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Abstract

The involvement of the endogenous cannabinoid system has been implicated in the rewarding actions
of several drugs of abuse. Recent evidence indicates that the transcription factor CREB (CAMP
response element binding protein) may be an important biochemical substrate for behavioral
plasticity that has been associated with the chronic administration of drugs of abuse and addiction.
Increased CREB activity was reported as a chronic effect of drugs of abuse in the neurons of the
nucleus accumbens, a brain reward region that expresses high density levels in the CB1 cannabinoid
receptors. However, little is known whether a similar change occurs in the hippocampus, a region of
the brain that also expresses high density levels of the CB1 cannabinoid receptors and has intimate
synaptic connections with the brain’s reward regions. The present study revealed that CREB activities
were present in the hippocampal neurons of cultured slice preparations in response to acute and
chronic applications of endogenous cannabinoid, anandamide and R(+)-methanandamide (a non-
hydrolyzing form of anandamide). When administered acutely at a dose effective for inducing self-
administration in vivo, anandamide and R(+)-methanandamide stimulated the expression of pCREB
in our hippocampal slice culture. Interestingly, a sub-threshold dose of R(+)-methanandamide, which
was not effective in producing acute changes in the CREB activity, was also found to effectively
increase pCREB when administered chronically for 10 days. These increases were blocked by the
antagonist of the CB1 cannabinoid receptor. Present findings demonstrate: 1) the hippocampus is
vulnerable to the direct chemical effect of anandamide and R(+)-methanandamide in isolation of
synaptic influences from the midbrain reward neurons, and 2) the effect of R(+)-methanandamide is
cumulative as evidenced by the sustained elevation of CREB activities in response to a chronic dosage
that is too low and thus fails to exert any acute effect. The ability of hippocampal neurons to integrate
a time-dependent effect on the endogenous cannabinoid signaling may be a key function of plasticity
as related to the induction and maintenance of maladaptive learning and memory that underlies both
cue-induced cravings as well as relapses in drug-seeking.
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INTRODUCTION

Repeated exposure to drugs of abuse induces changes in the brain that can persist for months
or even years after the use has been discontinued. There are several well-documented changes
in the intracellular signaling cascades that are accompanied with long-term consequences of
drug-taking [23]. Among these are the up-regulation of cAMP and transcription factor CREB
(cAMP response element binding protein), which was first reported in cultured neuroblastoma
x glioma cells in response to morphine [34]. In the mammalian nervous system, the striatal
reward neurons increase a phosphorylated form of CREB (pCREB)-expression in response to
adirect chemical effect of the drugs of abuse and produce drug-associated reward feelings and
pleasure [27]. Interestingly, similar changes in the upregulation of pPCREB were observed in
neurons of the locus coeruleus in response to cocaine [28], in the hippocampus in response to
morphine [11] and antidepressant treatment [36], and in the cerebellum in response to
exogenous cannabinoid application [4].

Anandamide is an endogenous cannabinoid and produces many behavioral effects similar to
those generated by A9-tetrahydrocannabinol (THC), the main psychoactive ingredient in
marijuana (exogenous cannabinoid). Anandamide was reported to effectively reinforce drug-
taking behavior when it was self-administered intravenously by squirrel monkeys [20].
Similarly, R(+)-methanandamide (a synthetic longer-lasting, metabolically-stable anandamide
analog) acts as a reinforcer of drug-taking behavior despite their marked pharmacokinetic
differences. The reinforcing effects of both anandamide and R(+)-methanandamide appear to
be mediated by the CB1 cannabinoid receptor; although some of anandamide’s effects have
been attributed to other receptors, such as vanilloid receptors [41] or uncharacterized
cannabinoid receptors other than CB1 or CB2 [8,13,31]. These reports suggested that the
activation of the CB1 cannabinoid receptor by anandamide could be a part of the signaling of
natural rewarding events.

The hippocampus is a representative brain region that regulates learning and memory. Memory
consolidation requires protein synthesis. The phosphorylation of the transcription factor,
CREB, is a key step in this process [1]. However, whether the hippocampus is involved in
drug-related reward learning and memory by directly responding to drugs of abuse is not
completely understood. The goal of this study is to investigate the effect of anandamide on the
hippocampal neuron plasticity by determining its effect on the phosphorylation of hippocampal
CREB from the perspective of maladaptive learning.

