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There is extensive evidence that glucocorticoid hormones impair
the retrieval of memory of emotionally arousing experiences.
Although it is known that glucocorticoid effects on memory
retrieval impairment depend on rapid interactions with arousal-
induced noradrenergic activity, the exact mechanism underlying
this presumably nongenomically mediated glucocorticoid action
remains to be elucidated. Here, we show that the hippocampal
endocannabinoid system, a rapidly activated retrograde messen-
ger system, is involved in mediating glucocorticoid effects on
retrieval of contextual fear memory. Systemic administration of
corticosterone (0.3-3 mg/kg) to male Sprague-Dawley rats 1 h be-
fore retention testing impaired the retrieval of contextual fear
memory without impairing the retrieval of auditory fear memory
or directly affecting the expression of freezing behavior. Impor-
tantly, a blockade of hippocampal CB1 receptors with AM251 pre-
vented the impairing effect of corticosterone on retrieval of
contextual fear memory, whereas the same impairing dose of cor-
ticosterone increased hippocampal levels of the endocannabinoid
2-arachidonoylglycerol. We also found that antagonism of hippo-
campal B-adrenoceptor activity with local infusions of propranolol
blocked the memory retrieval impairment induced by the CB re-
ceptor agonist WIN55,212-2. Thus, these findings strongly suggest
that the endocannabinoid system plays an intermediary role in
regulating rapid glucocorticoid effects on noradrenergic activity
in impairing memory retrieval of emotionally arousing experiences.

cannabinoid receptor | norepinephrine | emotional arousal |
fear conditioning | posttraumatic stress disorder

t is well-established that glucocorticoid (GC) hormones, re-

leased from the adrenal cortex during stressful episodes, can
modulate different memory processes (1-4). Although most
studies focused on GC effects on the acquisition and consoli-
dation of memory, extensive evidence also indicates that acutely
elevated GC levels at the time of retention testing impair the
retrieval of memory of spatial and contextual training (5-9).
Because a glucocorticoid receptor (GR) agonist infused into the
hippocampus before retention induces comparable memory re-
trieval impairment (10, 11), such findings suggest that GC effects
on memory retrieval depend, at least in part, on activation of
GRs in the hippocampus. Findings of studies of human subjects
are consistent with the findings of animal studies and indicate
that exogenous GC administration or exposure to a psychosocial
stressor shortly before retention testing impairs retrieval of de-
clarative (mostly episodic) information (7, 12, 13) and reduces
hippocampal activity (14). Moreover, previous findings indicate
that emotionally arousing information is especially sensitive to
the retrieval-impairing effects of GCs (8) and that emotional
arousal during the test situation enables GC effects on memory
retrieval (15). Findings of recent clinical studies suggest that the
administration of stress doses of GCs may have therapeutic value
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by attenuating the reexperiencing of highly traumatic memories
in patients who have posttraumatic stress disorder (PTSD) and
other anxiety disorders (16-19).

Our previous finding that GCs interact with arousal-induced
noradrenergic activity in impairing the retrieval of hippocampus-
dependent memory (10, 11, 20, 21) might explain why GCs se-
lectively impair memory retrieval of emotionally arousing or
traumatic experiences (8). However, it is not understood how
GCs interact with the noradrenergic system in influencing mem-
ory retrieval, because these effects seem to be too rapid to act
through the classical genomic mode of action of GCs (6, 10, 11,
20-23). Findings of recent studies investigating the cellular
mechanism underlying the rapid effects of GCs suggest a possible
involvement of the endocannabinoid system (24-27). Endoge-
nous ligands for cannabinoid CB1 receptors [i.e., anandamide
(AEA) and 2-arachidonoylglycerol (2-AG)] are synthesized on
demand through cleavage of membrane precursors and serve as
retrograde messengers at central synapses (28). They bind to G
protein-coupled CB1 receptors at presynaptic sites to regulate ion
channel activity and neurotransmitter release (29). It is now well-
established that stress and GCs can induce rapid changes in
endocannabinoid signaling in stress-responsive brain regions (30,
31). Although these effects have been mostly studied with respect
to nongenomically mediated effects of GCs on hypothalamic—
pituitary—adrenocortical axis activity (25, 26, 30), CB1 receptors
are also abundantly expressed in the hippocampus, basolateral
amygdala, and other brain regions, where they modulate synaptic
transmission, neuronal firing, and memory (29, 32-34).

