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KEYWORDS Summary Functional interactions between glucocorticoids and the endocannabinoid system
FAAH; have been repeatedly documented; yet, to date, no studies have demonstrated in vivo that
Non-genomic; glucocorticoid hormones regulate endocannabinoid signaling. We demonstrate that systemic
Limbic; administration of the glucocorticoid corticosterone (3 and 10 mg/kg) resulted in an increase in

the tissue content of the endocannabinoid N-arachidonylethanolamine (AEA) within several
limbic structures (amygdala, hippocampus, hypothalamus), but not the prefrontal cortex, of
male rats. Tissue AEA content was increased at 10 min and returned to control 1h post-
corticosterone administration. The other primary endocannabinoid, 2-arachidonoylglycerol,
was found to be elevated by corticosterone exclusively within the hypothalamus. The rapidity
of the change suggests that glucocorticoids act through a non-genomic pathway. Tissue contents
of two other N-acylethanolamines, palmitoylethanolamide and oleolyethanolamide, were not
affected by corticosterone treatment, suggesting that the mechanism of regulation is neither
fatty acid amide nor N-acylphosphatidylethanolamine phospholipase D. These data provide in
vivo support for non-genomic steroid effects in mammals and suggest that AEA is a mediator of
these effects.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction occur in several phases, although they are typically categor-
ized as those that occur rapidly (seconds to minutes) and those

Glucocorticoid hormones are produced by the adrenal cortex  that develop more slowly (minutes to hours (McEwen, 1994)).

andsecretedinto the general circulation following exposure to
stressful or aversive stimuli; the glucocorticoid hormones
promote adaptive physiological responses to the stressor
and restoration of homeostasis. The effects of glucocorticoids

* Corresponding author. Tel.: +1 212 327 8623.
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Within the brain, as well as throughout other systems in the
body, glucocorticoids exert effects through activation of cyto-
solic receptors, which dimerize, enter the nucleus and modify
gene transcription through binding to specific response ele-
ments in the promoter regions of target genes. However,
several studies have demonstrated physiological and beha-
vioral effects of glucocorticoids that occur too rapidly to be
mediated by alterations in gene transcription or are unaf-
fected by protein synthesis inhibitors (Haller et al., 2008).

0306-4530/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.psyneuen.2010.03.005


mailto:mhill@rockefeller.edu
mailto:mhill@mail.rockefeller.edu
http://dx.doi.org/10.1016/j.psyneuen.2010.03.005

1334

M.N. Hill et al.

Accumulating data indicate that these non-genomic effects of
glucocorticoids occur through the activation of either G-pro-
tein coupled receptors or membrane-associated cytosolic
steroid receptors (Karst et al., 2005; Tasker et al., 2006).
These mechanisms produce rapid effects on behavior and
physiology contributing to adaptive responses to stress as well
as the immediate normalization of homeostasis following
stress (Tasker et al., 2006). To date, few in vivo studies have
elucidated the biochemical changes that underlie the rapid,
non-genomic neurobehavioral effects of the glucocorticoids.

Endocannabinoids, acting through the CB; cannabinoid
receptor, subserve a retrograde signaling system that is
widely distributed throughout the brain and functions to
modulate axonal release of excitatory and inhibitory neuro-
transmitters (Freund et al., 2003). There are several lines of
evidence which indicate that endocannabinoid signaling is
regulated by glucocorticoid hormones. First, exposure of
isolated hypothalamic slices to glucocorticoids rapidly
induces endocannabinoid mobilization through activation
of a G-protein coupled receptor (Di et al., 2003). Second,
rapid behavioral responses to glucocorticoid administration
in vivo are blocked by administration of CB, receptor antago-
nists (Campolongo et al., 2009; Coddington et al., 2007),
suggesting that glucocorticoids rapidly recruit endocannabi-
noid signaling. These data have lead to the hypothesis that
endocannabinoids are the synaptic “workhorse” of glucocor-
ticoids (Hill and McEwen, 2009). The purpose of this study
was to extend these observations and measure the effects of
exogenous glucocorticoid administration on corticolimbic
tissue endocannabinoid contents. Our prediction that gluco-
corticoid administration would rapidly increase endocanna-
binoid contents was confirmed, lending further support to
both the importance of rapid glucocorticoid signaling and the
role of endocannabinoids in this mechanism.

