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Summary Endocannabinoid (eCB) signaling has been identified as a modulator of adaptation to
stress, and is integral to basal and stress-induced glucocorticoid regulation. Furthermore, inter-
actions between eCBs and glucocorticoids have been shown to be necessary for the regulation of
emotional memories, suggesting that eCB function may relate to the development of post-traumatic
stress disorder (PTSD). To examine this, plasma eCBs were measured in a sample (n = 46) drawn from
a population-based cohort selected for physical proximity to the World Trade Center (WTC) at the
time of the 9/11 attacks. Participants received a structured diagnostic interview and were grouped
according to whether they met diagnostic criteria for PTSD (no PTSD, n = 22; lifetime diagnosis of
PTSD = 24). eCB content (2-arachidonoylglycerol (2-AG) and anandamide (AEA)) and cortisol were
measured from 8 a.m. plasma samples. Circulating 2-AG content was significantly reduced among
individuals meeting diagnostic criteria for PTSD. The effect of reduced 2-AG content in PTSD
remained significant after controlling for the stress of exposure to the WTC collapse, gender,
depression and alcohol abuse. There were no significant group differences for AEA or cortisol levels;
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however, across the whole sample AEA levels positively correlated with circulating cortisol, and
AEA levels exhibited a negative relationship with the degree of intrusive symptoms within the PTSD
sample. This report shows that PTSD is associated with a reduction in circulating levels of the eCB 2-
AG. Given the role of 2-AG in the regulation of the stress response, these data support the
hypothesis that deficient eCB signaling may be a component of the glucocorticoid dysregulation
associated with PTSD. The negative association between AEA levels and intrusive symptoms is
consistent with animal data indicating that reductions in AEA promote retention of aversive
emotional memories. Future work will aim to replicate these findings and extend their relevance to
clinical pathophysiology, as well as to neuroendocrine and molecular markers of PTSD.
# 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of post-traumatic stress disorder (PTSD) is
related to abnormalities in the regulation of biological stress
response systems, specifically the hypothalamic—pituitary—
adrenal (HPA) axis and sympathetic nervous system (Krystal
and Neumeister, 2009; Yehuda, 2009). Current theories sug-
gest that increased responsivity of glucocorticoid receptors
resulting in reduced cortisol levels at the time of a traumatic
exposure, or immediately thereafter, will result in increased
noradrenergic transmission associated with a prolonged state
of distress (Pervanidou and Chrousos, 2010). This state of
arousal will result in the ‘hyperconsolidation’ of emotional
memories, and ultimately, could lead to the development of
PTSD. However, since not all persons exposed to trauma
develop PTSD, it has also been of interest to identify hor-
mones or signaling molecules that could be responsible for
either increasing the probability of PTSD or for promoting
resistance to PTSD development. By examining a population-
based cohort of individuals exposed to the World Trade
Center (WTC) collapse, we have recently identified genetic
markers related to glucocorticoid signaling in individuals who
developed PTSD (Yehuda et al., 2009; Sarapas et al., 2011).
Accordingly, further investigation of systems involved in the
regulation and actions of glucocorticoid hormones was under-
taken to explore the underlying biological mechanisms spe-
cific to the development of PTSD.

The endocannabinoid (eCB) system represents an ideal
candidate system to investigate with respect to the patho-
physiology of PTSD (Hill and Gorzalka, 2009; Neumeister,
2013). The eCB system is primarily composed of a central
CB1 receptor and two endogenous ligands (N-arachidonyletha-
nolamine [anandamide; AEA] and 2-arachidonoylglycerol [2-
AG]). In addition, there are also CB2 receptors, whose expres-
sion is primarily restricted to immune cells of macrophage
lineage but may also be expressed in the CNS, as well as a
family of fatty acid ethanolamides, such as palmitoylethano-
lamide and oleoylethanolamide, which share biosynthetic and
catabolic pathways with AEA, but are not ligands for the CB
receptors. The eCB system is known to constrain activation of
the stress response through distributed actions in limbic and
hypothalamic circuits in the brain (Riebe and Wotjak, 2011;
Hill and Tasker, 2012). More so, eCB signaling is responsive to
glucocorticoid hormones (Di et al., 2003; Hill et al., 2010a),
and the recruitment of eCB signaling by glucocorticoids has
been found to mediate many of the physiological actions of
these hormones, including negative feedback termination of
HPA axis activity (Evanson et al., 2010; Hill et al., 2011) and
modulation of emotionally salient cognitive processes (Cam-
polongo et al., 2009; Atsak et al., 2012). In addition to the role
of eCBs in mediating the actions of glucocorticoids, eCB
signaling is involved in many processes which are dysregulated
in PTSD, such as the extinction of emotionally aversive mem-
ories (Marsicano et al., 2002; Plendl and Wotjak, 2010; Gun-
duz-Cinar et al., 2013), habituation and adaptation to stress
(Patel et al., 2005b; Hill et al., 2010b) and release of cate-
cholamines from sympathetic nerve terminals (Ishac et al.,
1996; Bellocchio et al., 2013).