We previously reported evidence that GCs interact with the
endocannabinoid system within the basolateral amygdala in en-
hancing the consolidation of memory of emotionally arousing
training experiences (32, 35). In the present study, we investigated
whether the endocannabinoid system is involved in mediating
GC-induced memory retrieval impairment. We focus here on
retrieval of contextual fear memory, because we first found that
a systemic injection of corticosterone (CORT) administered
shortly before retention testing impairs the retrieval of contextual
but not auditory fear memory. Furthermore, in view of the ex-
tensive evidence indicating that GC effects on memory retrieval
depend on arousal-induced noradrenergic activity, we also ex-
amined whether endocannabinoids interact with the norad-
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renergic system within the hippocampus in impairing retrieval of
contextual fear memory.

Results

Systemic CORT Administration Dose-Dependently Impairs Retrieval of
Contextual but Not Auditory Fear Memory. This experiment in-
vestigated whether CORT administered systemically 1 h before
retention testing impaired retrieval of contextual and auditory
fear memory. During training, different groups of animals ac-
quired the contextual (F;3p; = 81.62, P < 0.0001) and auditory
(F7196 = 61.56, P < 0.0001) fear conditioning tasks as indicated
by progressively increasing freezing scores during shock trials.
Furthermore, the groups that were assigned to receive control or
drug treatments subsequently did not differ in acquisition per-
formance (contextual fear conditioning: F3 43 = 1.60, P = 0.20;
auditory fear conditioning: I35 = 0.82, P = 0.96) (Table S1);
24 h later, rats received a systemic injection of either vehicle or
different doses of CORT (0.3, 1, or 3 mg/kg) 1 h before retention
testing on the contextual and auditory fear conditioning tasks. As
is shown in Fig. 14, one-way ANOVA indicated that CORT
treatment induced a dose-dependent reduction in overall per-
cent freezing during retention testing on the contextual fear
conditioning task (F343 = 2.98, P = 0.04). Fisher posthoc anal-
ysis revealed that the 3-mg/kg dose of CORT, but not lower
doses, significantly decreased freezing levels (P < 0.01 compared
with vehicle). We also analyzed whether freezing levels of rats
administered the 3-mg/kg dose of CORT were lower throughout
the retention test or whether CORT facilitated the extinction of
fear during the retention test session. Repeated-measures
ANOVA for freezing levels in five consecutive 1-min time bins
(CORT 3 mg/kg and vehicle groups only) showed a significant
effect of CORT treatment (F; »3 = 12.22, P = 0.001) but not of
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Fig. 1. Effect of systemic CORT administration on retrieval of fear memory.
(A) Systemic CORT (0.3, 1, or 3 mg/kg) treatment administered 1 h before
retention testing dose-dependently impairs retrieval of contextual fear
memory. Results represent mean + SEM. **P < 0.01 vs. vehicle (n = 11-13 per
group). (B) Effect of systemic CORT (3 mg/kg) treatment on freezing during
retrieval of contextual fear memory analyzed in 1-min time bins. Results
represent mean + SEM. *P < 0.05, **P < 0.01 vs. vehicle (n = 11-13 per
group). (C) Systemic CORT (0.3, 1, or 3 mg/kg) treatment given 1 h before
retention testing does not impair retrieval of auditory fear memory. Results
represent mean + SEM (n = 8 per group). (D) Effect of systemic CORT (0.3, 1,
or 3 mg/kg) administration on basal freezing levels in a nontraining context.
Results represent mean + SEM (n = 10-15 per group).
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time (Fs9, = 1.69, P = 0.15) or interaction between CORT
treatment and time (Fs9, = 0.65, P = 0.62), suggesting that
freezing levels did not change over the course of the retention
test; thus, the freezing of the CORT 3 mg/kg group was lower
than the freezing of the vehicle group throughout the test (Fig.
1B). In contrast to contextual fear memory, systemic CORT
treatment did not alter freezing levels during retention on the
auditory fear conditioning task (F3 55 = 0.20, P = 0.89) (Fig. 1C).

