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Cannabinoids have been shown to cause CB1-receptor dependent anticonvulsant activity in both in
vivo and in vitro models of status epilepticus (SE) and acquired epilepsy (AE). It has been further
demonstrated in these models that the endocannabinoid system functions in a tonic manner to
suppress seizure discharges through a CB1-receptor dependent pathway. Although acute cannabinoid
treatment has anticonvulsant activity, little is known concerning the effects of prolonged exposure
to CB1 agonists and development of tolerance on the epileptic phenotype. This study was carried
out to evaluate the effects of prolonged exposure to the CB1 agonist WIN55,212-2 on seizure activity
in a hippocampal neuronal culture model of low-Mg2+ induced spontaneous recurrent epileptiform
discharges (SREDs). Following low-Mg2+ induced SREDs, cultures were returned to maintenance
media containing 10, 100 or 1000 nM WIN55,212-2 from 4 to 24 hours. Whole-cell current-clamp
analysis of WIN55,212-2 treated cultures revealed a concentration-dependent increase in SRED
frequency. Immunocytochemical staining revealed that WIN55,212-2 treatment induced a
concentration-dependent down-regulation of the CB1 receptor in neuronal processes and at both
glutamatergic and GABAergic presynaptic terminals. Prolonged exposure to the inactive enantiomer
WIN55,212-3 in low-Mg2+ treated cultures had no effect on the frequency of SREDs or CB1 receptor
staining. The results from this study further substantiate a role for a tonic CB1 receptor-dependent
endocannabinoid regulation of seizure discharge and suggest that prolonged exposure to
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cannabinoids results in the development of tolerance to the anticonvulsant effects of cannabinoids
and an exacerbation of seizure activity in the epileptic phenotype.
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1. Introduction

NIH-PA Author Manuscript

The brain endocannabinoid system plays a key role in regulation of many neuronal processes
associated with both physiological and pathological conditions (Alger, 2006; Di Marzo et al.,
1998; Mackie and Stella, 2006). Modulation of the endocannabinoid system has been shown
to be protective in a number of in vivo and in vitro models of neuronal injury (reviewed in:
Consroe, 1998; Mechoulam et al., 2002; Micale et al., 2007), including studies on seizures and
epilepsy (Blair et al., 2006; Consroe and Wolkin, 1977; Karler and Turkanis, 1981; Monory
et al., 2006; Wallace et al., 2003; Wallace et al., 2002). The central effects of cannabinoids
work primarily through activation of the type 1 cannabinoid (CB1) receptor which is a Gi/ocoupled G-protein coupled receptor (GPCR) (Devane et al., 1988; Howlett, 1995; Matsuda et
al., 1990). The CB1 receptor is widely distributed throughout the brain and is one of the most
abundant GPCRs in the CNS (Egertova and Elphick, 2000; Herkenham et al., 1991).
GPCRs readily undergo agonist-induced receptor desensitization (uncoupling) and (or)
internalization, followed by either degradation (downregulation) or recycling back to the
plasma membrane (Hanyaloglu and von Zastrow, 2008). Prolonged administration of
cannabinoids in vivo result in the development of tolerance as indicated by a progressive
decrease in their pharmacological efficacy (Gonzalez et al., 2005; Martin et al., 2004) which,
in the CNS, is primarily attributed to CB1 receptor desensitization or downregulation
(Breivogel et al., 2003; McKinney et al., 2008; Sim-Selley and Martin, 2002; Sim-Selley et
al., 2006). Additionally, tolerance to cannabinoids in vitro has been observed in cultured
neurons as a result of either agonist-induced internalization (Coutts et al., 2001) or
desensitization (Lundberg et al., 2005) of the CB1 receptor.
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Previous work from our laboratory has demonstrated that exogenous cannabinoids are acutely
anticonvulsant by CB1 receptor activation (Blair et al., 2006; Deshpande et al., 2007a; Wallace
et al., 2003; Wallace et al., 2001) and that antagonism of the CB1 receptor in the epileptic
condition results in an exacerbation of seizure activity (Deshpande et al., 2007b; Wallace et
al., 2003; Wallace et al., 2002). In addition, long-term changes in hippocampal CB1 receptor
expression and function have been observed in pilocarpine-induced AE in the rat (Falenski et
al., 2007). These findings suggest that in the epileptic condition, alterations in the
endocannabinoid system contribute to abatement of seizure activity via CB1 receptor
activation. Although acute treatment with cannabinoids causes CB1-receptor dependent
anticonvulsant activity, little is known concerning the effects of prolonged exposure to CB1
receptor agonists on the epileptic phenotype.
In the current study, we set out to investigate the effects of prolonged exposure to the
cannabimimetic WIN55,212-2 (+WIN) on epileptiform seizure activity and CB1 receptor
protein expression in the well established hippocampal neuronal culture (HNC) model of
acquired epilepsy (AE) (Sombati and DeLorenzo, 1995). The HNC model of AE is well suited
to investigate the pharmacodynamics of CB1 receptor agonists by allowing direct analysis of
molecular mechanisms and electrophysiological evaluation of neurons undergoing
spontaneous recurrent epileptiform discharges (SREDs) (Blair et al., 2004; Carter et al.,
2006; Deshpande et al., 2007b; Sombati and DeLorenzo, 1995). Following prolonged exposure
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to +WIN (10–1000 nM), neurons underwent patch clamp recordings and immunocytochemical
analysis to evaluate SRED activity and CB1 receptor expression, respectively. The results
indicate that chronic treatment of SRED cultures with +WIN causes a decrease in CB1 receptor
expression and the development of tolerance to the anticonvulsant effects of cannabinoids in
this model. Understanding the effects of prolonged cannabinoid administration in the epileptic
phenotype may prove important for more optimal therapeutic targeting of the endocannabinoid
system in neurological disorders.