Based on these converging lines of evidence and the neu-
robiology of PTSD, we hypothesize that reductions in circulat-
ing concentrations of eCB represent a biomarker of stress
vulnerability, and that deficient eCB signaling is involved in
the biological processes related to PTSD. To examine these
hypotheses, we evaluated circulating concentrations of the
eCBs AEA and 2-AG in a sample derived from a population-
based cohort selected for physical proximity to the WTC at the
time of the 9/11 attacks. A sub-sample of this cohort was
previously selected for a genome-wide association study of
PTSD (Yehuda et al., 2009). This is an ideal cohort in which to
search for biological identifiers of PTSD, as risk for exposure
was based on proximity to the WTC, and was uncomplicated by
the confound that exposure often introduces to genetic asso-
ciation studies (e.g., familial risk for exposure to interpersonal
violence). Furthermore, circulating eCB concentrations are
elevated in response to acute stress (Hill et al., 2009b; Dlugos
et al., 2012), whereas deficient recruitment of eCB signaling in
response to acute stress, or low basal eCB contents in the
circulation, have been related to excessive stress-induced
activation of the HPA axis (Chouker et al., 2010; Dlugos
et al., 2012) and negative long-term outcomes following
exposure to stressful events, such as cardiac surgery (Hauer
et al., 2012). Our data indicate that PTSD is associated with
reduced concentrations of 2-AG in the circulation and that
both 2-AG and AEA concentrations associate with specific
symptom clusters within PTSD.

2. Methods

2.1. Participants

Subjects were 46 participants who comprised a subset of a
population based sample (n = 109) evaluated at the Mount
Sinai School of Medicine (MSSM) four to six years following the
9/11 attacks (Yehuda et al., 2009). The subjects studied at
the MSSM were those who responded positively to a mailing
asking participants to have an in-person diagnostic
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evaluation, complete self-report questionnaires and permit
an 8 am blood draw. The study was approved by the Institu-
tional Review Board (IRB) at the Mount Sinai School of
Medicine; all subjects provided written informed consent
and were subsequently screened to establish eligibility. Sub-
jects were excluded if they met criteria for primary psychotic
disorder, bipolar illness, alcohol or substance dependence, or
major endocrine, neurological, or other medical illness,
including diabetes. Although subjects with PTSD showed
greater number of lifetime psychiatric diagnoses than those
without PTSD (Table 1), as has been previously described
(Breslau et al., 2000), none were receiving psychiatric treat-
ment or taking psychotropic medications at the time of
participation. The 46 subjects included in this report were
those with remaining frozen samples available for endocan-
nabinoid assay who had previously provided consent for
analyses of compounds unrelated to the goals of the initial
investigation, i.e., associations with genotype. Selection was
based purely on availability of biological sample in conjunc-
tion with appropriate consent, and not on any other inclusion
or exclusion criteria, clinical or otherwise. Subjects with
endocannabinoid determinations (n = 46) were similar in
age, gender distribution, and lifetime trauma exposure his-
tories to the remaining members of the original cohort
(n = 63). Of 46 subjects, 22 were deemed to have suffered
direct, high magnitude exposure to the events of 9/11 (direct
exposure to the events of 9/11), whereas 24 reported indir-
ect exposure. ‘Direct exposure’ was assigned to participants
who were in the vicinity of the World Trade Towers at the time
of the attacks with immediate threat to their safety or
survival, or had suffered the loss of family members or
intimate friends on 9/11. ‘Indirect exposure’ was attributed
to those who witnessed collapse of the Towers from a safe
distance, were informed of the attacks while out of town, or
observed the events on TV, without enduring direct threat to
self or family members.
Table 1 Demographic characteristics of sample population (n = 4

Demographics and clinical characteristics No PTSD 

(n = 22) 