To further exclude the possibility that CORT treatment might
directly influence the expression of freezing, separate groups of
animals were trained on the contextual fear conditioning task, and
24 h later, they were administered different doses of CORT (0.3,
1, and 3 mg/kg) 1 h before placing them in a context that was
distinctly different from the training context. CORT treatment did
not affect basal freezing levels in this nontraining context (F5 47 =
1.24, P = 0.31) (Fig. 1D). Thus, these findings indicate that CORT
selectively impaired conditioned freezing during retention of
contextual fear memory and did not affect freezing during re-
tention of the auditory fear conditioning task or induce any direct
deficits in the expression of freezing behavior.

Endocannabinoid Signaling in the Hippocampus Mediates the Impairing
Effect of CORT on Retrieval of Contextual Fear Memory. To investigate
whether the endocannabinoid system of the hippocampus plays a
role in mediating the impairing effect of CORT treatment on
retrieval of contextual fear memory, bilateral infusions of the
CB1 receptor antagonist AM251 (0.35 ng in 0.5 pL) were ad-
ministered into the dorsal hippocampus 1 h before retention
testing together with systemic injections of either vehicle or
CORT (3 mg/kg). Repeated-measures ANOVA for freezing
scores during training showed that all groups acquired the con-
textual fear conditioning task as indicated by progressively in-
creasing freezing scores during shock trials (F7 203 = 63.66, P <
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Fig. 2. Role of the endocannabinoid system in regulating glucocorticoid
effects on retrieval of contextual fear memory. (A) Hippocampal infusion of
the CB1 receptor antagonist AM251 (0.35 ng in 0.5 ulL) administered 1 h
before retention testing blocks the impairment of retrieval of contextual
fear memory induced by concurrent systemic CORT (3 mg/kg) treatment.
Results represent mean + SEM. *P < 0.05 vs. vehicle (n = 7-11 per group);
#P < 0.05 vs. CORT alone. (B) Representative photomicrograph illustrating
placement of cannula and needle tip in the dorsal hippocampus with
subfields dentate gyrus (DG), CA1, and CA3. (C and D) Systemic CORT (0.3,
1, or 3 mg/kg) treatment dose-dependently increases hippocampal 2-AG

but not AEA in the same time window of the retention test. All results
represent mean + SEM. *P < 0.05 vs. vehicle (n = 10-15 per group).
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0.0001) without a difference in the acquisition rate between later
drug groups (F329 = 0.79, P = 0.50) (Table S2). As is shown in
Fig. 24, two-way ANOVA for percent freezing during 24-h re-
tention testing revealed no significant main effects of CORT
(Fl,zg = 193, P = 017) or AM251 (Fl,zg = 176, P = 019) but
a significant interaction effect between these two treatments
(F129 = 4.61, P = 0.04). Fisher posthoc comparison tests showed
that systemic CORT administration significantly reduced freez-
ing in control rats administered vehicle into the hippocampus
(P < 0.05). However, this effect of CORT on freezing behavior
was blocked in animals administered AM251 into the hippocam-
pus (P < 0.05 compared with CORT alone).

Next, we investigated whether CORT administration affected
endocannabinoid tissue levels in the hippocampus. Rats were
trained on the contextual fear conditioning task, and 24 h later,
they were given a systemic injection of CORT (0.3, 1, or 3 mg/kg)
1 h before placing them in a nontraining but previously habituated
context for 5 min. Immediately afterward, the hippocampus was
dissected for endocannabinoid measurements. As is shown in Fig.
2 C and D, one-way ANOVA revealed that CORT treatment
dose-dependently elevated hippocampal levels of the endo-
cannabinoid 2-AG (Fs4; = 3.15, P = 0.03) without affecting
levels of AEA (F347 = 0.23, P = 0.87) or other measured endo-
cannabinoids such as oleoylethanolamide and palmitoylethano-
lamide (Table S3). Fisher posthoc analyses indicated that the
highest dose of CORT (3 mg/kg), but not any of the lower and
nonimpairing doses, increased 2-AG levels compared with vehicle
(P <0.05). Thus, our findings that CORT administration elevates
2-AG levels in the hippocampus, whereas a blockade of hippo-
campal CB1 receptors prevents CORT effects on memory re-
trieval impairment suggest that hippocampal endocannabinioid
signaling is critically involved in mediating the impairing effects of
CORT on retrieval of contextual fear memory.