2. Materials and Methods
2.1. Materials
WIN55,212-3 (−WIN) and WIN55,212-2 (+WIN) were purchased from Sigma Chemical (St.
Louis, MO). SR141716A was supplied through the NIDA Chemical Synthesis and Drug
Supply Program. Stocks (1 mM) of −WIN, +WIN and SR141716A were made up in dimethyl
sulfoxide that were then diluted at a minimum of 1:1000 to a final working concentration in
the physiological bath recording solution (pBRS; see composition below).
2.2. Hippocampal neuronal culture
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Primary mixed hippocampal cultures were prepared as described previously by our laboratory
with slight modifications (Sombati and DeLorenzo, 1995). The experimental protocols were
approved by Virginia Commonwealth University IACUC and conformed to the National
Institutes of Health guide for the care and use of Laboratory animals. Briefly, hippocampal
cells were prepared from 2-day postnatal Sprague-Dawley rats (Harlan, Frederick, MD) and
plated at a density of 2.0 × 104 cells/cm2 onto a glial support layer previously plated onto polyL-lysine (0.05 mg/ml) coated Lab-Tek two-well cover glass chambers or 35 mm cell culture
dishes (Nunc, Naperville, IL). Cultures were maintained at 37°C in a 5% CO2/95% air
atmosphere and fed twice weekly with Minimal Essential Media (MEM) with Earle’s Salts
(Invitrogen Corp., San Diego, CA) enriched with N3 supplement containing 25 mM HEPES
buffer (pH 7.4), 2 mM L-Glutamine, 3 mM Glucose, 100 µg/ml transferrin, 5 µg/ml insulin,
100 µM putrescine, 3 nM sodium selenite, 200 nM progesterone, 1 mM sodium pyruvate, 0.1%
ovalbumin, 0.2 ng/ml triiodothyroxine, 0.4 ng/ml corticosterone and supplemented with a glial
bed-condition media (20%). Unless otherwise noted, reagents were purchased from SigmaAldrich Co. (St. Louis, MO).
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Immunocytochemical evaluation of this hippocampal culture preparation using antiserum
against either α-CaM kinase II or GAD-67 demonstrates that the contribution of glutamatergic
and GABAergic neuronal phenotypes is 65.3±3.25% and 28.6±2.7% respectively. GAD-67
(GABAergic) staining was generally observed on the somatodendritic regions of large neurons
that revealed either bipolar or multiple dendritic processes extending out, while α-CaM kinase
II (glutamatergic) staining was limited to smaller pyramidal shaped neurons. These findings
are in agreement with previous studies utilizing this preparation of rat primary hippocampal
neuronal cultures (Cao et al., 1996; Hoch and Dingledine, 1986).
2.3. Induction of SREDs by Low-Mg2+ treatment of hippocampal neuronal cultures
After two weeks, cultures were utilized for experimentation. Maintenance media were replaced
with pBRS with or without MgCI2 containing (in mM): 145 NaCI, 2.5 KCI, 10 HEPES, 2
CaCI2, 10 glucose, 0.002 glycine, pH 7.3, and osmolarity adjusted to 325mOsm with sucrose.
Thus, low-Mg2+ treatment was carried out with pBRS without added MgCI2, while sham
controls were treated with pBRS containing 1 mM MgCI2. Unless indicated as low-Mg2+
treatment, experimental protocols in this study utilized pBRS containing 1 mM MgCI2.
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Continuous epileptiform high-frequency bursts (SE) were induced by exposing neuronal
cultures to pBRS without added MgCI2 (low-Mg2+). The SE continued until pBRS containing
1 mM MgCI2 was added back to the cultures. A 3 h exposure of SE was employed to induce
AE with SREDs in the HNC model using established procedures (Sombati and DeLorenzo,
1995). Briefly, after removal of maintenance media, cells were washed gently with 3 × 1.5 ml
of pBRS (±1 mM MgCI2) and then allowed to incubate in this solution at 37°C under 5%
CO2 /95% air. For the HNC model of AE, at the end of treatment with either sham control (1
mM MgCI2) or low-Mg2+ (without added MgCI2) conditions for 3 hours, cultures were restored
to the physiological concentration (1mM) of MgCI2 by washing gently with 3 × 1.5 ml of MEM
at 37°C, returned to maintenance feed and incubated at 37°C under 5% CO2 /95% air. For acute
cannabinoid treatment, control and SRED cultures were exposed to +WIN or −WIN (1000 nM)
and evaluated by whole-cell current-clamp (see protocol below). CB1 receptor antagonism was
carried out with co-application of SR141716A (1000 nM) and +WIN (1000 nM) to cultures
(Blair et al., 2006). For cultures undergoing prolonged cannabinoid exposure, following 3 h of
treatment and wash described above, cultures were then returned to maintenance feed
containing varying concentrations of +WIN or −WIN (0–1000 nM)for 4, 12 and 24 h prior to
experimental manipulation. The neurons exposed to this 3 h treatment with low Mg2+ pBRS
manifested SREDs for the life of the neurons in culture.