Mean � SD or n 

Age (years) 57.09 � 13.44 

Gender (M/F) 10 M/12 F 

Race: White 21 (45.7%) 

African-American 3 (0%) 

Latino 1 (2.2%) 

Asian/Pacific Islander 0 (0%) 

Education (years) 15.3 � 3.3 

Childhood trauma questionnaire (total) 7.33 � 2.00 

Directly affected by WTC 8 (36.4%) 

PTSD severity (CAPSa total score) 14.67 � 11.85 

CAPS intrusive subscale 7.22 � 6.59 

CAPS avoidance subscale 2.22 � 3.77 

CAPS hyperarousal subscale 5.22 � 4.63 

Current MDD 2 (11.1%) 

Past MDD 4 (22.2%) 

Past alcohol abuse 0 (0%) 

Past drug abuse 2 (11.1%) 

a Clinician Administered PTSD Scale.
2.2. Clinical evaluation

Psychologists with established interrater reliability adminis-
tered the Clinician Administered PTSD Scale (CAPS; Blake
et al., 1995) and the Structured Clinical Interview for the
DSM-IV (Spitzer et al., 1995) to determine the presence of
PTSD and other psychiatric disorders. 24 of the 46 subjects
interviewed reached threshold criterion for PTSD in their
lifetime, 22 cases did not meet criteria for lifetime presence
of this disorder. Participants also completed the self-report
Posttraumatic Stress Diagnostic Scale (Foa et al., 1993).

2.2.1. Blood drawing and processing
Fasting blood samples were obtained between 08:00 and
08:30 h, into EDTA containing tubes (BD Vacutainer, K2 EDTA
(K2E) Plus Blood Collection Tubes), placed on ice, spun within
40 min of collection, and frozen at �70 8C until analysis.
Plasma cortisol levels were determined using commercially
available RIA kits (DiaSorin Inc., Stillwater, MN). The intra-
and inter-assay coefficients of variation were 2.3% and 6.1%
for cortisol, respectively.

Determination of the plasma concentrations of the eCBs 2-
AG and AEA, as well as two other fatty acid ethanolamides,
palmitoylethanolamide (PEA) and oleoylethanolamide (OEA)
was performed using a previously published method (Hill
et al., 2008). PEA and OEA are non-cannabinoid fatty acid
ethanolamides which share biosynthetic and metabolic path-
ways with AEA, but do not activate cannabinoid receptors. In
brief, all extractions were performed using Bond Elut C18
solid-phase extraction columns (1 ml; Varian Inc, Lake For-
est, CA). Plasma samples (0.5 ml each) were thawed and
made up to 15% ethanol, to which the internal standards
[2H8]-AEA (16.9 pmol) and [2H8]-2-AG (46.5 pmol) (Cayman
Chemicals, Ann Arbor, MI) were added. Samples were vor-
texed and centrifuged at 1000 � g for 4 min. The supernatant
was loaded on C18 columns, which have been conditioned
6).

Lifetime PTSD Group comparisons
(n = 24) F1,44, p- or x2, df = 1, p

(%) Mean � SD or n (%)

51.92 � 15.54 F = 1.44, ns
12 M/12 F x2 = .11, ns
21 (45.7%)
2 (4.3%)
0 (0%)
1 (2.2%) x2 = 3.92, df = 3, ns
15.6 � 3.7 F = 0.58, ns
8.71 � 3.53 F = 2.38, ns
14 (58.3%) x = 2.22, ns
59.95 � 27.57 F = 41.28, p < .0005
19.68 � 9.11 F = 22.50, p < .0005
20.58 � 13.28 F = 31.93, p = 0.001
19.74 � 10.55 F = 28.77, p = 0.001
3 (20.0%) x2 = .503, ns
8 (53.3%) x2 = 3.42 ( p = .064)
4 (25.0%) x2 = 5.10, .024
1 (6.2%) x2 = .244, ns
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with 1 ml redistilled ethanol and 3 ml of double distilled
water (ddH2O). The remaining pellet was washed with
100 ml of 15% ethanol and centrifuged again for 3 min. The
resulting supernatant was also loaded onto the C18 column.
Columns were washed with 5 ml ddH2O and eluted with 1 ml
of ethyl acetate. The ethyl acetate layer in the resulting
elute was removed and dried under N2. Lipids in the residual
ddH2O phase were extracted by mixing with an additional
1 ml of ethyl acetate, which was added to the original ethyl
acetate solution. Once dried, samples were resuspended in
20 ml of methanol and stored at �80 8C. AEA and 2-AG were
quantified using isotope-dilution, atmospheric pressure, che-
mical ionization liquid chromatography/mass spectrometry
(LC-APCI-MS) as described previously (Patel et al., 2005a).
For analysis, the m/z transitions for each molecule were as
follows: AEA 348.3, AEA-d8 356.3, 2-AG 379.3, 2-AG-d8
387.3, OEA 326.3 and PEA 300.3. For analysis of 2-AG, given
that it isomerizes to 1,3-AG during the extraction process
(and since there is virtually no naturally occurring 1,3-AG),
both 2-AG and 1,3-AG peaks were integrated and added
together to determine levels of 2-AG.