Intrahippocampal Infusion of the CB Receptor Agonist WIN55,212-2
Impairs Retrieval of Contextual Fear Memory Through an Interaction
with the Noradrenergic System. As described above, we previously
reported that GC effects on memory retrieval of emotionally
arousing experiences involve an essential interaction with arousal-
induced noradrenergic activity (11, 36). Hence, in this experiment,
we investigated whether cannabinoid effects on memory retrieval
also depend on interactions with the noradrenergic system. To
address this issue, we first examined whether bilateral micro-
infusions of the CB receptor agonist WIN55,212-2 (10 or 30 ng in
0.5 pL) administered into the dorsal hippocampus 1 h before the
retention test impaired retrieval of contextual fear memory and
whether concurrent administration of the p-adrenoceptor antag-
onist propranolol (1.25 pg) blocked the impairment. All animals
acquired the contextual fear conditioning task as indicated by
progressively increasing freezing scores during shock trials (F7 420
= 108.00, P < 0.0001) without a significant difference in freezing
scores between later drug groups (F263 = 2.18, P = 0.12) (Table
S4). Asis shown in Fig. 34, two-way ANOVA for percent freezing
on the retention test showed a significant WINS55,212-2 effect
(F2,63 = 3.26, P = 0.04) and a significant propranolol effect (F; ¢3
= 15.65, P = 0.0001) as well as a significant interaction effect
between these two treatments (F, 63 = 3.63, P = 0.03). Posthoc
analysis showed that both doses of WIN55,212-2 significantly
impaired freezing levels (10 ng, P < 0.001 and 30 ng, P < 0.05
compared with vehicle). However, WIN55,212-2 did not reduce
freezing levels in rats also administered propranolol. Thus, these
findings indicate that, as with GCs, endocannabinoid effects on
memory retrieval impairment depend on concurrent noradren-
ergic activity within the hippocampus.

The second part of this experiment investigated whether
blockade of hippocampal CB1 receptors with AM251 (0.35 ng in
0.5 pL) would affect memory retrieval impairment induced by local
infusions of norepinephrine (1 or 3 pg). During training, animals
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Fig. 3. Endocannabinoid and norepinephrine interactions in the dorsal
hippocampus on retrieval of contextual fear memory. (A) The CB receptor
agonist WIN55,212-2 (WIN, 10 or 30 ng in 0.5 pL) infused into the hippo-
campus 1 h before the retention test impairs retrieval of contextual fear
memory. Concurrent infusion of the f-adrenoceptor antagonist pro-
pranolol (1.25 pg) blocks this WIN55,212-2-induced memory retrieval im-
pairment. Results represent mean + SEM. *P < 0.05, **P < 0.001 vs. vehicle
(n = 10-14 per group). (B) Intrahippocampal infusions of norepinephrine
(1 or 3 pug in 0.5 pL) administered 1 h before the retention testing impair
retrieval of contextual fear memory. Concurrent infusion of the CB1 receptor
antagonist AM251 (0.35 ng) does not block this impairment. Results repre-
sent mean + SEM. *P < 0.05, **P < 0.01 vs. vehicle (n = 11-15 per group).

increased their freezing as shock trials progressed (F7 499 = 137.59,
P < 0.0001), and there were no differences in the acquisition rate
between later drug groups (F»,72 = 0.59, P = 0.56) (Table S5). Asis
shown in Fig. 3B, two-way ANOVA for percent freezing during 24-
h retention testing revealed a significant norepinephrine effect
(F272 = 8.28, P = 0.0005) but no significant AM251 effect (F; 7.=
0.33, P = 0.86) or interaction between norepinephrine and AM251
(F272= 037, P = 0.70). Microinjection of either dose of norepi-
nephrine into the dorsal hippocampus 1 h before retention testing
significantly reduced conditioned freezing levels (1 pg, P < 0.01
and 3 pg, P < 0.01 compared with vehicle). As with norepinephrine
administered alone, the 3-pug dose of norepinephrine infused to-
gether with the CB1 receptor antagonist induced a significant re-
duction in freezing (P < 0.05), whereas the 1-pg dose of
norepinephrine just failed to reach significance (P = 0.08). In-
fusion of this low dose of AM251 alone did not alter freezing levels
(P = 0.68). These findings indicate that the effect of noradrenergic
activation is downstream of CBI1 receptor activation.