2.4. Immunocytochemistry
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Following experimental manipulation, neuronal cultures on two-well cover glass chambers
were fixed in 4% paraformaldehyde in PBS. Fixed cultures were blocked and permeabilized
in SuperBlock® blocking buffer (Pierce, Rockford IL) containing 0.2% Triton X-100 for 60
min at room temperature, followed by a 3 h incubation with rabbit antiserum to the C-terminal
tail of CB1 (1:5000) (Egertova and Elphick, 2000) in SuperBlock® blocking buffer containing
0.1% Triton X-100 (SBBT). Additional immunocytochemical stains were undertaken to
determine the degree of CB1 receptor localized at both inhibitory GABAergic and excitatory
glutamatergic neuronal processes in this neuronal culture preparation using colocalization
analysis of CB1 staining with rabbit antiserum to the vesicular GABA transporter (VGAT: 2
ug/ml in SBBT, 16h 4°C; Millipore, Billerica, MA) or guinea pig antiserum to the vesicular
glutamate transporter 1 (VGLUT1: 1:500 in SBBT, 16h 4°C; Millipore) respectively in control
hippocampal neuronal cultures. For neuronal phenotype characterization, separate
immunocytochemical stains of somatic regions were carried out with 3h incubations with either
mouse antiserum against α-CaM kinase II (10 µg/ml, clone 6G9; Biomol, Plymouth Meeting,
PA) or mouse antiserum against GAD-67 (1:1000, clone 1G 10.2; Millipore) to identify either
glutamatergic or GABAergic cultured neurons respectively. For single antibody
immunocytochemical staining, after washing four times in PBS containing 0.1% Triton X-100
(PBST), cultures were then incubated with either anti-rabbit or anti-mouse fluorochromeconjugated secondary antibodies (1:200, Alexa Fluor® 488 or 594; Invitrogen Corp., Eugene,
OR) in SBBT for 60 min. After four PBST washes, stained samples were counterstained for 5
min with DAPI (300 nM in PBS). Stained cultures were washed three times in PBS, coated
with ProLong Gold® anti-fade agent (Invitrogen Corp., Eugene, OR) and cover slipped.
Control experiments without primary antibodies were carried out in an identical manner.
Stained cultures were evaluated with a fluorescent IX70 inverted microscope with a 20X
objective (Olympus America, Center Valley, PA) and excitation/emission filters for
visualization of TxRed, FITC and DAPI. Digital images (16-bit grayscale) were acquired with
a Hamamatsu ORCA-ER camera (Hamamatsu Photonics, Japan) using IPLab image
processing software (BD Biosciences, Franklin Lakes, NJ).
For double-immunocytochemical staining with the two rabbit primary antibodies, cultures
were first incubated in rabbit anti-CB1 (1:5000 in SBBT, 3h), washed and incubated with a
monovalent Fab fragment secondary antibody (biotin-SP-AffiniPure Fab fragment goat-anti-
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rabbit IgG; 1:100 in SBBT, 1h). Utilization of the monovalent Fab fragment secondary
antibody allows for only one antigen binding site, thus not providing for binding to the second
rabbit primary antibody and resulting in false cross-reactivity. Cultures were then washed and
incubated in FITC-streptavidin (5 ug/ml in SBBT, 1h), followed by a wash and then incubation
in biotin (0.05% in PBST, 1h) to saturate all free sites on the FITC-streptavidin. Following
wash, CB1 stained cultures were then incubated in rabbit anti-VGAT (2 ug/ml in SBBT, 16h
4°C), washed and incubated in biotin-SP-AffiniPure goat-anti-rabbit IgG (1:100 in SBBT, 1h)
followed by wash and incubation in Texas red-streptavidin (5 ug/ml in SBBT, 1h). For double
staining with CB1 and VGLUT1, secondary antibodies used were biotin-SP-AffiniPure
donkey-anti-rabbit IgG and biotin-SP-AffiniPure donkey-anti-guinea pig IgG followed by
FITC and Texas red-streptavidin respectively. For all double-immunocytochemical staining,
secondary antibodies and streptavidin conjugates were purchased form Jackson
Immunoresearch (West Grove, PA). Appropriate no primary antibody controls were carried
out to confirm no cross-reactivity between first and second rabbit antisera.
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Quantitative analysis of CB1 receptor immunofluorescent stain was evaluated using IPLab
image processing software. Grayscale images were corrected for background and segmented
to allow for isolation of specific CB1 receptor immunostaining from non-specific fluorescence.
For each acquired field obtained from the experimental and control cultures, CB1 receptor
staining of neuronal processes was measured over four separate rectangular regions of interest
(ROIs) to obtain an average of the total sum of all segmented pixel intensity values within the
ROI. All settings and measurement parameters (immunofluorescent excitation/emission,
camera exposure duration, background correction, segmentation and size and dimensions of
ROIs) for both experimental and control groups were kept constant throughout. Pixel intensity
values for each acquired field were then normalized to a percent of mean of the control group.