2. Methods

2.1. Subjects

Seventy-day-old male Sprague—Dawley rats (250—325g;
Charles River, Kingston, NY), pair housed in standard mater-
nity bins lined with contact bedding, were used in this study.
Colony rooms were maintained at 21 °C, and on a 12 h light/
dark cycle, with lights on at 0900 h. All rats were given ad
libitum access to Purina Rat Chow and tap water. All protocols
were approved by the Institutional Animal Care and Use
Committee of Rockefeller University.

2.2. Procedure

Rats were administered a subcutaneous injection of vehicle
(1% ethanol in sesame oil; Sigma—Aldrich, St. Louis MO) or
corticosterone (3 or 10 mg/kg in vehicle; Sigma—Aldrich) and
killed by decapitation 10 min or 1 h following injection.
Brains were removed and the prefrontal cortex (a tissue
block composed of medial prefrontal cortex and anterior
cingulate, which was anatomically defined as the area dorsal
to the anterior olfactory nucleus and medial to the corpus
callosum and claustrum formation), amygdala (composed of
central, basolateral, medial and cortical nuclei), hippocam-
pus (containing all subregions of the hippocampus, as well as

both dorsal and ventral regions) and hypothalamus (a tissue
block that was anatomically defined by a dorsal barrier of the
top of the third ventricle and laterally by the striatum and
fornix) were rapidly dissected and frozen on dry ice within
5 min of decapitation. Tissue was stored at —80 °C until
analysis. Trunk blood was also collected for measurement
of circulating corticosterone.

2.3. Endocannabinoid extraction and analysis

The contents of the two primary endocannabinoids AEA and
2-AG, as well the non-cannabinoid NAEs palmitoylethanola-
mide (PEA) and oleoylethanolamide (OEA), were measured in
lipid extracts of brain tissue using isotope-dilution liquid
chromatography—mass spectrometry as described previously
(Patel et al., 2005).

2.4. Corticosterone radioimmunoassay (RIA)

Blood samples were centrifuged at 3000 x g for 20 min after
which plasma was extracted and stored at —80 °C until
analysis. Plasma corticosterone (50 pnl) was measured in
duplicate using a commercial RIA kit (Coat-A-Count; Siemens
Medical Solutions Diagnostics, Los Angeles, CA). The quality
control standard of this assay in our hands was 5.3%.

2.5. Statistics

Analyses of the effects of glucocorticoid administration on
the tissue contents of AEA, 2-AG, PEA and OEA were per-
formed using a one way analysis of variance (ANOVA); post
hoc analysis was performed using a Dunnett’s t-test to com-
pare the effects of the two doses of corticosterone to the
same control. All analyses used p < 0.05 as an indication of
significance.

3. Results

Within the amygdala, AEA content was found to be elevated
10 min following corticosterone administration [F (2,
16) = 11.39, p < 0.005; Fig. 1]. Post hoc analysis demon-
strated that AEA content was increased in response to both
the 3 mg/kg (p < 0.05) and the 10 mg/kg (p < 0.005) doses
of corticosterone compared to vehicle treated controls. At
1h following corticosterone administration, AEA content
within the amygdala was also increased [F (2, 16) = 4.43,
p < 0.05; Fig. 1]; however, at this time point, AEA content
was elevated only in the amygdala of rats receiving the
10 mg/kg dose of corticosterone (p < 0.05). There was no
effect of corticosterone on amygdalar 2-AG content at either
the 10 min [F (2, 16) =2.14, p > 0.05] or 1 h [F (2, 16) = 2.56,
p > 0.05] following administration.

AEA content was increased in the hippocampus 10 min
following corticosterone administration [F (2, 17)=9.90,
p < 0.005; Fig. 1], with significant increases in hippocampal
AEA content in rats injected with both 3 mg/kg (p < 0.05)
and 10 mg/kg (p < 0.005) corticosterone compared to vehi-
cle treated rats. There was no significant difference in
hippocampal 2-AG content between vehicle treated or cor-
ticosterone treated rats at 10 min following injection [F (2,
17) = 0.45, p > 0.05; Fig. 1]. There were no differences in
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Figure 1  Corticosterone administration rapidly mobilizes anandamide in limbic structures and 2-AG within the hypothalamus.
Systemic administration of corticosterone (CORT), at doses of 3 mg/kg and 10 mg/kg, resulted in a significant increase in the tissue
content of anandamide (AEA) within the amygdala, hippocampus and hypothalamus, but not the prefrontal cortex. Similarly, a
significant increase in the tissue content of 2-arachidonoylglycerol (2-AG) within the hypothalamus, but not the prefrontal cortex,
amygdala or hippocampus was seen following administration of the 10 mg/kg dose of corticosterone exclusively. These effects were all
seen 10 min following corticosterone administration and had largely dissipated at 1 h following administration. Values denoted are
means + SEM; n=5—6 for each treatment condition. * Denotes significant differences (p < 0.05).
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AEA [F (2, 17)=1.14, p>0.05; Fig. 1] or 2-AG [F (2,
17) = 0.75, p > 0.05; Fig. 1] contents among the three treat-
ment groups in hippocampal tissue harvested at 1 h after
injection.