In the present study, an in vitro slice culture model was used. Changes in the expression of
pCREB were assayed immunohistochemically in response to the administration of anandamide
and R(+)-methanandamide. The hippocampal slice culture was selected because: 1) the
chemical effect of anandamide and R(+)-methanandamide could be assessed directly on the
expression of pCREB in the hippocampal neurons; 2) the hippocampal slice culture can
eliminate potential neuron-circuit activities produced by synapses made by extrahippocampal
neurons and other brain regions which can cause changes in CREB activities independent of
anandamide and R(+)-methanandamide; and 3) a transient elevation of pPCREB was reported
as a possible result of decapitation and cardiac perfusion [29]. Thus, culturing slices for at least
several days before continuing the experiments can rule out the possibility of some method-
related changes in the expression of pCREB.

MATERIALS AND METHODS

Hippocampal slice culture was prepared from postnatal 6 day-old rat pups according to the
method of Stoppini [35]. Adequate measures were taken to minimize pain or discomfort.
Experiments were carried out in accordance with the National Institute of Health Guide for the
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Care and Use of Laboratory Animals (NIH Publications No. 80-23). All protocols were
approved by the University of Texas at Brownsville Institutional Animal Care and Use
Committee.

The slice culture was maintained in vitro for 7-10 days before experiments. For the application
of anandamide (Tocris) or R(+)-methanandamide (a non-hydrolyzing form of anandamide,
Sigma Aldrich Chemical), stock solutions were prepared in the vehicle, soya oil (Tocrisolve)
for anandamide and 50% ethanol for R(+)-methanandamide, respectively. They were then
dissolved in the culture media for the final concentrations of 50, 100, and 200 nM. Twenty-
five to thirty slices were used for each experimental condition and incubated in a given
concentration for either 5 hours (for an acute application) or 10 days (for a chronic application)
at 35°C with 5% CO,. In the case of chronic application, only R(+)-methanandamide was used
in order to minimize degradation, and the culture media that contained R(+)-methanandamide
was periodically changed (refreshed 100 %) every two days. Working solution was made fresh
each time that the culture media was changed during the long-term application of R(+)-
anandamide for 10 days. There was no difference in the pPCREB expression between cultures
that were raised in the plain culture media and in the 0.0007% ethanol-containing culture media
(the matching ethanol concentration used for 100 nM R(+)-methanandamide application for
10 days). There was no difference between cultures raised in the 0.0014% ethanol-containing
culture media (the matching ethanol concentration used for 200 nM R(+)-methanandamide
application for 5 hours and plain culture media. Similarly, there was no difference in the pPCREB
expression between 0.0014% soya oil-containing culture media (the highest matching soya oil
concentration used in the experiment) and plain culture media for a five hour incubation period.

In some experiments, the antagonist of the CB1 cannabinoid receptor, AM251 (3 uM, Tocris)
was added to the culture media. At the end of the experiments, the hippocampal slices were
immersion-fixed overnight with 4% paraformaldehyde in the sodium phosphate buffered
solution (PBS) and processed for immunocytochemistry using an anti-pCREB antibody (Cell
Signaling, 1:50 in dilution). A fluorescence-tagged secondary antibody (Alexa 488, Invitrogen)
was used for visualization. A control for immunohistochemistry consisted of several slices
from each experimental condition that were incubated with a blocking peptide for pPCREB (Cell
Signalling, 1:50 in dilution) for several hours before the application of the primary antibody.
Localization of pCREB was analyzed with a confocal microscope using Fluoview software
(Olympus) and quantified by measuring the intensity of fluorescence with IPLab imaging
software (BD Science). Data were summarized as mean + SEM (standard error of the mean)
and tested for significance with a student t-test.

A basal level of pCREB expression was detected in the principal neurons of all hippocampal
subfields in the control hippocampus, which received no anandamide or R(+)-methanandamide
(Fig. 1a). There were no detectable differences in the pattern of basal pPCREB expression
between microwave-treated rat brain [29] and our hippocampal slice culture. These results
suggest that the cultured hippocampal slice is an excellent preparation to study the expression
and activities of pPCREB. The application of anandamide to the culture media with a
concentration that was reported effective for inducing a self-administration in the monkey
[20], increased the magnitude and pattern of pCREB expression in the dentate granule cells
(Fig. 1b2), CA3 pyramidal cells (Fig. 1c2) and CA1 pyramidal cells (Fig. 1e) in our slice
culture.

The dose and duration of the application of anandamide and R(+)-methanandamide determined
the intensity of pPCREB immunoreactivity. In the CA1 pyramidal cells, a short term application
of 100 nM R(+)-methanandamide for 5 hours did not increase the expression of pPCREB when
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compared with the basal level (Fig. 1g). A similar result was obtained with the application of
100 nM anandamide (5.12 + 0.35 SEM in fluorescence intensity, n=26 slices, p<0.102 when
compared with the control). However, 200 nM of R(+)-methanandamide for the identical
duration of application (5 hours) increased pCREB (p<0.01)(Fig. 1g). A significant increase
in pPCREB was also observed as a result of the application of anandamide (200 nM for 5 hours)
in 30 slices (7.35 = 0.83 SEM in fluorescence intensity, p<0.02 when compared with control).
There were no significant differences in the magnitude of pCREB between anandamide vs. R
(+)-methanandamide application with either concentration.

