
tive items from the scan-day PCL-5 comprising fear memory-related
reexperiencing (intrusive memories, disturbing dreams, flashbacks,
trauma-related psychological reactivity, trauma-related physiological
reactivity) and anxious arousal (hypervigilance and exaggerated star-
tle response) from the 7-factor hybrid model of PTSD (38). Similarly,
loss was a sum comprised of loss of interest, emotional detachment,
and restricted affect items comprising the anhedonia factor from the
7-factor model. Post hoc exploratory analyses were also conducted for
the other factors from the 7-factor hybrid model: avoidance, negative
affect, externalizing behaviors, and dysphoric arousal.

Additional exploratory linear regression analyses examined
whether [*F]AS2471907 V, in a composite prefrontal-limbic ROI and
awhole brain ROI, and PTSD symptom severity measures, were relat-
ed to plasma cortisol averaged over 90 minutes.

For all statistical analyses, a P value less than 0.05 was considered
the threshold for statistical significance.

Study approval. The 33 individuals who participated in this study
were recruited from 2016 to present via advertisements in public
forums. Written informed consent was obtained from all participants
after a complete explanation of study procedures. All screening and
investigation procedures were in accordance with Code of Federal
Regulations Title 45, Part 46 policy on protection of human subjects
in research, and were approved and overseen by the Yale University
Institutional Human Investigation Committee and the Yale New Hav-
en Hospital Radiation Safety Committee.
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