Within the hypothalamus, both AEA [F (2, 17)=8.74,
p <0.01; Fig. 1] and 2-AG [F (2, 17)=3.92, p < 0.05;
Fig. 1] were elevated following administration of the
10 mg/kg dose (for both p < 0.01) but not the 3 mg/kg dose
(p > 0.05) of corticosterone 10 min following injection. At
1 h following corticosterone, there were no significant dif-
ferences in the hypothalamic contents of AEA [F (2,
16) =2.07, p>0.05; Fig. 1] or 2-AG [F (2, 16)=0.95,
p > 0.05; Fig. 1] among the three treatment groups.

There were no significant differences in AEA content
within the prefrontal cortex at either 10min [F (2,
17)=0.04, p>0.05; Fig. 1] or 1h [F (2, 17)=0.33,
p > 0.05; Fig. 1] after injection among the three treatment
groups. Similarly, there were no significant differences in 2-
AG content within the prefrontal cortex at either 10 min [F
(2, 17)=0.73, p > 0.05; Fig. 1] or 1h [F (2, 17)=0.08,
p > 0.05; Fig. 1] after injection among the three treatment
groups.

We also examined the effect of corticosterone adminis-
tration on two other NAEs, PEA and OEA in the same brain
regions (Table 1). In brain tissues harvested 10 min following
injection, there were no differences among vehicle, 3 or
10 mg/kg corticosterone treatment groups in PEA content in

the amygdala [F (2, 16) = 0.20, p > 0.05], hippocampus [F (2,
17) =2.62, p>0.05], hypothalamus [F (2, 17)=1.24,
p > 0.05] or prefrontal cortex [F (2, 16) =1.64, p > 0.05].
Similarly, there was no effect of corticosterone administra-
tion on OEA content at 10 min post-injection within the
amygdala [F (2, 16) = 0.54, p > 0.05], hippocampus [F (2,
17)=0.93, p>0.05], hypothalamus [F (2, 17)=0.51,
p > 0.05] or the prefrontal cortex [F (2, 16)=0.81,
p > 0.05] compared to vehicle treated rats. There were no
differences in PEA content in the amygdala [F (2, 16) = 0.02,
p > 0.05], hippocampus [F (2, 17)=0.92, p>0.05],
hypothalamus [F (2, 17) =2.95, p > 0.05] or the prefrontal
cortex [F (2, 16)=1.06, p > 0.05] among the treatment
groups in tissues harvested 1 h following injection. Similarly,
there were no differences in OEA content in the amygdala [F
(2, 16)=0.13, p>0.05], hippocampus [F (2, 17)=0.16,
p > 0.05], hypothalamus [F (2, 17) = 0.54, p > 0.05] or the
prefrontal cortex [F (2, 16)=0.21, p > 0.05] among the
treatment groups in tissues harvested 1 h following injection.

Plasma concentrations of corticosterone were signifi-
cantly increased in rats treated with both doses of corticos-
terone compared to vehicle injected rats at 10 min [vehicle:
51.9 +13.3 ng/ml; 3 mg/kg: 765.8 + 55.5 ng/ml; 10 mg/kg:
1470.0 + 236.5 ng/ml; F (2, 17) = 25.49, p < 0.0001] and 1 h
[vehicle: 20.3 £ 4.3 ng/ml vs. 3 mg/kg: 717.1 + 73.3 ng/ml
vs. 10mg/kg: 1414.0 +166.4ng/ml F (2, 17)=44.03,
p < 0.0001] following injections.