Outliers were determined using the Grubb’s ESD method. Normalized values of CB1 receptor
staining for control and experimental cultures were pooled from four independent studies and
then underwent parametric statistical analysis and plotted using SigmaPlot/SigmaStat analysis
software 9.01 (SPSS Inc., Chicago, III).
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For colocalization analysis, double-immunostained cultures were evaluated using a Leica TCSSP2 confocal laser scanning microscope with a 63×/1.4 n.a. oil objective in sequential scan
mode acquisition (Leica Microsystems Inc., Bannockburn, IL). Colocalization analysis of 16bit confocal scans was carried out using ImageJ (NIH, public domain; Colocalization Threshold
plug-in: authors Tony Collins and Wayne Rasband) to calculate Mander’s colocalization
coefficient (above threshold) for each channel (tM1: CB1; tM2: VGAT or VGLUT1) and
Pearson’s coefficient (above threshold) following automatic image background correction and
threshold determination. Further image processing for representative figures was carried out
with Adobe Photoshop (Adobe Systems Inc., San Jose, CA).
2.5. Whole-Cell Current-Clamp recordings in low-Mg2+ treated hippocampal neuronal
cultures
Whole-cell current-clamp recordings were performed using previously established procedures
in our laboratory (Blair et al., 2006; Sombati and DeLorenzo, 1995). Briefly, hippocampal
cultures were mounted on the stage of an inverted microscope (Nikon Diaphot, Japan) and then
studied using the whole-cell current-clamp recording procedure. To optimize success of
recording from pyramidal neurons, phase-bright cells were selected based on both size and
pyramidal shaped soma. For cultures undergoing prolonged exposure to +WIN, neurons were
maintained in specific concentrations of agonist throughout the recording duration. Patch
electrodes with a resistance of 2–4 MΩ were pulled on a Brown-Flaming P-80C electrode
puller (Sutter Instruments, Novato, CA), fire polished and filled with a solution containing (in
mM) 140 K+gluconate, 1 MgCI2 and 10 Na-HEPES, pH 7.2, osmolarity adjusted to 310 ± 5
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mOsm with sucrose. Data were digitized (Digidata 1322A; Molecular Devices, Sunnyvale,
CA) and transferred to videotape using a PCM device (Neurocorder, New York, NY) and then
played back on a DC-500 Hz chart recorder (Astro-Med Dash II, Warwick, Rl). Intracellular
recordings were carried out using an Axopatch 200B amplifier (Molecular Devices) in wholecell current-clamp mode. All recordings were performed at I = 0 settings and no current was
injected at any time during the recording.
2.6. SRED frequency Analysis
For duration of exposure and concentration response analysis, suppression of SREDs was
determined as a percent decrease in frequency over increasing concentrations of +WIN.
Analysis of SREDs frequency for each recorded neuron was carried out over 60 min and
determined by counting individual epileptiform events that had discreet onset and termination
and consisted of multiple individual paroxysmal depolarization shifts (PDSs). Wholecell
current-clamp frequency analysis was carried out on multiple hippocampal cultured neurons
at each point within both duration of exposure and concentration range of +WIN. Mean
frequencies were then represented as a percent inhibition from control frequency (SREDs
frequency in the absence of +WIN). Data underwent parametric statistical analysis and was
plotted using SigmaPlot/SigmaStat analysis software 9.01 (SPSS Inc., Chicago, III).
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3. Results
3.1. The cannabimimetic WIN55,212-2 is acutely anticonvulsant in the HNC model of SREDs
via a CB1 receptor mechanism
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To evaluate the anticonvulsant activity of the cannabimimetic compound +WIN, whole-cell
current clamp analysis was utilized with the HNC model of SREDs previously developed in
our laboratory (Sombati and DeLorenzo, 1995). To induce SREDs, cultures at 14 DIV were
exposed to Mg2+-free media for three hours and then returned to a maintenance media
containing Mg2+. Shortly thereafter, low-Mg2+ treated cultures developed SREDs which then
persisted for the life of neurons in culture (Sombati and DeLorenzo, 1995). For whole-cell
current clamp recordings, neurons were chosen using the criteria of both size and pyramidal
morphology. Immunocytochemical staining has revealed that typically smaller pyramidal
shaped neurons are glutamatergic in nature (see Materials and Methods). Recordings from age
matched sham treated (+Mg2+) control neurons revealed “normal” baseline activity, displaying
spontaneously occurring action potentials and with no development of SRED activity (Fig.
1A). One day following 3 hr of low-Mg2+ treatment, recording from a representative neuron
demonstrated an “epileptic” phenotype as evident by the presence of three individual SREDs
or “seizure” events (Fig 1B). Each SRED demonstrated a succinct onset and termination and
was comprised of multiple paroxysmal depolarization shifts (PDSs) each of which was overlaid
with poly spikes. The presence of PDSs is a pathophysiological characteristic similar to what
is observed in clinical epilepsy (Lothman et al., 1991).
The cannabinoid receptor agonist WIN55,212-2 suppressed SREDs stereoselectively in the
HNC model of AE. Employing electrophysiological analysis of seizure activity in a
representative low-Mg2+ treated neuron, the active enantiomer +WIN (1000 nM) acutely
suppressed epileptiform activity as demonstrated by the presence of only one SRED (Fig 1C).
