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Systemic Blockade of the CB; Receptor Augments
Hippocampal Gene Expression Involved in Synaptic Plasticity
but Perturbs Hippocampus-Dependent Learning Task

Kofi-Kermit A. Horton'?, Anushka V. Goonawardena'?, John Sesay', Allyn C. Howlett', and Robert E. Hampson'

Abstract

Chronic and acute agonism as well as acute antagonism of CB; receptors reveal modulation of learning and
memory during stable performance of a delayed-nonmatch-to-sample (DNMS) memory task. However, it re-
mains unclear how chronic blockade of the CB; receptor alters acquisition of the behavioral task. We examined
the effects of chronic rimonabant exposure during DNMS task acquisition to determine if blockade of the CB;
receptor with the antagonist rimonabant enhanced acquisition of operant task. Long-Evans rats, trained in
the DNMS task before imposition of the trial delay, were surgically implanted with osmotic mini pumps to ad-
minister rimonabant (1.0 mg/kg/day) or vehicle (dimethyl sulfoxide/Tween-80/Saline). Following surgical recov-
ery, DNMS training was resumed with the imposition of gradually longer delays (1-30 sec). The number of days
required to achieve stable performance with either increasing length of delay or reversal of task contingency was
compared between vehicle and rimonabant-treated rats. Following the completion of DNMS training, animals
were euthanized, and both hippocampi were harvested for gene expression assay analysis. Rimonabant treat-
ment animals required more time to achieve stable DNMS performance than vehicle-treated controls. Quantita-
tive real-time polymerase chain reaction analysis revealed that the expressions of alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor subunit, brain-derived neurotrophic factor, and synapsin 1 (SynT)
were significantly increased. These results are consistent with rimonabant increasing mRNAs for proteins asso-
ciated with hippocampal synapse remodeling, but that those alterations did not necessarily accelerate the ac-
quisition of an operant behavioral task that required learning new contingencies.

Keywords: brain-derived neurotrophic factor; delayed-nonmatch-to-sample; gene expression; hippocampus;
memory; rimonabant

Introduction
Delta 9-tetrahydrocannabinol (A°-THC) administra-
tion, in addition to other cannabinoid agonists, disrupts
learning and memory' through interactions with the en-
dogenous cannabinoid system that plays a crucial role in
the functional foundation of learning and memory.”
These disruptions consistently impair working memory
while sparing long-term or reference memory.

The delayed-nonmatch-to-sample (DNMS) task is a
behavioral paradigm for studying hippocampal func-

tion in working memory.*® We have previously
shown that hippocampal lesions produce delay-
dependent impairment in the DNMS task.” A similar
decrement was observed in animals acutely adminis-
tered A°-THC.® Moreover, the administration of CB,
receptor antagonist rimonabant blocked these delay-
dependent behavioral deficits.® Rimonabant was also
shown to improve performance in an olfactory recog-
nition task” and reduce errors in the eight-arm radial
maze.'>"" However, no improvement in memory was
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observed in a two-component instrumental discrimi-
nation task.'> The ability of rimonabant to enhance
memories that persist for minutes to hours and are
not subject to rapid forgetting has led to the hypothesis
that rimonabant administration could enhance learn-
ing and memory."?

Cellular mechanisms underlying synaptic plasticity
(such as gene expression) may underscore the time-
dependent ability of the endocannabinoid system to
modulate learning and memory. Chronic cannabinoid
receptor activation differentially alters the expression
of genes required for synaptic transmission and trophic re-
sponse in the rat hippocampus, including synaptotagmin,
neuromodulin, cAMP response element binding protein
1, and the tyrosine receptor kinase B (TrkB) receptor for
brain-derived neurotrophic factor (BDNEF).!**> The
acquisition of a hippocampal-dependent learning task,
as well as the expression of genes required for task acqui-
sition during continuous CB,; receptor antagonism, has
not been characterized.

This study demonstrates that continuous systemic
rimonabant administration increases the expression
of genes that influence synaptic remodeling, neuronal
survival, and the expression of long-term potentiation
(LTP). Moreover, the rimonabant treatment signifi-
cantly increased the number of days to acquire stable
performance at the longest delay increment of the
DNMS task. These results show that systemic blockade
of the CB, receptor during the acquisition of a learning
task produces a phenotype that is pharmacologically
distinct from the genetic knockout of CB, receptors.