Although a short term application of R(+)-methanandamide in 100 nM did not increase
pCREB, a chronic application of the identical concentration of 100 nM for 10 days increased
pCREB significantly (p<0.01)(Fig. 1h). In this chronic application, only R(+)-
methanandamide was used because R(+)-methanandamide is a non-hydrolyzing form of
anandamide, and thus considered to be both stable and less vulnerable to degradation over time.
During chronic application, culture media that contained R(+)-methanandamide was
periodically changed (refreshed 100 %) every two days.

In both acute and long-term applications, the effect of R(+)-methanadamide was blocked by
the CB1 cannabinoid receptor antagonist, AM251 (3 uM) (Fig. 1g and h). The effect of an
acute application of anandamide was also inhibited by AM251 (4.01+ 0.08 SEM in
fluorescence intensity, n=27 slices, p<0.01 when compared with the anandamide application
without AM251). However, the application of AM251 alone did not produce any detectable
change in the expression of pPCREB when compared with the control (p<0.361 for 5 h
application of AM251 alone in 20 slices, and p<0.600 for 10 day application of AM251 alone
in 18 slices). This result suggested that the effects of R(+)-methanandamide and anandamide
on the enhanced expression of pPCREB were mediated through the activation of the CB1
cannabinoid receptor. Finally, the results of increased pCREB expression, described above in
the CA1, were consistent with the results obtained from the remaining hippocampal subfields
of DG and CA3.

In conclusion: 1) anandamide enhanced the phosphorylation of CREB in the cultured
hippocampal slices that were prepared from an immature hippocampus, which demonstrates
the greatest levels of synaptogenesis and plasticity; and 2) R(+)-methanandamide could cause
a cumulative effect of pCREB expression in the hippocampal neurons in response to a chronic
dosage typically considered sub-threshold for producing any acute effect. This cumulative
effect on the sustained elevation of CREB phosphorylation might have occurred at either the
level of CB1 cannabinoid receptor or its downstream cascade of cCAMP signaling pathways.

DISCUSSION

The present study demonstrates that anandamide has both dose-dependent and time-dependent
effects on the expression of pCREB in the hippocampal neurons. This finding suggests that
anandamide can modulate hippocampal neuron plasticity and learning by stimulating CREB
activities. Furthermore, the changes in the activity of the transcription factor might act as a
molecular messenger for the induction and the maintenance of maladaptive learning in the
hippocampus.

Learning the predictive cues for reward and connecting that information with appropriate
responses require the storage of specific patterns of information in the brain. Such information-
rich data are likely stored using mechanisms similar to those underlying all other forms of
associative long-term memory [19]. The best-characterized candidate mechanisms for
changing synaptic strength are long-term potentiation (LTP) and long-term depression (LTD);
both have been hypothesized to play critical roles in many forms of experience-dependent
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plasticity including various forms of learning and memory. The hippocampus is the foremost
studied and best characterized region of the brain for this type of synaptic plasticity. There is
evidence to show that theta burst stimulation, effective for inducing LTP, also effectively elicits
relapse to cocaine-seeking [37]. This suggests that hippocampal neuron activities that are
capable of inducing LTP may also be involved in drug-related maladaptive learning. It has
been reported that the blockade of the CB1 cannabinoid receptor was effective in reducing cue-
induced reinstatement of drug seeking, an animal analogue of cue-induced relapse in human
addicts [5]. As reported previously, the hippocampus is one of the regions of the brain that
expresses a high concentration of the CB1 cannabinoid receptors [15]. Thus, the present
findings of: 1) anandamide and R(+)-methanandamide stimulated pCREB activities in the
hippocampal neurons, and 2) the anandamide-mediated expression of pPCREB was sensitive to
the antagonist of the CB1 cannabinoid receptor, suggest the possibility that the hippocampus
may be involved in conditioning processes for relapse-like behavior in laboratory animals in
concert with the drug-induced activity of midbrain reward neurons.