2.3. Statistical analysis

Eight am plasma 2-AG, AEA, OEA and PEA, and cortisol
concentrations were compared between subjects with and
without PTSD, using univariate analysis of variance (ANOVA),
and co-variance (ANCOVA), with PTSD diagnosis as the fixed
factor, and gender as the covariate. Severity of exposure
(‘direct’ versus ‘indirect’ exposure) to WTC related events
was compared for both PTSD and non-PTSD groups using chi-
square tests, and used as a covariate in comparisons of
endocannabinoids between subjects with and without PTSD.
There were no significant differences between the PTSD and
no-PTSD groups in age, and none of the outcome variables
were themselves related to age. Despite this, comparisons
Figure 1 Plasma 2-arachidonoylglycerol (2-AG), anandamide (AEA
concentrations in individuals who were diagnosed with post-traum
controls (No PTSD). Plasma levels of 2-AG, but not AEA, PEA or O
mean � SEM. Significant diferences ( p < 0.05) are denoted by *.
were performed with and without covariation for age. Ana-
lyses of covariance were additionally conducted for lifetime
alcohol abuse and depression diagnoses to evaluate the
extent to which results were influenced by these variables.
Bivariate correlations were performed to examine relation-
ships of plasma eCBs with cortisol, as well as with CAPS and
PDS ratings for overall PTSD symptom severity, and with PTSD
symptom clusters (avoidance, hyperarousal, intrusive).
Finally intercorrelations among the eCBs and ethanolamides
were evaluated for the entire sample, and within the PTSD
and no-PTSD groups separately.

3. Results

Table 1 shows the clinical characteristics of the sample.
There were no differences in any variables except for CAPS
scores of PTSD severity, lifetime diagnosis of major depres-
sion and past alcohol abuse, all of which were higher in the
PTSD compared to the no-PTSD sample. Interestingly, despite
differences in CAPS scores, there were no differences
between the PTSD and no-PTSD groups in actual exposures
to traumatic events, including childhood adversity or sexual
abuse. Single time point analysis of 8am cortisol demon-
strated no significant differences in basal cortisol between
individuals who did or did not have a diagnosis of PTSD [F(1,
43) = .001, ns. PTSD, 14.95 � 4.64 mg/dL; no PTSD,
14.91 � 5.41 mg/dL (M � SD); cortisol by PTSD, covaried
for gender [F(1, 42) = .004, ns. PTSD, 14.87 � 1.04 mg/dL;
no PTSD, 15.01 � 1.11 mg/dL (M � SE).

Examination of 2-AG concentrations in the circulation,
comparing individuals with and without lifetime PTSD,
revealed a significant main effect for PTSD diagnosis [F(1,
43) = 6.94, p = 0.012; 2-AG by PTSD, covaried for gender F(1,
43) = 7.42, p = .009; Fig. 1], such that PTSD was associated
with significantly lower circulating concentrations of 2-AG.
There was no significant difference in AEA [F(1, 43) = 0.16,
), palmitoylethanolamide (PEA) and oleoylethanolamide (OEA)
atic stress disorder (PTSD) or healthy age and gender matched
EA, are found to be reduced in PTSD. Data are presented as
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ns; Fig. 1], OEA [F(1, 43) = 0.44, ns; Fig. 1] or PEA [F(1,
43) = 0.27, ns; Fig. 1] between subjects with and without
PTSD. Since individuals with PTSD reported significantly
greater lifetime alcohol abuse, we covaried for this diagno-
sis, which did not affect the significance of the difference in
2-AG levels between subjects with and without PTSD [F(1,
33) = 4.72, p = 0.037]. Similarly, as a greater proportion of
subjects with PTSD also reported lifetime depressive diag-
noses (major depression or dysthymia), we covaried for
depression [F(1, 34) = 7.95, p = 0.008] which likewise did
not influence the significant reduction in 2-AG seen for those
with PTSD.