Materials and Methods

All animal care and experimental procedures, includ-
ing water deprivation and surgery, conformed to the
National Institutes of Health (NIH) and Association
for the Assessment and Accreditation of Laboratory
Animal Care (AAALAC) regulations. All surgical pro-
cedures conformed to NIH and AAALAC guidelines
and were performed in a rodent surgical facility ap-
proved by the Wake Forest University IACUC.

Drug preparation and administration

Rimonabant (provided by RTT International, RTP, NC,
USA, via the NIDA Drug Distribution program) was pre-
pared for administration in a suspension of 10%
dimethyl sulfoxide (DMSO) and 0.1% Tween-80 in ster-
ile saline (% v/v). The suspension was loaded into an
Alzet osmotic mini-pump (Model 2ML2; DURECT
Corporation, Cupertino, CA) that delivered a continu-
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ous flow rate of 1.0 mg/kg/day for 28 days at ~2.5 uL/
h. Control solution consisted of DMSO/Tween-80/saline
vehicle. In a second set of acute experiments, rimonabant
(5.0mg/kg) was prepared in a suspension of pluronic
F68/saline and delivered by intraperitoneal injection.
Control solution consisted of pluronic F68/saline vehicle.

Subjects

Male Long-Evans rats (n=26) were deprived of water for
15-20h daily to facilitate DNMS/delayed-match-to-
sample (DMS) task performance for water reward but
were allowed free access to food. Total water intake was
adjusted daily to maintain the rats at 85% of normal
body weight. Animals were divided into vehicle (n=13)
and rimonabant treatment groups (n=13) for both ex-
perimental procedures. Within these two groups the ani-
mals were further divided into a DNMS acquisition group
(n=10) and a DNMS/DMS reversal group (n=16).

Surgery

All animals were trained to perform the DNMS task
(described in DNMS cognitive task) at the “0” sec
delay criterion level before the surgical procedure was
implemented. Animals in the DNMS acquisition
group were anesthetized with ketamine (100 mg/kg,
ip.) and xylazine (10 mg/kg, ip.), and an ALZET os-
motic mini-pump (Model 2ML2) loaded with DMSO/
Tween-80/saline (vehicle) or vehicle plus rimonabant
(1.0 mg/kg/day) was implanted subcutaneously on the
dorsal area near the spinal cord. Behavioral testing re-
sumed following a 2-day recovery period. In three of
the rimonabant treatment animals a second osmotic
mini-pump was implanted because DNMS training
was not successfully completed within the functional
lifespan on the initial osmotic mini-pump.

DNMS cognitive task

Complete details of apparatus design and behavioral
training in the DNMS task have been reported else-
where.*'® Briefly, the behavioral testing chamber con-
tained two retractable levers mounted on one wall,
positioned on either side of a water trough, and a
nose-poke device with a cue light positioned on the op-
posite wall. The animals acquired the DNMS task in
three parts: sample presentation, a placeholder for
delay interval, and nonmatch selection. A DNMS
“trial” sequence initiated with the random presentation
of either the left or right lever that when pressed (sam-
ple response [SmR]) immediately retracted, initiating
the delay phase. During the delay phase, animals
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“nose-poked” into a photobeam under the cue light
until the delay interval timed out. A final nose-poke fol-
lowing completion of the delay interval turned off the
cue light and caused both levers to extend, initiating
the nonmatch phase. A response on the lever opposite
the SmR constituted the correct “nonmatch response”
(NR) and was rewarded with a drop of water. An incor-
rect response on the same lever as the SmR (i.e., a
“match response”) caused the houselights to turn off
for 5sec, and both levers retracted to delineate the
error with no reward. A 10-sec intertrial interval was
employed.

Animals were trained to perform the DNMS “trial”
sequence, described above, with a “0” sec delay at the
nose-poke. Each DNMS testing session required the an-
imal to complete 100 trials. Successful performance dur-
ing a DNMS testing session required a minimum of 80%
correct trials responding within the testing session. This
criterion was applied to all trials on initial training, and
to trials of delay 1-10 sec when the trained delay in the
task exceeded 10sec. Once the performance criterion
was achieved at the “0” sec delay, animals underwent
the surgical procedure described above. Following re-
covery from surgery, the animals were retrained to crite-
rion performance (at least 80% correct responding,
average of one training session) at “0” sec delay before
beginning the experiment and further training.