To exclude the possibility that WINS5,212-2 or norepinephrine
infusions into the hippocampus might have decreased freezing
during the retention test by directly affecting the expression of
freezing behavior, we investigated (in separate groups of animals)
the effect of intrahippocampal infusions of the same doses of
WINS5,212-2 (10 or 30 ng in 0.5 pL) or norepinephrine (1 or 3 pg
in 0.5 pL) on freezing behavior during retention of auditory fear
conditioning. Repeated-measures ANOVA comparing freezing
levels in the WINS5,212-2-treated groups showed a significant
effect of tone trial (F4 103 = 126.63, P < 0.0001) but no significant
effect of WINS5,212-2 (F,,7 = 0.41, P = 0.66) or interaction
between tone trial and WIN55,212-2 treatment (Fg 105 = 0.84, P =
0.56) (Fig. S14). Highly comparable, repeated-measures ANOVA
comparing retention freezing scores of norepinephrine-treated
groups showed a significant effect of tone trial (Fy 105 = 90.82, P <
0.0001) but no significant effect of norepinephrine (F,,7; = 0.25,
P = 0.77) or interaction between tone trial and norepinephrine
treatment (Fg 10s= 0.86, P = 0.55) (Fig. S1B). Thus, these findings
indicate that WIN55,212-2 or norepinephrine effects on contex-
tual fear memory were not mediated by a general, nonspecific
change in the expression of freezing behavior.

Discussion

The present study investigated a putative involvement of the
hippocampal endocannabinoid system in regulating GC effects
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on the retrieval of fear memory. The interest of this question
stems from previous work indicating that, in both rats and
healthy human participants, GCs interact with arousal-induced
noradrenergic mechanisms in impairing memory retrieval of
emotionally arousing information (6-9). However, because these
effects are too rapid to be mediated through genomic GC ac-
tions, the neurobiological processes underlying the GC influence
on noradrenergic activity remained to be determined (37). The
present findings indicate that a blockade of hippocampal CB1
receptors prevents the impairing effects of GCs on retrieval of
contextual fear memory, whereas the administration of an im-
pairing dose of CORT increases hippocampal levels of the endo-
cannabinoid 2-AG. We also found that antagonism of hippocampal
B-adrenoceptor activity blocks the memory retrieval impairment
induced by the CB receptor agonist WIN55,212-2, whereas CB1
receptor blockade fails to alter memory retrieval impairment in-
duced by concurrent hippocampal infusions of norepinephrine.
These findings suggest that the endocannabinoid system is in-
volved in mediating GC effects on the noradrenergic system in
impairing memory retrieval.

Our finding that CORT administration shortly before re-
tention testing impaired retrieval of contextual fear memory
without affecting retrieval of auditory fear memory or baseline
freezing is consistent with previous reports indicating that GCs
impair memory retrieval of hippocampus-dependent contextual
fear memory and that this stress hormone effect is not directly
attributable to acute fear relief or deficits in the expression of
freezing behavior (22, 38). Moreover, our finding that CORT did
not facilitate the extinction of freezing within the course of the
retention test is in line with other evidence indicating that CORT
facilitates the consolidation, but not the acquisition, of fear ex-
tinction memory (38, 39). Findings of several other studies in-
vestigating the effects of stress, GCs, or specific GR agonists on
memory retrieval of other training tasks in rats and requiring the
expression of other behavioral responses as well as the expres-
sion of verbal reports in healthy human subjects support the view
that GCs impair immediate and delayed recall of hippocampus-
dependent memory (6, 7, 10, 11). There is extensive evidence
that the hippocampus is involved in the retrieval of contextual,
spatial, or declarative memory and is also a primary target for
stress hormones (2, 40, 41). Moreover, prior findings indicate
that direct infusions of GCs into the hippocampus impair the
retrieval of spatial memory (10, 11) and that a single GC ad-
ministration to human subjects decreases hippocampal activity
during declarative memory retrieval (42). The findings of studies
investigating whether GCs might also impair memory retrieval
of hippocampus-independent learning tasks are consistent with
our current observation that GCs seem to have little or no effect
on retrieval of auditory fear memory or other hippocampus-
independent memories (12, 22). However, we cannot exclude
the possibility that CORT might have impaired the retrieval of
memory of some specific features of the conditioning tone (e.g.,
frequency, intensity, duration, etc.) used in the present study.