Table 1 The effects of corticosterone administration on the tissue content of palmitoylethanolamine and oleoylethanolamine.
Vehicle 3 mg/kg CORT 10 mg/kg CORT

10 min post-administration

Prefrontal Cortex

PEA (pmol/g tissue) 58.4 +5.2 74 +71 72.8 £8.5

OEA (pmol/g tissue) 27.0+ 3.2 34.6 + 3.9 31.2+4.7

Amygdala

PEA (pmol/g tissue) 72.8 + 11.1 78.5+7.5 81.5+10.7

OEA (pmol/g tissue) 54.0 +£ 4.5 60.5 +5.7 62.4+6.9

Hippocampus

PEA (pmol/g tissue) 95.4 + 5.0 83.9+3.2 99.6 + 6.8

OEA (pmol/g tissue) 50.8 +2.8 52.4+ 4.8 59.0+ 5.6

Hypothalamus

PEA (pmol/g tissue) 170.8 +10.9 185.6 + 19.6 193.7 £ 16.7

OEA (pmol/g tissue) 86.5 + 8.2 94.4 +10.7 108.2 + 8.2

1 h post-administration

Prefrontal cortex

PEA (pmol/g tissue) 67.7 +11.7 65.3 +5.1 82.7+9.4

OEA (pmol/g tissue) 29.2 + 4.2 26.3 +2.5 28.9+2.9

Amygdala

PEA (pmol/g tissue) 71.1 +£10.7 70.6 + 9.4 72.9 £ 10.6

OEA (pmol/g tissue) 55.5+7.7 53.5 £5.7 50.8 £ 6.3

Hippocampus

PEA (pmol/g tissue) 89.4 + 8.1 82.9+3.3 98.1 £ 10.6

OEA (pmol/g tissue) 52.7 +£ 8.5 55.6 + 3.9 53.1 £ 3.6

Hypothalamus

PEA (pmol/g tissue) 152.2 + 10.6 144.4 + 14.2 174.2 £7.9

OEA (pmol/g tissue) 83.9+8.9 81.1+7.1 91.8 + 6.6

There was no effect of corticosterone (CORT) administration (either 3 or 10 mg/kg dose) on the tissue content of either palmitoyletha-
nolamide (PEA) or oleoylethanolamine (OEA) at both 10 min and 1 h following administration in any brain structure examined. Values

denoted are means 4 SEM. For all treatment conditions, n = 5—6.
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4. Discussion

In the present study, we demonstrated that systemic admin-
istration of corticosterone resulted in a rapid, transient
increase in AEA contents in the amygdala, hippocampus
and hypothalamus, but not the PFC. Specifically, tissue
AEA concentrations were increased at 10 min following cor-
ticosterone administration, but had largely returned to base-
line concentrations within 1 h, despite the fact that plasma
corticosterone remained elevated. These data suggest that
AEA-mediated signaling is a transient response to increased
circulating glucocorticoids. The rapidity of this effect sug-
gests that corticosterone affects AEA content through a non-
genomic mechanism, findings consistent with previous in
vitro and behavioral studies demonstrating that glucocorti-
coids rapidly mobilize endocannabinoids (Campolongo et al.,
2009; Coddington et al., 2007; Di et al., 2003). These data
provide support for the hypothesis that glucocorticoids can
influence brain function in mammals via non-genomic signal-
ing cascades.

Elevations in anandamide levels were seen at 10 min
following corticosterone administration, but had largely
returned to baseline levels within 1 h, despite the fact that
corticosterone was still elevated at this time point. This
suggests that the biochemical pathway subserving this induc-
tion exhausts rapidly, and the ability of glucocorticoids to
promote endocannabinoid signaling is a phenomenon of lim-
ited duration. However, an alternate possibility is that an
interaction between the arousal of the injection stress and
the corticosterone occurred to maximally promote endocan-
nabinoid mobilization. This hypothesis is in accord with
previous work demonstrating that the rapid effects of glu-
cocorticoids are amplified by concurrent emotional arousal
and noradrenergic transmission (Roozendaal et al., 2008).

Tissue content of the other endocannabinoid, 2-AG, was
elevated within the hypothalamus exclusively following cor-
ticosterone administration, indicating some degree of spe-
cificity in this phenomenon. The mechanism for this
divergent regulation is not understood, but is not surprising
given the distinct biochemical pathways mediating AEA and
2-AG synthesis and metabolism (Ahn et al., 2008).

The biochemical substrate through which glucocorticoids
exert rapid changes in cellular function is not well under-
stood. In amphibian tissue, a glucocorticoid sensitive G-
protein coupled receptor (GPCR) has been characterized
(Orchinik et al., 1991), and similarly, in vitro studies also
suggest that mobilization of endocannabinoids by glucocor-
ticoids requires activation of a GPCR and subsequent increase
in CAMP-PKA activity (Malcher-Lopes et al., 2006). Reports
that cytosolic steroid receptors possess the ability to insert
into the cell membrane to modulate intracellular function
suggests that cytosolic steroid receptors can have non-cano-
nical signaling roles, including perhaps the initiation of rapid
intracellular signaling (Karst et al., 2005). The current data
does not eliminate this mechanism; however, other studies
have found that recruitment of endocannabinoid signaling by
glucocorticoids in the hypothalamus is insensitive to antago-
nists at the classical steroid receptors (Di et al., 2003).