The experimental protocol required the animals to
perform DNMS trials during a session with delays that
were incrementally advanced to 1 and 10sec, 1 and
20 sec, and then 1 and 30 sec (within individual trial de-
lays randomly selected from within the specified inter-
vals). Criterion performance was required before an
animal could begin testing sessions with longer delay in-
tervals, that is, 80% correct responding during sessions
with delays between 1 and 10sec was required before
initiating sessions with delays between 1 and 20 sec.

For task contingency reversal, the animals were fully
trained to 1-30 sec delays for at least 8 weeks before al-
tering the contingency from DNMS to a DMS task. All
elements of this task remained identical to the DNMS
task with one exception. The rats were required to
“match” instead of “nonmatch” the sample (i.e., learn
the opposite rule) to obtain the water reward. Thus,
nonmatching the sample was identified as an “error”
response in this case. All animals were required to
run 100 trials within 60 min following the treatment
of either acute rimonabant or pluronic F68/saline vehi-
cle ~15-20 min before testing on the DMS (i.e., rever-
sal) task for 12 successive days. Each session was
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terminated depending on whichever trial count (100
trials) or time limit (60 min) was reached first.

Gene expression

After completion of DNMS training (average of 14 and
28 days following mini-pump implantation, vehicle and
rimonabant, respectively), rats were euthanized by isoflur-
ane overdose followed by guillotine decapitation. The hip-
pocampi were harvested via free-hand dissection, rapidly
frozen in liquid nitrogen, and stored at —80°C until total
RNA was extracted using the Trizol reagent method,'”
and the RNeasy MinFlute Cleanup Kit (Qiagen) was
used to further purify samples. Isolated RNA concentra-
tion was assessed via the spectrophotometric quantitation
of nucleic acids method'® using an Eppendorf BioPho-
tometer 6131, and purity was assured by an A,eo/Ajg
ratio range between 1.9 and 2.0. A portion of the total
RNA (1 ug) was reverse-transcribed into cDNA using a
High-Capacity cDNA Archive Kit (Applied Biosystems).

Real-time quantitative polymerase chain reaction
(qPCR) was performed in triplicate for each sample
using a Mastercycler EP Realplex real-time PCR system
(Eppendorf) using TagMan Gene® Expression Assays
(Applied Biosystems) specific for 18S ribosomal RNA
(18S), Enolase 2 (Eno2), BDNF, TrkB, «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor 1 (Grial), kainate receptor 1 (Grikl), N-methyl
D-aspartate (NMDA) receptor 1 (Grinl), NMDA recep-
tor 2A (Grin2a), Cyclic AMP-Responsive Element-
Binding Protein 1 (Crebl), CRE-modulating protein
(Crem), cannabinoid receptor 1 (Cnrl), cannabinoid re-
ceptor interacting protein  (Cnripl), gamma-
aminobutyric acid (GABA) A receptor 1 (Gabral),
GABA B receptor 1 (Gabbrl), glutamic acid decarboxy-
lase (Gad1), Synl, synapsin 2 (Syn2), synapsin 3 (Syn3),
and growth-associated protein-43 (Gap43).

Gene expression for each sample was normalized to 18S
content, and relative quantification of gene expression lev-
els was performed using the comparative CT method
(Z_MCT method) using Eno2 as the comparative control."?
Statistical differences between groups were determined
using the Relative Expression Software Tool (REST©)
nonparametric analysis developed for gPCR data.*

Statistical analysis for behavioral studies

Differences in the number of training days required to
reach criterion performance in the DNMS acquisition
study were analyzed using a two-way analysis of vari-
ance (ANOVA) (with Sidak’s corrections) in GraphPad
InStat statistical software (GraphPad Software, Inc.,



36

San Diego, CA). The mean percentage of correct re-
sponses and mean rate of correct responses were mea-
sured during the reversal (DMS) task across all test
days. The data for each parameter were analyzed using
a two-way ANOVA with Student’s ¢-tests to compare
group differences on each test day. A p-value <0.05
was considered significant.