Previous work from our laboratory has demonstrated that +WIN acutely inhibits SRED activity
with an EC50 = 0.85 µM and produced total suppression at 3 µM (Blair et al., 2006). Conversely,
exposure of low-Mg2+ treated cultures to the inactive enantiomer −WIN (1000 nM) had no
effect on the expression or frequency of SREDs in “epileptic” cultures (data not shown) (Blair
et al., 2006). These results demonstrate that only the active enantiomer of the cannabimimetic
WIN55,212 demonstrated anticonvulsant activity in the HNC model of SREDs. To determine
if +WIN was suppressing SRED activity by activation of the CB1 receptor, the specific receptor
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antagonist SR141617A (SR) was co-applied with +WIN and low-Mg2+ treated neurons were
recorded in the whole-cell current-clamp mode. The CB1 receptor antagonist SR (1000 nM)
blocked the ability of +WIN to suppress SRED activity (Fig 1D). SRED frequency analysis
for experimental conditions represented in Fig 1B–D revealed that addition of +WIN • (LM
+WIN; 1000 nM) significantly suppressed SREDs by 49.0±1.3 % (percent of low-Mg2+ control
±SEM), while the co-application of SR (1000 nM) with +WIN (LM+WIN+SR) showed no
significant change from low-Mg2+ (LM) control (one-way ANOVA, p≤ 0.001; Holm-Sidak
post-hoc, p≤ 0.025, LM+WIN vs. LM or LM+WIN+SR; n = 3,5 and 3 for LM, LM+WIN and
LM+WIN+SR respectively). Thus, the stereoselectivity of +WIN to inhibit SREDs and the
antagonism of this effect by SR confirmed that the anticonvulsant effect of +WIN in this in
vitro model of epileptiform activity occurs via a CB1 receptor mediated mechanism.
3.2. Prolonged exposure to WIN55,212-2 results in a concentration-dependent increase in
frequency of SREDs and decrease in CB1 receptor expression in low-Mg2+ treated
hippocampal neuronal cultures
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To evaluate the effects of prolonged +WIN exposure on SRED activity, whole-cell currentclamp recording was carried out on ‘epileptic’ neurons that were exposed to varying
concentrations of +WIN for 24 hours. Immediately following three hours of Mg2+-free
treatment, cultures were returned to maintenance media containing +WIN at concentrations
which included 10 nM, 100 nM and 1000 nM. Exposure of low-Mg2+ treated cultures to +WIN
for 24 hours resulted in a concentration-dependent increase in frequency of SREDs when
compared to low-Mg2+ treated cultures without +WIN exposure (Fig. 2A). The increase in
frequency of SREDs was accompanied by a shorter intra-SRED interval. At the highest +WIN
concentration of 1000 nM, the increase in frequency of SREDs was nearing a state of
continuous epileptiform (SE-like) seizure activity. At all concentrations of +WIN exposure,
sham control (Mg2+-containing) treated cultures showed no change in electrophysiological
properties as recorded in whole-cell current-clamp mode when compared to controls not
exposed to agonist (data not shown). For each neuron analyzed, whole-cell current-clamp
recordings were evaluated for 60 min and the frequency of SREDs was determined. Prolonged
exposure of epileptic cultures to 100 nM and 1000 nM +WIN resulted in significant increases
in SRED frequency to 215.2±18.3% and 239.6±31.2% of control (epileptic no +WIN)
respectively, while exposure to 10 nM resulted in a marginal but non-significant increase in
frequency (Fig. 3A).
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To evaluate the effect of prolonged exposure to +WIN on CB1 receptor expression, epileptic
cultures were exposed to a concentration range of +WIN (0–1000 nM) for 24 h and then
evaluated for receptor protein expression by immunocytochemical staining with an antibody
directed against the intracellular C-terminal tail of the CB1 receptor. Prior to
immunocytochemical analysis, plates were evaluated for the presence or absence of SRED
activity. This antibody has been previously characterised in neuronal tissue and has been shown
to recognize CB1 receptors at both GABAergic and glutamatergic terminals (Monory et al.,
2006). Prolonged exposure to +WIN induced a concentration-dependent downregulation of
the CB1 receptor throughout the neuronal processes (Fig 2B). The 10nM and 100 nM
concentrations of +WIN resulted in a decrease in CB1 receptor staining, with the latter
concentration inducing a higher degree of receptor downregulation. Exposure to +WIN 1000
nM resulted in a total loss of CB1 receptor staining throughout the neuronal processes (Fig
2B). Counterstaining with DAPI (blue) reveals that neither the induction of SREDs (epileptic)
nor WIN55,212-2 exposure had any observable effect on cell culture densities (Fig 2B).
Quantification and statistical analysis of immunocytochemical stains for CB1receptor
throughout the neuronal processes revealed that prolonged exposure of epileptic cultures to
+WIN resulted in a significant downregulation of the receptor in a concentration-dependent
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manner when compared to epileptic (control) cultures treated with the inactive enantiomer
WIN55,212-3 (Fig 3B). Although exposure to 10 nM +WIN resulted in a marginal but nonsignificant decrease in CB1 receptor levels, prolonged exposure to both the 100 nM and 1000
nM concentrations of +WIN resulted in significant decreases in CB1 receptor staining of 91.8
±1.7 % and 98.2± 1.1 % respectively (Fig 3B). These findings indirectly correlate with the
concentration-dependent effect of prolonged +WIN exposure on SRED frequency (Fig 3A)
further affirming a causal relationship between these two observations.