The finding that glucocorticoid administration increased
tissue contents of AEA, but not PEA or OEA, sheds light on the
biochemical pathway involved in the increase in AEA con-
tents. With respect to AEA synthesis, three processes have

been identified that convert the AEA precursor N-arachido-
nylphosphatidylethanolamine (NAPE) to AEA (see (Ahn et al.,
2008) for review). Of these pathways, one involving a NAPE-
selective phospholipase D (NAPE-PLD) is involved in the
generation of all of AEA, PEA and OEA, while a recently
identified pathway involving the sequential actions of o/B-
hydrolase-4 and glycerophosphodiesterase (GDE1), selec-
tively increases synthesis of polyunsaturated NAE’s, such
as AEA, but not saturated and monounsaturated NAE’s, such
as PEA and OEA (Simon and Cravatt, 2006, 2008). The present
data that AEA, but not OEA or PEA, are increased in response
to exogenous glucocorticoids, is most consistent with
increased activity of the a/B-hydrolase-4 synthetic pathway.
This pattern of effects on the three NAEs also indicates that
the mechanism does not involve changes in the kinetics of
fatty acid amide hydrolase (FAAH) since AEA, PEA and OEA are
all FAAH substrates for this enzyme (Cravatt et al., 2001;
Patel et al., 2005).

The doses used in the present study are typically used for
both behavioral and neurobiological studies (Campolongo
et al., 2009; Kavushansky and Richter-Levin, 2006), though
it should be noted that the circulating corticosterone levels
that were achieved are surprisingly higher than expected.
Following administration of the 3 mg/kg dose of corticoster-
one, plasma levels reached are at the upper limit of those
which would be achieved following stress exposure, while the
levels seen following administration of the 10 mg/kg dose of
corticosterone were supra-physiological. Given that the
mobilization of AEA within the hippocampus and amygdala
was seen following administration of the 3 mg/kg dose of
corticosterone, this phenomenon likely represents a biologi-
cally relevant change to fluctuations in corticosterone within
the physiological range. However, the induction of both AEA
and 2-AG within the hypothalamus only occurred at the
higher dose of corticosterone, which limits the generaliz-
ability of this response to a biological process which would
occur under physiological levels of corticosterone. Interest-
ingly, the in vitro studies from Tasker et al. (2006) demon-
strates that 1 wM of corticosterone is required to induce
endocannabinoid-mediated suppression of neuronal trans-
mission within the hypothalamus (Di et al., 2003), which
approximately equates to the supra-physiological level of
corticosterone achieved by the 10 mg/kg dose of corticos-
terone. Given the heterogeneity of the hypothalamus, it is
possible that specific nuclei within the hypothalamus, such as
the PVN, exhibit an endocannabinoid response to much
lower, and physiologically relevant, levels of corticosterone,
but that this effect is diluted when the entire hypothalamus
is examined as other nuclei may not respond similarly.

These data provide in vivo evidence of a rapid increase in
limbic AEA concentrations by glucocorticoids, a finding that
suggests rapid recruitment of endocannabinoid signaling by
glucocorticoids. The finding that glucocorticoids can rapidly
elevate AEA concentrations in vivo adds to the short list of
the non-genomic physiological effects of glucocorticoids
(Haller et al., 2008) and provides evidence for the existence
of such processes in mammals. Given that endocannabinoids
are important regulators of synaptic transmission, these data
support the hypothesis that endocannabinoids are the func-
tional “‘workhorse” of glucocorticoids within the synapse
(Hill and McEwen, 2009). In this model, glucocorticoids bind
to a membrane-associated receptor and rapidly mobilize
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AEA, and perhaps 2-AG, which in turn modulates the balance
of excitation and inhibition within a given circuit. In agree-
ment with this model, endocannabinoids have previously
been shown to mediate glucocorticoid-induced inhibition
of the HPA axis (Di et al., 2003), inhibition of sexual behavior
(Coddington et al., 2007) and facilitation of aversive emo-
tional memory consolidation (Campolongo et al., 2009).
Enhanced understanding of the tight relationship between
glucocorticoids and endocannabinoid signaling in the brain
could aid in the development of novel therapeutic targets for
diseases which involve dysregulation of one, or both, of these
systems; such as affective illnesses, autoimmune disorders
and metabolic conditions.
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