Our finding that pretest blockade of hippocampal CB1 recep-
tors with local infusions of AM251 prevented the GC-induced
impairment of contextual fear memory retrieval indicates that
endocannabinoid signaling plays an important role in regulating
GC effects on memory retrieval. Moreover, comparable with the
effect of systemic CORT administration, intrahippocampal infu-
sions of the full CB agonist WINS55,212-2 impaired the retrieval
of contextual but not auditory fear memory. This selective im-
pairment of retrieval of contextual fear memory indicates that the
WINS5,212-2 administration did not nonspecifically affect the
expression of freezing behavior, a finding that is in accordance
with other reported evidence that intrahippocampal administra-
tion of WINS55,212-2 or other cannabinoid agonists (8-9-tetra-
hydrocannabinol or CP 55,940) impairs spatial memory without
directly affecting the expression of behaviors that were assessed as

Atsak et al.

an index of memory (43-45). Moreover, we found that CORT
administration, in a dose that impairs memory retrieval, increased
hippocampal levels of 2-AG but not AEA or other measured
endocannabinoids in the same time course of the retention test.
These findings are consistent with previous evidence that stress
and GCs rapidly alter endocannabinoid signaling in a variety of
stress-responsive brain regions, including the hippocampus (30,
46). Although some controversy exists in the literature, stress has
been shown to mobilize 2-AG while concurrently decreasing AEA
levels in the hippocampus (30, 31). Interestingly, GR antagonists
block this stress-induced increase in hippocampal 2-AG levels
(47). Although it is currently unknown how GCs might increase
2-AG levels (i.e., changes in synthesis, release, uptake, or degra-
dation), the effect seems to depend on activation of a G protein-
coupled receptor and intracellular cAMP-dependent protein
kinase signaling (48).

Extensive evidence indicates that stress and GC effects on
memory retrieval of emotionally arousing experiences depend
crucially on an interaction with arousal-induced noradrenergic
activity (10, 11, 22, 36). A p-adrenoceptor antagonist adminis-
tered systemically or directly into the hippocampus or basolateral
amygdala in rats blocks GC effects on memory retrieval. More-
over, GCs have been shown to rapidly increase the release of
norepinephrine in the amygdala after an emotionally arousing
experience (23) in a time frame that seems incompatible with
the time frame of the classical genomic effects of GCs. The pres-
ent findings indicate that GC-induced impairment of memory
retrieval is mediated, at least in part, by rapid influences on
the endocannabinoid system. Moreover, our finding that the
B-adrenoceptor antagonist propranolol blocks the impairing ef-
fect of the CB receptor agonist WINS55,212-2, whereas a
blockade of CBI1 receptors with AM251 fails to prevent nor-
epinephrine-induced memory retrieval impairment indicates that
norepinephrine is functionally located downstream from the
endocannabinoid system. Collectively, these findings strongly
suggest that endocannabinoids play an intermediary role in
regulating GC effects on the norepinephrine system in impairing
memory retrieval. In support of this view, previous findings in-
dicate that the administration of a synthetic cannabinoid agonist
dose-dependently increased norepinephrine levels in limbic and
cortical regions (49, 50).

A possible scenario is that endocannabinoids might influence
noradrenergic function through an inhibition of GABAergic
transmission (27, 32, 35). Although this possibility was originally
proposed for GC-induced enhancement of memory consolidation
involving the basolateral amygdala (32), CB1 receptors are also
abundantly expressed on hippocampal GABAergic terminals and
to a minor extent, glutamatergic terminals (51). An activation of
CBl receptors has consistently been shown to suppress the release
of GABA in the hippocampus through a Ca”*-dependent de-
polarization-induced suppression of inhibition (28). In support of
our finding that CORT might affect memory retrieval through
increased 2-AG endocannabinoid signaling, recent findings sug-
gest that, particularly, 2-AG is involved in the modulation of
depolarization-induced suppression of inhibition and thus, the
suppression of GABA release in the hippocampus (52-54). Addi-
tionally, substantial evidence from pharmacological studies on
memory consolidation has indicated that a blockade of GABAergic
transmission with specific antagonists increases norepinephrine
release from presynaptic sites (55). Based on these findings, a sim-
ilar working model for GC-induced impairment of memory re-
trieval can be proposed. GCs first boost the release of 2-AG in the
hippocampus. This endocannabinoid then binds to CB1 receptors
on GABAergic interneurons to suppress the release of GABA,
resulting indirectly in elevated norepinephrine levels, which as we
have shown in this study, impairs memory retrieval of salient in-
formation (Fig. S2).
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As noted above, there is currently growing interest in GC
influences on retrieval of memory of emotionally arousing expe-
riences because of clinical findings indicating that GC adminis-
tration to PTSD patients significantly reduces reexperiencing of
highly traumatic memories and other chronic stress symptoms (16,
19). However, in a clinical setting, the sustained use of GCs is
undesirable because of the pleiotropic nature of these hormones
to affect a wide array of physiological functions (e.g., immune and
metabolic functions). The present finding that the hippocampal
endocannabinoid system is involved in mediating GC effects on
memory retrieval impairment could aid in the development of
non-GC-based therapies for PTSD. Although clinical studies
have not yet investigated interactions between these two stress
systems, recent findings indicate that administration of the syn-
thetic cannabinoid nabilone to PTSD patients resulted in a highly
comparable reduction of treatment-resistant daytime flashbacks
and nightmares (56). Moreover, PTSD is often associated with
high levels of cannabis consumption (57), which might be related,
in part, to an inadequate activation of the endogenous GC and
endocannabinoid systems in these patients (58). Furthermore,
based on our finding that systemic CORT administration impaired
the retrieval of hippocampus-dependent contextual fear memory
without affecting the retrieval of hippocampus-independent au-
ditory fear memory, it would seem important to also investigate
whether GC or cannabinoid administration might selectively re-
duce the retrieval of hippocampus-dependent traumatic memo-
ries in PTSD patients.