3.3. Degree of increase in SRED frequency and decrease in CB1 receptor expression is
dependent on both concentration and duration of WIN55,212-2 exposure
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To temporally evaluate the +WIN-induced down-regulation of the CB1 receptor and loss of
its anticonvulsant effects in this preparation, epileptic cultures were exposed to varying
concentrations of +WIN over a time course of exposure duration and evaluated for SRED
frequency and CB1 receptor expression levels. Epileptic cultures were treated with +WIN 10
nM or 1000 nM and evaluated following 4 and 12 h of exposure. Although acute treatment of
epileptic cultures with 1000 nM +WIN produces total suppression of SRED activity (Fig 1),
within 4h of continuous exposure, SRED frequency had recovered to a level slightly below
that of control (no treatment) epileptic cultures suggesting a loss of the anticonvulsant effect
(Fig 4A). In addition, 4h exposure to 10 nM +WIN had no significant effect on SRED frequency
as compared to epileptic control cultures (Fig 4A). Evaluation of CB1 receptor levels following
4h exposure to +WIN revealed that both the 10 nM and 1000 nM treatments resulted in
substantial down-regulation of the receptor that was 42.3±12.3% and 36.6.1±6.5% from control
respectively (Fig 4B). Thus, 4h of exposure of epileptic cultures to 10 nM or 1000 nM +WIN
resulted in approximately a 40% downregulation of the CB1 receptor, but had no effect on
SRED frequency.
Following 12h exposure of epileptic cultures to +WIN, the SRED frequency remained
unchanged at the 10 nM concentration while exposure to 1000 nM +WIN resulted in a
significant increase to 200±25% of epileptic control (no treatment) cultures (Fig 4A). The
increase in SRED frequency following 12h exposure to 1000 nM +WIN coincided with a
dramatic reduction in CB1 receptor staining that was reflected by a significant decrease of 97.7
±0.5% from epileptic controls (Fig 4B). However, 12h exposure of epileptic cultures to 10 nM
+WIN had no effect on SRED frequency, but resulted in a significant decrease in CB1 receptor
levels that was 67.1±5.5% from epileptic controls (no treatment) (Fig 4B). Thus, these findings
demonstrate that loss of the anticonvulsant effect of +WIN in this preparation is dependent on
both duration and concentration of agonist exposure, and that the +WIN-induced downregulation of the CB1 receptor must reach a critical level for ‘tolerance’ to occur.
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3.4. Prolonged exposure to WIN55,212-2 (1000 nM) results in a decrease in CB1 receptor
expression in both control and epileptic hippocampal neuronal cultures
To determine the effect of prolonged exposure of hippocampal neuronal cultures to
cannabinoids on expression of the CB1 receptor in sham control and epileptic (SREDs)
neuronal cultures, immunocytochemical staining was carried out with an antibody directed
against the intracellular C-terminal tail of the CB1 receptor following a 24 h exposure to either
the active isomer WIN55,212-2 (+WIN; 1000 nM) or its inactive enantiomer WIN55,212-3
(−WIN; 1000 nM). Sham control and low-Mg2+ treated (SREDs) cultures showed a total loss
of CB1 receptor staining throughout the neuronal processes following 24 h exposure to +WIN,
while exposure to the inactive isomer –WIN had no effect on levels of staining for CB1 receptor
(Fig. 5). Thus, prolonged exposure of either sham control or SRED cultures to the active isomer
WIN55,212-2 results in a dramatic down-regulation of CB1 receptor levels throughout the
neuronal processes. In the epileptic (SRED) cultures, this agonist-induced downregulation was
accompanied by not only the development of ‘tolerance’ to the anticonvulsant effect of CB1
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receptor activation, but also a marked exacerbation of SRED activity above non-treated
epileptic cultures (Fig 2, Fig 3 and Fig 4). Although sham control neuronal cultures also showed
a dramatic down-regulation of the CB1 receptor with prolonged exposure to +WIN, no changes
in electrophysiological properties (SREDs) were observed when compared to naïve (untreated)
cultures.