To further explore the apparent relationship of low con-
centrations of circulating 2-AG to lifetime PTSD diagnosis, we
examined whether severity of exposure to the WTC collapse
alone was sufficient to influence circulating 2-AG. A signifi-
cant effect of intensity of exposure was noted for 2-AG
[indirect exposure (9.81 � 1.01), direct exposure, (4.85 �
1.08); F(1, 43) = 11.20, p = .005]. Similar to the result for
PTSD, there was no effect of exposure to the WTC collapse on
plasma levels of AEA [indirect exposure (0.82 � 0.09), direct
exposure (0.87 � 0.10); F(1, 43) = 0.14, ns], PEA [indirect
exposure (8.41 � 0.67), direct exposure (8.66 � 0.72); F(1,
43) = 0.07, ns] or OEA [indirect exposure (3.03 � 0.32),
direct exposure (3.73 � 0.34); F(1, 43) = 2.23, ns]. Given
that the extent of exposure to the WTC collapse was related
to reduced levels of 2-AG, an analysis of covariance was
performed to determine if the relationship between PTSD
and 2-AG was mediated by the exposure. Controlling for
intensity of WTC exposure revealed significant effects for
both exposure [F(1, 43) = 6.25, p = .016] and PTSD [F(1,
43) = 4.71, p = .036]. Thus, even after controlling for expo-
sure to the WTC collapse, the reduction in circulating 2-AG
levels in individuals with lifetime PTSD remained significant.
These data do suggest, however, that exposure to a traumatic
Figure 2 Correlations between plasma cortisol and 2-arachidonoylg
or oleoylethanolamide (OEA). All of AEA, PEA and OEA, but not 2-AG,
healthy control and those with post-traumatic stress disorder). Sign
stressor alone may have residual effects to diminish circulat-
ing 2-AG levels.

A series of correlation analyses were undertaken to assess
associations among the eCBs and ethanolamides, as well as
the relationships of these measures to circulating cortisol,
and to symptom profiles of the participants. For the entire
sample, there was no significant relationship of 2-AG with
AEA, PEA or OEA (r’s between .05 and .18). However, there
were significant intercorrelations among AEA, PEA and OEA
(r’s between .59 and .80, all p’s < 0005), suggesting that 2-
AG is regulated independently from AEA, PEA and OEA, which
are regulated in concert. These intercorrelation results were
similar for the no-PTSD and PTSD subgroups.

We also examined correlations between cortisol and eCB,
OEA and PEA concentrations (see Fig. 2). For the entire
sample, there was a significant positive relationship between
cortisol and OEA (r = 0.373, n = 45, p = 0.012) and AEA
(r = 0.345, n = 45, p = 0.02) and positive relationships of
cortisol at trend levels of significance with PEA (r = 0.284,
n = 45, p = 0.059), indicating that all of the fatty acid etha-
nolamides exhibit some degree of positive association with
circulating cortisol concentrations. In the entire sample,
there was no relationship between cortisol and 2-AG con-
centrations (r = 0.07, n = 45, ns). Interestingly, when data
from the PTSD group alone are analyzed, the correlation
between AEA and cortisol concentrations is lost, while a
positive and significant correlation between 2-AG and corti-
sol emerges (r = 0.434, n = 24, p = 0.034). This suggests that
relationships between eCB concentrations and glucocorti-
coids could differ depending on the presence or history of
PTSD.

For analysis of how the eCBs and ethanolamides corre-
lated to PTSD symptom clusters, correlations were per-
formed only within the PTSD group. 2-AG concentration
was significantly associated with current CAPS subscale
lycerol (2-AG), anandamide (AEA), palmitoylethanolamide (PEA)
 were found to correlate with cortisol in the entire sample (both
ificant correlations ( p < 0.05) are denoted by *.
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scores for avoidance (r = .553, n = 19, p = .019) and with
number of CAPS avoidance symptoms (r = .618, n = 19,
p = .005). 2-AG was also related to the current PTSD symptom
total score, but only at a trend level of significance (r = .424,
n = 19, p = .070), and with total number of current PTSD
symptoms (r = .530, n = 19, p = .020). AEA concentrations
were negatively associated with current CAPS intrusive sub-
scale scores (r = �.532, n = 19, p = .019), and with number of
intrusive symptoms (r = �.527, n = 19, p = .020), but was not
significantly associated with the current PTSD symptom total
score or number. Lifetime CAPS scores were associated with
AEA concentration showing a marginally significant associa-
tion with lifetime intrusive subscale scores (r = �.455, n = 19,
p = .050), and with lifetime number of intrusive symptoms
(r = �.472, n = 19, p = .041). Thus, among subjects with
PTSD, clinician rated CAPS subscale scores for avoidance
and intrusions were differentially associated with 2-AG and
AEA, respectively.