Results

DNMS acquisition

The functional relevance of continuous CB; receptor
blockade was assessed by measuring the duration to ac-
quire the delay component of the DNMS task (Fig. 1).
A significant main effect of treatment was observed
(F1,90=10.8; p<0.001) as well as a significant difference
in the number of days required for rimonabant-treated
group to achieve criterion performance in the DNMS
task (F;1,=5.13; p<0.05). However, post hoc analysis
revealed no significant differences between the treat-
ment groups at each successive training interval. This
was because several animals required implantation of
a second osmotic mini-pump before completion of
DNMS training. An analysis of these animals’ perfor-
mance in the five sessions prior and following the sec-
ond mini-pump implantation was conducted. This
analysis did not reveal a significant difference in these
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FIG. 1. Effect of continuous rimonabant

administration on DNMS delay acquisition.
Comparison of vehicle treatment (n=5) and
rimonabant treatment (n=5) on successive
discrete acquisition of the delay component of
the DNMS task. Vehicle was dimethyl sulfoxide/
Tween-80/saline. Means = SEM; **p <0.01. DNMS,
delayed-nonmatch-to-sample; SEM, standard
error of the mean.
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animals’ overall percentage of correct response rate
(F1, 10=4.066; p=0.0714) during those sessions.

DNMS-to-DMS reversal

The overall mean percentage of correct responses was
significantly affected by day (F;;,;54=43.39; p<0.001).
Furthermore, a significant drugxday interaction
(F11,154=2.87; p<0.01) was observed (Fig. 2A).
Planned comparisons (paired t-tests) between the two
groups showed no difference in learning the reversal
(DMS) task on days 1-5 (all £’s<1.03, all p’s>0.32),
but rimonabant-treated animals exhibited significant
deficits in learning on days 6 (t=2.19; p<0.05), 7
(t=2.76; p<0.05), 8 (t=2.17; p<0.05), 9 (t=2.16;
p<0.05), 10 (=2.31; p<0.05), 11 (t=2.19; p<0.05),
and 12 (t=2.26; p<0.05), suggesting that this
rimonabant-induced deficit in reversal learning mani-
fested with a late onset of action.

A similar set of analyses performed on mean rates of
correct responses produced a significant effect of drug
(F1154=8.88; p<0.01), day (F,, 154=37.77; p<0.001),
and drugxday interaction (F;j;54=6.22; p<0.001)
(Fig. 2B). Planned comparisons between the two treat-
ment groups revealed no significant differences on days
1-5 (all ts<1.42, all p’s>0.18) although the
rimonabant-treated animals exhibited significantly re-
duced rates of correct responding on days 6 (t=2.88;
p<0.05), 7 (t=3.30; p<0.01), 8 (t=4.42; p<0.001), 9
(t=3.32; p<0.01), 10 (t=3.22; p<0.01), 11 (t=2.53;
p<0.05), and 12 (t=3.86; p<0.01). There was no sig-
nificant overall effect of drug (F; 54 - 1.61; p<0.42),
day (Fj1,154 = 1.04; p<0.22), or drugx day interaction
(F11,154 = 1.03, p<0.42), on the average latency to get
to the response lever during the choice or decision
phase of the trial (Fig. 2C). These results rule out the
possibility that the observed deficits in reversal learning
with rimonabant were produced due to impairments in
locomotor activity or ability to perform the task.

Gene expression

qPCR analysis revealed that continuous rimonabant
treatment did not significantly alter the expression of
neuron-specific Eno2 [#(7) =0.1592; p>0.05] (Fig. 3A);
therefore, results were expressed relative to Eno2 val-
ues. Because previous studies indicated that CB, recep-
tors contribute a neuroprotective effect in mice,??* we
questioned if continuous pharmacological blockade of
CB, receptors contributed to a measurable loss of neu-
ronal populations in the hippocampus. We determined
that continuous CB; receptor antagonism did not alter
the expression of Cnrl or Cnripl (Fig. 3B).
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FIG. 2. Effect of acute rimonabant administration

rimonabant treatment (n=8) on mean percentage
responses (B), and mean latency to move from the