3.5. The CB1 receptor is localized at both GABAergic and glutamatergic processes in
hippocampal neuronal cultures

NIH-PA Author Manuscript

The CB1 receptor has been shown to play an important role in regulating presynaptic function
at both excitatory and inhibitory terminals (Cao et al., 1996; Lundberg et al., 2005; Marsicano
et al., 2003; Monory et al., 2006). To evaluate the degree of localization of the CB1 receptor
at GABAergic and glutamatergic presynaptic terminals in hippocampal neuronal cultures,
double-immunocytochemical staining was carried out for the CB1 receptor with either the
vesicular GABA transporter (VGAT) or the vesicular glutamate transporter 1 (VGLUT1) out
in control cultures. VGAT and VGLUT1 antibodies intensely label GABAergic and
glutamatergic presynaptic terminals respectively. Confocal laser scanning microscopy of
double-stained cultures revealed that the CB1 receptor was localized at both GABAergic and
glutamatergic presynaptic nerve terminals in this hippocampal culture preparation. Punctate
CB1 receptor staining (FITC green) was shown to overlap with staining for both VGAT and
VGLUT1 (Texas red) as indicated by the yellow ‘merged’ signal throughout the neuronal
processes (Fig. 6). Analysis of confocal scans of double-stained cultures revealed that CB1
and VGAT have considerable colocalization with a Pearson’s coefficient of 0.763±0.029 and
Mander’s coefficients tM1 = 0.589±0.027 and tM2 = 0.488±0.017 for CB1 and VGAT
respectively (n = 5). The highest degree of colocalization for either CB1 or VGAT with each
other in all fields evaluated was 63.3%, indicating that experimental conditions used for doubleimmunocytochemical staining with the two rabbit primary antibodies (see Methods) prevented
any false double-immuno-positive staining. Additionally, CB1 and VGLUT1 demonstrated
substantial colocalization with a Pearson’s coefficient of 0.67±0.02 and Mander’s coefficients
of tM1 = 0.362±0.043 and tM2 = 0.337±0.033 for CB1 and VGLUT1 respectively (n = 11).
The above findings demonstrate that the CB1 receptor localized at both GABAergic and
glutamatergic presynaptic terminals. Therefore, pharmacodynamic modulation of the CB1
receptor can result in changes in both inhibitory and excitatory synaptic transmission in the
hippocampal neuronal culture preparation.

4. Discussion

NIH-PA Author Manuscript

Prolonged exposure to the CB1 receptor agonist WIN55,212-2 (+WIN) resulted in a loss of its
anticonvulsant activity against SREDs in the HNC model of AE. Furthermore, this ‘tolerance’
effect was dependent on concentration and duration of +WIN exposure as directly reflected by
increased SRED frequency and degree of CB1 receptor down-regulation. Acute exposure to
the cannabimimetic +WIN (1000 nM) produced anticonvulsant activity against SREDs in the
HNC model of AE, which was blocked in the presence of the specific receptor antagonist
SR141716A (1 µM), demonstrating a CB1 receptor-dependent mechanism of seizure
suppression (Fig 1). These results are in agreement with earlier findings from this laboratory
showing that CB1 receptor activation produced total suppression of SRED and SE activity
following acute application of +WIN at 3 µM and 5 µM respectively (Blair et al., 2006).
Prolonged (24 h) exposure of epileptic cultures to +WIN over a concentration range of 10–
1000 nM resulted in the development of ‘tolerance’ to its anticonvulsant effect with a
concentration-dependent increase in frequency of SREDs (Fig 2A). Evaluation of SRED
frequency revealed a significant increase from epileptic (no +WIN) controls following
prolonged exposure to +WIN at the 100 and 1000 nM concentrations (Fig 3A). Control (non-
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epileptic) cultures showed no change from baseline electrophysiological activity following
prolonged exposure to +WIN at all concentrations. Immunocytochemical staining of CB1
revealed that following 24 h exposure of epileptic cultures to varying concentrations (10–1000
nM) of +WIN resulted in a concentration-dependent decrease in staining throughout the
neuronal processes as compared to epileptic control (no agonist exposure) cultures (Fig 2B).
Analysis of immunocytochemical staining revealed a significant +WIN-induced downregulation of the CB1 receptor (Fig 3B). The findings of this study further demonstrate a
temporal association with duration of +WIN exposure, decrease in CB1 receptor staining and
increased SRED frequency, further substantiating a causal relationship between receptor downregulation and development of ‘tolerance’ in this preparation (Fig 4A and B). Sham control
(+Mg2+-treated) neuronal cultures that underwent +WIN-induced downregulation of CB1
receptor levels (Fig 5) showed no change in whole-cell current-clamp recordings when
compared to untreated controls. Thus, the time and concentration-dependent loss of CB1
receptor staining in +WIN treated epileptic cultures indirectly correlates with SRED frequency,
which strongly associates receptor downregulation with the development of ‘tolerance’. This
‘tolerant’ effect is unique to the epileptic condition in that control (non-epileptic) cultures
showing an equal degree of +WIN-induced loss of CB1 receptor expression showed no
indication of seizure activity or increased neuronal excitability. Further immunofluorescent
colocalization analysis revealed that the CB1 receptor is localized at both GABAergic and
glutamatergic presynaptic terminals indicating that the localization of this receptor is in a
position to presynaptically regulate inhibitory and excitatory neurotransmission. This is the
first study to demonstrate an increase in seizure activity in association with the development
of ‘tolerance’ to a cannabinoid. The dramatic downregulation of the CB1 receptor and the
increase in frequency of SREDs in epileptic cultures following prolonged exposure to +WIN
indicates that the development of ‘tolerance’ to exogenous cannabinoids may result in a
deregulation of compensatory mechanisms responsible for control of seizure discharge in this
phenotype.