Although there is evidence to support the cannabinoid receptor-mediated stimulation of cyclic
AMP production [17 for review], there are also reports to show that the activation of the
cannabinoid receptor inhibited cyclic AMP production. In N18TG2 neuroblastoma cells that
expressed endogenous CB1 receptors, the activation of these receptors inhibited adenylyl
cyclase [18] and the cAMP/PKA pathway [33,40]. The inhibition was sensitive to pertussis
toxin indicating that Gi/o proteins mediated the inhibition. Current understanding of the two
opposing effects of the CB1 receptor on the cCAMP production may be explained by the
following statements. 1) The CB1 receptor may stimulate the cellular production of an
endogenous stimulator of adenylyl cyclase (such as prostaglandins) that could stimulate the
production of cAMP [3,16]. 2) The type of isoform of adenylyl cyclase in a given target cell
and the way in which the particular isoform responds to Gi/o-mediated regulation may
determine the production of cAMP [32]. 3) GBy released from Gi as a result of the CB1 receptor
activation can augment Gs-mediated response via certain isoforms of adenylyl cyclase [32].
4) Direct interaction between the CB1 cannabinoid receptor and Gs protein may occur through
a cross talk between the CB1 receptor and other neurotransmitter receptors such as D2
dopamine receptor [2,10]. 5) The type of cannabinoid agonist and receptor occupancy can
change a preferential coupling of the CB1 receptor to Gg/11 [24] or Gs [2]. 6) Lastly, the
activation of the CB1 cannabinoid receptor directly stimulates ERK1/2 [6] and MAP kinases
[7] for the expression of pPCREB.

The CB1 receptors are preferentially expressed in the axon terminals of a subpopulation of
GABAergic neurons [21] and glutamatergic neurons in the hippocampus [22]. Although the
precise cellular mechanism of action of anandamide and R(+)-methanandamide in the present
study is unknown, there may be a possibility that pPCREB expression in the hippocampal
pyramidal neurons could be mediated trans-synaptically by the inhibition of GABAergic inputs
to the pyramidal cells that was induced by the activation of the CB1 cannabinoid receptor
[38]. Current understanding is that the CB1 receptor-mediated inhibition of GABA release is
likely mediated by 2-AG (2-arachidonoylglycerol) and not by anandamide [39]. To date, there
is no report to show that the exogenous application of anandamide inhibited GABA-mediated
IPSCs, although such inhibition was reported with WIN 55,212 and CP55,940, which are
structurally different types of the CB1 receptor agonists [12]. In addition, anandamide is
reported to inhibit metabolism and physiological actions of 2-AG [26]. Nevertheless, we cannot
rule out the possibility that the trans-synaptic activation of pPCREB by the CB1 receptor-
mediated disinhibition might have occurred in the present study and amplified excitatory inputs
to the pyramidal cell. Indeed, disinhibition can increase the pyramidal cell excitation and
stimulate the expression of pCREB by amplifying the activities of the Group | metabotropic
glutamate receptor [25], the L-type Ca2* channel [9], the NMDA receptor [14], and the
calcium-permeable AMPA receptors [30].
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In summary, the present study suggests that hippocampal synaptic plasticity and CREB
activities are sensitive to the endogenous cannabinoid and may be vulnerable to cannabinoid-
mediated maladaptive modulation. A long-term enhancement of pPCREB produced by a chronic
low-dose application of R(+)-methanandamide further suggests the possibility that a persistent
stimulation of pPCREB may be a molecular substratum for cellular memory in the hippocampus
for the cue-elicited relapse and craving of drug-taking, which plays a key role in the induction
and maintenance of the reinforcing effects of psychoactive drugs. Further investigations are
needed to identify the cellular signaling cascades involved in the stimulation of pPCREB
resulting from activation of the CB1 receptor in the hippocampal neuron.
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Figure 1.

5hr 10d AM251

Acute application of h  Time-dependent effect of
methanandamide (100 nM)

a. A basal expression of pPCREB in the hippocampus. Areas enclosed with yellow boxes are
shown with higher magnification in b—f. b. pPCREB immunoreactivity in the dentate gyrus
granule cells (DG) in control (b1) and after the application of anandamide for 5 hours (b2). c.
pCREB immunoreactivity in the CA3 pyramidal cells in control (c1) and after the application
of anandamide for 5 hours (c2). d. pPCREB immunoreactivity in the CAL pyramidal cells in
the control medium for 10 days. e. An acute application (5 hours) of R(+)-methanandamide in
the concentration of 200 nM increased pCREB immunoreactivity in the CA1 pyramidal cells.
f. A chronic application (10 days) of R(+)-methanandamide in the concentration of 100 nM
increased pCREB immunoreactivity in the CAL pyramidal cells. g. A summary of the acute
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application of R(+)-methanandamide with two different doses (in nM). h. A summary of the
chronic application of R(+)-methanandamide in the concentration of 100 nM. AM 251 is the
antagonist of the CB1 cannabinoid receptor. Calibration: 1000 um for a; 15 um for b, ¢, d, e
and f.
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