4. Discussion

These data demonstrate that individuals recruited following
the WTC collapse, who met criteria for PTSD in their lifetime,
exhibit lower concentrations of the endocannabinoid 2-AG,
but not AEA, in the circulation. The relationship between 2-
AG and PTSD was also related to the trauma of being exposed
to the WTC collapse as even individuals who did not develop
PTSD, but had a high degree of exposure to the WTC collapse
also exhibited reductions in plasma concentrations of 2-AG.
Importantly, despite the fact that individuals with PTSD
exhibited higher rates of lifetime depression and alcohol
abuse, covariance analyses for each of these comorbidities
demonstrated that they did not mediate the significant
relationship between PTSD and 2-AG levels. Cigarette smok-
ing was not accounted for in the current study, and might
have influenced the results, since smoking rates tend to be
elevated among individuals with PTSD (Fu et al., 2007). The
recent observation, however, of no significant difference in
circulating 2-AG between smokers and non-smokers argues
against this possibility (Hauer et al., 2013). Collectively,
these data indicate that a complex relationship between
stress exposure, PTSD and circulating levels of 2-AG exists.

The reduction in plasma 2-AG concentrations seen in
individuals with PTSD is similar in magnitude to that pre-
viously reported for individuals with major depression (Hill
et al., 2008, 2009b). That both PTSD and depression are
stress-related mental illnesses suggests that reduced con-
centrations of 2-AG could represent a peripheral biomarker
of vulnerability to stress-related mood and anxiety disorders.
Preclinical research has found that 2-AG signaling is recruited
within the brain during acute stress, which contributes to
termination of the stress response (Evanson et al., 2010; Hill
et al., 2011). Under conditions of repeated stress, an up-
regulation of 2-AG signaling is required to facilitate adapta-
tion or habituation to stress exposure (Patel et al., 2005b; Hill
et al., 2010b). Similarly, in humans, exposure to an acute
social stress has been found to increase circulating levels of
2-AG (Hill et al., 2009b; however, it should be noted that a
subsequent study found circulating concentrations of AEA,
but not 2-AG, were elevated in response to acute stress;
Dlugos et al., 2012), suggesting the possibility of an
evolutionarily conserved role for 2-AG signaling in buffering
the effects of stress. For instance, exaggerated stress
responses were described in humans who did not show eleva-
tions in 2-AG following exposure to parabolic flight stress
(Chouker et al., 2010). These data suggest that stress-
induced increases in 2-AG are an adaptive response that
functions to buffer the potential deleterious effects of stress
(Hill and Tasker, 2012). Accordingly, one possibility is that a
trait deficit in 2-AG signaling might represent a vulnerability
factor predisposing an individual to an adverse response
following stressful or traumatic exposure. As such, an inte-
gral role for 2-AG in stress regulation may explain the finding
of reduced 2-AG levels in subjects with PTSD. However,
detailed prospective studies will be required to determine
if reduced 2-AG is predisposing, or a consequence of PTSD.