(DMS) task performance across all test days. Vehicle

Next, we determined the effect of continuous rimona-
bant treatment on the expression of glutamate (Fig. 4A)
and GABA (Fig. 4B) receptor subtypes and glutamate
decarboxylase. The treatment failed to increase the ex-
pression of Grikl, Grinl, or Grin2a receptors. However,
the expression of Grial was significantly increased
(p<0.05). Rimonabant treatment did not significantly
alter the expression of Gabral, Gabbrl, or Gadl. Synl,
Syn2, Syn3, and Gap43 were assayed to assess changes
in synaptic and neurite morphology (Fig. 4C) during
rimonabant treatment. Only Synl expression levels
were significantly increased ( p <0.01). Lastly, we assessed
the effects of continuous blockade of the CB; receptor on
the expression of pro-neuroprotective factors BDNF and
its receptor TrkB, and transcription factors Crebl and
Crem in the hippocampus (Fig. 4D). qPCR analysis
revealed that rimonabant treatment significantly in-
creased the expression of BDNF (p<0.01).
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Effect of continuous rimonabant treatment on the expression of genes that influence learning and
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Discussion

The current study investigated the effect of continuous
osmotic mini-pump infusion of the CB; receptor an-
tagonist rimonabant on the acquisition of a spatial
learning task as well as gene expression levels in hippo-
campal neurons. Our results indicate that continuous
pharmacological blockade of the CB; receptor increased
the transcription of genes required for the survival of
existing neurons (BDNF), the expression of late-phase
LTP (Grial), and the regulation of axogenesis and syn-
aptogenesis (Synl). Moreover, the infusion protocol in-
creased the number of days required for animals to

achieve criterion performance in the DNMS task. Col-
lectively, these results suggest that continuous pharma-
cological blockade of the CB,; receptor enhanced the
expression of genes associated with synaptic plasticity.
The current study extends the importance of evalu-
ating changes in gene expression levels, and associated
cellular processes, in brain areas relevant for learning
and memory when the endocannabinoid system is phar-
macologically inactivated. Several genes have previ-
ously been shown to undergo a dynamic response to
acute versus chronic cannabinoid agonist administration
in in vivo and in vitro preparations.'>**~" Interestingly,
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the modulated genes were broadly correlated with mem-
brane repair, synapse formation, and CB; receptor-
mediated intracellular signaling cascades. We report a sim-
ilar change in the genetic profile of membrane repair and
synapse formation genes, but in the current report the
upregulated genes are downstream mediators of BDNF.

Before implantation of the osmotic mini-pump, CB,;
receptor-mediated activation of the ERK pathway may
have modulated BDNF expression levels.>* Increased
BDNF signaling, through its receptor TrkB, may have
activated alternate intracellular signaling pathways—
that is, ras/phospholipase C y phosphatidylinositol-3-
kinase/Akt and Src pathways>—to further increase
BDNF production.* BDNF is an important mediator
of neuroprotective function during reduced endocanna-
binoid system signaling.*"*>>" It is also critical for vari-
ous CNS functions, including neuronal development
and differentiation, synaptic transmission and plasticity,
as well as learning and memory.****~*

In cultured hippocampal neurons TrkB receptor
activation rapidly upregulated NMDA receptor protein
levels by increasing transcription activity.”> TrkB re-
ceptor activation of the phosphatidylinositol-3-kinase
signal transduction pathway induced glutamate AMPA
receptor (GluR1) subunit expression.”>** We demon-
strate a similar increase in GluR1 subunit gene ex-
pression (Fig. 4A) coinciding with increased BDNF
expression (Fig. 4D). GluR1 is an important subunit
for the manifestation of late-phase LTP. Genetically
modified mice lacking the GluR1 subunit exhibit nor-
mal acquisition of the water maze hidden platform
task and spatial reference memory performance.
These mice also exhibit a lack of hippocampal LTP at
CA3-CA1 synapses and are impaired in hippocampus-
dependent short-term working memory tasks.*'~**

The other major signaling cascade activated down-
stream of TrkB receptors, mitogen-activated kinase,
modulates synapsin-dependent vesicular dynamics.*>~*
The synapsins regulate neurotransmitter release by con-
trolling the number of available vesicles at the nerve ter-
minus.*® Increased expression levels of synapsin I and
synapsin II parallel the establishment of synaptic con-
tacts within the hippocampus.*” The increase in synapsin
I gene expression levels is consistent with the premise
that CB,; receptor blockade augments the storage of
memory traces through synaptic remodeling and pre-
sumably increased synaptic connections.”