Methods

Subjects. Male adult Sprague-Dawley rats (280-330 g at time of surgery)
from Charles River were kept individually in a temperature-controlled (22 °C)
colony room and maintained on a standard 12-h light and 12-h dark cycle
(07:00-19:00 h lights on) with ad libitum access to food and water. All be-
havioral procedures were performed during the light cycle between 10:00
and 15:00 h. All procedures were in compliance with the European Com-
munity’s Council Directive on the use of laboratory animals of November 24,
1986 (86/609/EEC) and were approved by the Institutional Animal Care and
Use Committee of the University of Groningen, Groningen, The Netherlands.

Surgery. Animals, adapted to the vivarium for at least 1 wk, were anesthetized
with a mixture of ketamine (37.5 mg/kg body weight; Alfasan) and dexme-
detomidine (0.25 mg/kg; Orion), and surgery was performed according to
a standardized protocol (59). Briefly, the skull was positioned in a stereotaxic
frame (Kopf Instruments), and two stainless steel guide cannulae (11 mm,
23 gauge; Small Parts) were implanted bilaterally with the cannula tips 1.5 mm
above the dorsal hippocampus (anteroposterior, —3.4 mm from Bregma;
mediolateral, +1.8 mm from the midline; dorsoventral, 2.7 mm below skull
surface; incisor bar, —3.3 mm from interaural) (60). The cannulae were affixed
to the skull with two anchoring screws and dental cement. Stylets (11-mm-
long 00-insect dissection pins) inserted into each cannula to maintain patency
were removed only for the infusion of drugs. After surgery, the rats were
administered atipamezole hydrochloride (2.5 mg/kg; Orion) to reverse anes-
thesia and subsequently injected with 3 mL saline to facilitate clearance of
drugs and prevent dehydration. The rats were allowed to recover for 10 d
before initiation of training and were handled three times for 1 min each
during this recovery period to accustom them to the infusion procedure.

Fear Conditioning. After handling days were completed, all rats were ha-
bituated to the training context for 5 min without shock exposure. On the
next day, animals were trained on either the contextual or auditory fear
conditioning task. For contextual fear conditioning, each rat was placed in the
fear conditioning apparatus (24 cm width x 25 cm depth x 34 cm height) and
exposed to five foot shocks (1.4 mA, 1, 1-min intertrial interval) after 2 min
of baseline; 24 h later, rats were reexposed to the fear conditioning context
for 5 min. For auditory fear conditioning, animals were exposed to five tones
(80 dB, 4 kHz, 10 s) coterminating with foot shock (1.4 mA, 1 s); 24 h later,
animals were tested in a different context with tone trials only (five trials for
10 s each) after 3 min of baseline. Control groups were habituated to the
training apparatus, and 24 h later, they were trained on the contextual fear
conditioning task; however, on the retention test day, they were tested for
5 min in a different but previously habituated context. Freezing behavior was
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analyzed with Behafreeze software (http://www.pmbogusz.net/software/),
and some of the groups were also analyzed manually blind to drug treat-
ment as a quality control.