It is interesting that despite significant differences in 2-AG
levels between those with and without PTSD, analyses of the
entire sample did not detect significant relationships
between 2-AG and any clinical variable. However, within
the PTSD group, 2-AG correlates positively with avoidance
and total CAPS scores, as well as with cortisol levels. These
associations would suggest that for individuals with PTSD,
both higher basal cortisol and greater degree of symptom
expression are related to higher levels of circulating 2-AG. As
peripheral 2-AG is known to be responsive to stress exposure,
this would suggest that elevation in 2-AG within individuals
most afflicted by PTSD symptoms may reflect augmented
levels of stress. Thus, despite the observation of diminished
mean levels of 2-AG in a cohort characterized by lifetime
PTSD, 2-AG may be relatively elevated among substantially
stressed individuals in a direction to constrain the stress
response. Consistent with this formulation for the behavior
of the eCB system in PTSD, individuals with major depression
exhibit reductions in basal levels of circulating 2-AG but still
possess the capacity to mount a 2-AG response following
exposure to stress (Hill et al., 2009b). This model is analogous
to the results of a recent study that demonstrated sustained
elevations of 2-AG (and AEA) levels in a trauma exposed
population with PTSD, in which it was suggested that the
magnitude of stress was associated with parallel activation of
the eCB system (Hauer et al., 2013). While Hauer et al. (2013)
found a main effect of elevated, rather than reduced, 2-AG in
PTSD, their suggestion that eCBs are engaged to counter the
effects of stress is consistent with the current formulation.
Future research will be required to understand which factors
may be most relevant in determining whether mean 2-AG is
elevated or reduced for PTSD subjects; these variables could
include duration of stress exposure, acuity of stress exposure
relative to measurement of eCB levels and nature of the
traumatic stressor. It should be noted though, that while the
findings in the study of Hauer et al. (2013) are inconsistent
with the current data, our findings of reduced eCB content in
PTSD are relatively consistent with another recent report by
Neumeister et al. (2013), which found reduced circulating
levels of AEA (but not 2-AG) in PTSD.

There were no differences in AEA concentrations between
the PTSD and no-PTSD groups, but a robust negative relation-
ship between AEA levels and expression of intrusive symp-
toms was demonstrated; that is, individuals with lower levels
of plasma AEA exhibited the highest rates of intrusive symp-
toms. Both clinical and preclinical studies suggest an integral
role for AEA signaling in the regulation of amygdala reactivity
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and the suppression of emotionally aversive memories (Hariri
et al., 2009; Hill et al., 2009a; Gunduz-Cinar et al., 2013),
which may explain this relationship. Rodent studies indicate
that during extinction of aversive memories, there is a
recruitment of AEA signaling within the amygdala and that
facilitation of this response augments extinction, while
blockade of AEA/CB1 receptor signaling may result in the
perseveration of the aversive memory (Marsicano et al.,
2002; Chhatwal et al., 2005; Gunduz-Cinar et al., 2013).
Further, increased AEA signaling is known to dampen stress
responses in rodents (Patel et al., 2004; Hill et al., 2009a),
and, in humans, to result in lower levels of trait anxiety and
accelerated habituation of the amygdala in response to
threat cues (Gunduz-Cinar et al., 2013). More so, it has been
demonstrated in both healthy individuals (Dlugos et al.,
2012), and those with major depression (Hill et al., 2008),
that circulating AEA concentrations negatively correlate with
anxiety levels. Since impairment in fear extinction may result
in the emergence of intrusive symptoms, the negative asso-
ciation between AEA signaling and aversive memories sug-
gests that reduced AEA signaling may likewise be associated
with impaired extinction of aversive memories in the current
sample, with an associated increase in intrusive symptoms.
Given these findings, we propose that while AEA concentra-
tions are not significantly reduced in association with PTSD in
the current cohort, individuals who possess lower concentra-
tions of AEA could be more susceptible to intrusive symp-
toms.

The relationship between cortisol and concentrations of
the NAEs is of interest given the context of an ever-growing
body of research demonstrating a functional relationship
between glucocorticoids and the eCB system (Hill and McE-
wen, 2010). Interestingly, we have previously demonstrated
in rodents that the administration of glucocorticoids causes a
rapid elevation in AEA throughout the limbic system (Hill
et al., 2010a). Given the overlap between the biosynthetic
and metabolic pathways of AEA, PEA and OEA (Ahn et al.,
2008), it is not surprising that circulating concentrations of
these molecules correlate with each other. Accordingly, the
possibility exists that cortisol positively correlates with con-
centrations of these molecules through an ability of cortisol
either to increase their shared biosynthesis or reduce their
metabolism. An earlier study found that PEA concentrations
in the circulation positively correlate with cortisol in healthy
subjects following exposure to the Trier social stress test
(Dlugos et al., 2012). More importantly, a recent study found
that circulating AEA concentrations correlated with cortisol
levels, and that individuals with PTSD exhibited reductions in
both AEA and cortisol concentrations in blood, relative to
healthy and trauma exposed controls (Neumeister et al.,
2013). As the current PTSD sample did not exhibit reduced
levels of cortisol on the basis of a single 8am blood draw, it is
perhaps not surprising that we did not detect reduced levels
of AEA. Taken together, these data suggest that reduced eCB
signaling could be a feature of PTSD, and that relative
reductions in AEA or 2-AG may be related to alterations in
glucocorticoid signaling. Future studies based on larger sam-
ples will be required to examine relationships between eCB
levels and cortisol to determine which biological factors
predict alterations in AEA versus 2-AG.