To address the implications of the CB, receptor block-
ade genetic profile, we examined its effect on the acqui-
sition of a hippocampus-dependent working memory

39

task. During the acquisition phase of a hippocampus-
dependent task, BDNF mRNA expression levels peaked
and subsequently declined during continued train-
ing.”"** Elevated levels of BDNF were associated with
improved performance in the water maze spatial mem-
ory task, but further enhancement of BDNF levels
resulted in learning impairments.”® This suggests that
the increased number of days required for rimonabant-
treated rats to achieve criterion performance may have
resulted from BDNF overexpression during DNMS ac-
quisition at longer delay intervals.

Differences in drug administration protocols may
explain the discrepancy with previous studies that
showed that acute blockade of CB; receptors with
rimonabant enhances memory in rats.””'' Rimonabant
administered, i.p. or i.m., before or immediately follow-
ing the acquisition phase improved memory in the so-
cial recognition task’ and the radial arm maze,'° but
not the nonmatch-to-position'* or repeated acquisi-
tion'® operant tasks. An enhancement may not have
been observed due to an inability of the animals to per-
form the task. We previously showed that DNMS task
performance remains intact when rimonabant (1 mg/
kg; i.p.) was given acutely.”* Moreover, no performance
deficits were observed in the current study using the
continuous osmotic mini-pump infusion protocol.

It has been proposed that rimonabant treatment
strengthens memory consolidation processes rather
than altering attentional or retrieval processes."®'" Rimo-
nabant administered before the test (or retention) phase
failed to improve performance or reduce response er-
rors. We previously showed that the hippocampus is im-
perative for proper performance of the DNMS task,” and
that activation of the endogenous cannabinoid system
facilitates previously learned behaviors and associa-
tions.”>>® Moreover, the blockade of the endogenous
cannabinoid system enhances memory processes in a
consolidation interval-dependent manner.>'%'>'?

Our continuous osmotic mini-pump infusion protocol
during task acquisition affected both new learning and
reference memory in the DNMS task. However, rimona-
bant was supplied following the acquisition of prior task
contingencies, that is, criterion performance at the 0 sec
delay interval for task acquisition or following extended
performance of the DNMS contingency prereversal. It is
notable that the DNMS/DMS tasks involve operant con-
ditioning, where prior contingencies must be “unlearned”
to progress to the final behavioral state. CB,; receptor ac-
tivation may impair the animal’s ability to accommodate
and successfully acquire a change in task contingency
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represented by an increase in delay interval or task rever-
sal. Rimonabant reduces trial-to-trial retention of se-
quential memory and thus may alter the information
necessary for learning new task contingencies.”® The in-
creased time required to achieve criterion performance
supports the hypothesis that rimonabant-treated rats
are impaired in their ability to replace prior-learned be-
haviors with new contextually relevant behaviors.” >

This agrees with reports®*>'>” that showed no
memory-enhancing effect when a short delay (<10 sec)
between successive trials as well as a small interval
(<30 sec) between SmR and NR was used. Additionally,
the infusion protocol reflects the net effect of CB;
receptor antagonism in all brain structures where
CB, receptors are localized, not just memory-relevant
structures, that is, hippocampus. Directly targeting
CB; receptors with intra-hippocampal infusions of
rimonabant may produce a memory enhancement
not observed with the systemic infusion protocol.®**>

Lastly, the increased levels of BDNF, Grial, and Syn1
may indicate that synapses previously strengthened
during the acquisition of a smaller delay interval were
not able to be dismantled and restructured at alterna-
tive synapses while the animal was learning to adjust
to increased delay interval.

In conclusion, the significant increase in BDNF ex-
pression associated with long-term rimonabant treat-
ment, which, as research literature suggests, can exert
a beneficial effect on synaptic development, failed to cor-
relate with an enhanced performance of a short-term
working memory task. We propose that any synaptic
plasticity changes represented by the gene profile may
not be an advantage when acquiring a task that requires
the alteration of previously learned task contingencies.®”
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