Endocannabinoid Quantification. After rapid decapitation, the hippocampus
was dissected, and lipid extraction was performed according to a standard-
ized protocol as explained in S/ Methods (61). For endocannabinoid meas-
urements, automated online, solid-phase extraction using column switching
with subsequent direct transfer to HPLC and a tandem MS system was ap-
plied. Pure solutions were used for calibration. The method is linear within
the calibration ranges. All liquid chromatography MS analyses were carried
out using an 1100 LC system (binary pump and autosampler; Agilent) cou-
pled to an API 4000 mass spectrometer (Applied Biosystems) and equipped
with a Turbo-lon-Spray (ESI) source. Because in biological matrices, 2-AG
(including its deuterated analog) rapidly isomerizes to 1-AG (62), we quan-
tified 2-AG as the sum of both isomers.

Drug and Infusion Procedures. All systemic and local drug manipulations were
made 1 h before retention testing. For the first experiment, different doses of
CORT (0.3, 1, and 3 mg/kg; Sigma-Aldrich) dissolved in 5% ethanol were
administered s.c. CORT doses were based on previous findings (6, 38). For the
second experiment, the selective CB1 receptor antagonist AM251 (0.35 ng in
0.5 pL per side; Sigma-Aldrich) was infused into the dorsal hippocampus
together with an s.c. injection of either an impairing dose of CORT (3 mg/kg)
or vehicle. AM251 was first dissolved in 100% DMSO and subsequently di-
luted in phosphate buffer to reach a final DMSO concentration of 2%. For
the third experiment, the CB receptor agonist WIN55,212-2 (10 or 30 ng in
0.5 pL per side; Sigma-Aldrich) either alone or together with the p-adreno-
ceptor antagonist propranolol (1.25 pg; Sigma-Aldrich) was dissolved in
a vehicle containing 2% DMSO and 0.2% Triton X-100 in phosphate buffer
and infused into the dorsal hippocampus. For the last experiment, norepi-
nephrine (1 or 3 ug in 0.5 pL per side; Sigma-Aldrich) either alone or together
with AM251 (0.35 ng; Sigma-Aldrich) dissolved in 2% DMSO in phosphate
buffer was infused into the dorsal hippocampus.

Bilateral infusions of drug or vehicle into the dorsal hippocampus were
given by using 30-gauge injection needles connected to 10-uL Hamilton
microsyringes by polyethylene (PE-20) tubing. The injection needles pro-
truded 1.7 mm beyond the cannula tips, and a 0.5-plL injection volume per
hemisphere was infused over a period of 50 s by an automated syringe pump
(Stoelting). The injection needles were retained within the cannulae for an
additional 20 s to prevent backflow of drug into the cannulae.

Histology. Rats were anesthetized with an overdose of sodium pentobarbital
(100 mg/kg, i.p.; Sigma-Aldrich) and perfused transcardially with a 0.9% saline
(wt/vol) solution followed by 4% formaldehyde (wt/vol) dissolved in water.
Brains were removed, and after cryoprotection in 25% sucrose, coronal
sections of 50 um were cut on a cryostat, mounted on gelatin-coated slides,
and stained with cresyl violet. The location of the injection needle tips in the
dorsal hippocampus was examined under a light microscope according to
the standardized atlas plates in the work by Paxinos and Watson (60) by an
observer blind to drug treatment condition. Rats with injection needle
placements outside the hippocampus or with extensive tissue damage at the
injection needle tips were excluded from analysis.

Statistics. Data are expressed as mean + SEM. Overall freezing scores on the
retention test trials of the contextual and auditory fear conditioning tasks
were analyzed with one- or two-way ANOVAs when appropriate. Endo-
cannabinoid levels were analyzed with one-way ANOVA. To investigate the
effect of time (for contextual fear conditioning) or tone trial (for auditory
fear conditioning) on the freezing response, freezing retention scores were
analyzed with repeated-measures ANOVA with time bin (1 min each) or tone
trial as the within-subject factor. Freezing scores during the training session
of the contextual and auditory fear conditioning tasks were always analyzed
with repeated-measures ANOVA, with shock trial as the within-subject factor.
The analyses were followed by Fisher LSD multiple comparison tests when
appropriate. P values of less than 0.05 were considered statistically signifi-
cant. The number of rats per group is indicated in Figs. 1-3 and Figs. S1 and S2.
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