One major limitation of this study is that it is based a single
time point analysis, both with regard to time of day for
biological sampling and the time course of PTSD. However,
four studies based on data derived from a single time point
have revealed reduced circulating levels of eCB molecules in
individuals diagnosed with depression or PTSD (Hill et al.,
2008, 2009b; Neumeister et al., 2013; current data; however,
see Hauer et al., 2013 discussed above for opposite findings).
Second, the current study is based exclusively on peripheral
measures, which have been used to support hypotheses that
relate to central nervous system function. While it is unlikely
that circulating concentrations of eCBs are from the same
signaling pool as eCBs in the CNS, there is an interesting
functional correlation between stimulae that modulate cen-
tral and peripheral eCB signaling (Hillard et al., 2012).
Studies examining the effects of stress on circulating eCBs
in humans have generally reached the same conclusions as
those performed in animals (Hill et al., 2009b, 2011; Chouker
et al., 2010; Evanson et al., 2010). Further, multiple studies
have revealed significant relationships between circulating
eCB levels and distinct neurobehavioral domains and/or
symptom clusters, particularly those related to anxiety
(McPartland et al., 2005; Hill et al., 2008; Mangieri et al.,
2009; Gunduz-Cinar et al., 2013). While it is possible that a
third variable could contribute to these relationships, the
fact that similar associations have held across studies and
species suggests that peripheral eCB content is related to eCB
signaling in the CNS. The recent finding that low concentra-
tions of circulating AEA in PTSD are significantly correlated
with an up-regulation of CB1 receptor binding sites within
forebrain regions associated with stress regulation and emo-
tional processing supports this relationship (Neumeister
et al., 2013), suggesting that a deficit in eCB signaling
detected at the peripheral level may be associated with a
compensatory up-regulation of central CB1 receptors.

In conclusion, the finding of reduced concentrations of
circulating 2-AG in PTSD is consistent with current biological
formulations of PTSD. For example, in addition to the rela-
tionship between eCBs (AEA and 2-AG), cortisol and the stress
response (Hill and Tasker, 2012), there are substantial inter-
actions between eCBs and other systems found to be dysfunc-
tional in PTSD. CB1 receptors on sympathetic terminals, for
instance, regulate noradrenaline release (Ishac et al., 1996),
and decrements in eCB signaling at noradrenergic terminals
have been shown to result in elevated sympathetic outflow
(Srivastava and Lutz, 2012), as is seen in PTSD (Pervanidou
and Chrousos, 2010). Furthermore, eCBs (as well as PEA and
OEA) possess anti-inflammatory actions (Hansen, 2010), such
that reduced eCB signaling could contribute to a basal pro-
inflammatory state (Beyer et al., 2010), as has also been
documented for PTSD (Spivak et al., 1997; Baker et al., 2001;
Plantinga et al., 2013). Finally, eCB signaling promotes the
release of NPY (Gamber et al., 2005), which has been demon-
strated in association with stress resiliency (Morgan et al.,
2000; Yehuda et al., 2006; Sajdyk et al., 2008; Cohen et al.,
2012). Reductions in NPY have been found in PTSD (Rasmus-
son et al., 2000; Sah et al., 2009), which have increased in
association with PTSD recovery (Yehuda et al., 2006). Thus,
diminished eCB function may additionally result in a deficit in
the recruitment of NPY. These biological findings, in the
context of known involvement of the eCB system in emotional
memory extinction and recall, stress buffering and adapta-
tion, as well as HPA function, suggest the possibility of a
pivotal role for the eCB system in PTSD. A deficit in eCB



Endocannabinoids and PTSD 2959
function is consistent with all of the major symptom dimen-
sions of PTSD, and represents a novel candidate system for
further investigation in the pathophysiology and treatment of
the disorder. Trials examining the effect of agents that
potentiate eCB signaling in PTSD, either alone or in conjunc-
tion with treatments that modulate glucocorticoid signaling,
will provide proof of principal for the contribution of eCB
signaling to PTSD, and will help to elucidate more precisely
the respective functional roles of 2-AG and AEA in PTSD
development and expression.
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