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It is well established that repeated and prolonged administration of cannabinoids
experimentally results in the development of tolerance to their pharmacological effects
(Gonzalez et al., 2005; Martin et al., 2004). Cannabinoids with varying agonist efficacy may
induce tolerance to their effects via different pharmacodynamic mechanisms which include
desensitization and (or) downregulation of the CB1 receptor (Breivogel et al., 2003; Sim-Selley
and Martin, 2002). Additionally, the degree, agonist efficacy and timing of these adaptations
have been demonstrated to vary regionally throughout the brain (McKinney et al., 2008; SimSelley and Martin, 2002; Sim-Selley et al., 2006). The hippocampus, a limbic structure that
has been shown to be involved in the development and maintenance of seizure discharges,
highly expresses CB1 receptors and has been shown to undergo rapid adaptation following
repeated administration of cannabinoids (Breivogel et al., 1999; McKinney et al., 2008). The
cannabimimetic +WIN is a full agonist at the CB1 receptor and has been shown to primarily
induce CB1 receptor internalization in hippocampal neuronal cultures following exposure to
high concentrations or for prolonged periods of time (Coutts et al., 2001; Martini et al.,
2007). Following +WIN-induced internalization, the CB1 receptor can follow one of two routes
and either be recycled back to the plasma membrane or directed towards the degradative
lysozomal pathway depending on exposure duration and concentration of agonist (Coutts et
al., 2001; Hsieh et al., 1999; Martini et al., 2007; Wu et al., 2008). Our findings demonstrate
that the full agonist +WIN resulted in a downregulation of the CB1 receptor in this HNC
preparation that was dependent on duration and concentration of agonist exposure. Although
receptor desensitization cannot be ruled out, the downregulation observed in the present study
is more likely the result of receptor internalization/degradation in light of findings from
previous studies evaluating the effects of prolonged +WIN exposure (Coutts et al., 2001; Wu
et al., 2008) and the total loss of CB1 receptor staining observed in this study (Fig 2 and Fig
4). Thus, agonist efficacy, duration of exposure and dose can result in different degrees of
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cannabinoid-induced adaptation/tolerance which may be capable of undermining the
regulatory role of the endogenous cannabinoid system in the brain.
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In vitro hippocampal culture preparations have demonstrated desensitization of cannabinoid
mediated inhibition of glutamatergic synaptic transmission following prolonged exposure to
the cannabinoids Δ9-THC and +WIN (Kouznetsova et al., 2002; Lundberg et al., 2005). In
addition, tolerance to the antinociceptive effects of cannabinoids has also been observed
following repeated and prolonged exposure (Tappe-Theodor et al., 2007). Previous studies
demonstrated that repeated administration of Δ9-THC to electrically kindled rats resulted in
an attenuation of its effects on kindling, indicating the development of behavioral tolerance
(Fried and Mclntyre, 1973). The current study demonstrated utilizing an in vitro model of
SREDs that exposure of epileptic cultures to the cannabimimetic +WIN over time resulted in
a concentration-dependent increase in SRED frequency. At the highest concentration of +WIN
(1000 nM) exposure for 24h, the increase in SRED frequency was nearing a state of continuous
(SE-like) seizure activity and was associated with a significant downregulation of the CB1
receptor throughout the neuronal processes.
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Previous findings from our lab have shown that pharmacological blockade of the CB1 receptor
in both in vivo (Wallace et al., 2003) and in vitro (Deshpande et al., 2007b) models of AE
results in the immediate conversion from spontaneous recurrent seizure activity to highfrequency seizure (SE-like) discharges. Thus, these previous findings along with the results
from the present study suggest that in the epileptic phenotype, pharmacological suppression
of CB1 receptor function by either antagonism or agonist-induced receptor downregulation
results in exacerbation of seizure activity. The present findings not only show evidence of the
development of a ‘tolerance’ effect to the anticonvulsant properties of +WIN exposure, but an
exacerbation of seizure activity above that of untreated epileptic (control) cultures.
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The endocannabinoid system plays an important role in the CNS through its regulatory action
on many physiological processes some of which include neuroexcitability, cognition, appetite,
and pain perception (Di Marzo et al., 1998; Elphick and Egertova, 2001; Howlett et al.,
2004). As a result of its broad regulatory function within the brain, much research has focused
on how regulating the endocannabinoid system may show promise towards the development
of therapeutic interventions for a number of neuronal disorders (Consroe, 1998; Mackie,
2006). Modulation of the endocannabinoid system by exogenous cannabinoid receptor agonists
and antagonists or regulation of the cellular machinery supporting endocannabinoid-mediated
neurotransmission has been shown to produce protective/restorative effects in models of
neurotoxicity (Abood et al., 2001; Docagne et al., 2007; Kim et al., 2006; Marsicano et al.,
2003; Zani et al., 2007; Zhuang et al., 2005). One limitation to the therapeutic use of
cannabinoid compounds in select pathologies has been the development of tolerance to their
effects (Martin et al., 2004; McKinney et al., 2008). This has been clearly demonstrated
experimentally in studies demonstrating a loss of the antinociceptive properties (analgesic
tolerance) of cannabinoids (Smith et al., 2007; Tappe-Theodor et al., 2007). Interestingly,
recent findings have shown that the combination of cannabinoids with ultra-low doses of CB1
receptor antagonists can prevent the onset of analgesic tolerance (Paquette et al., 2007). This
pharmacological approach to modulate CB1 receptor-dependent transmission for the chronic
suppression of neuronal hyper-excitability associated with epilepsy is attractive, and warrants
further investigations.
Although external/pharmacological manipulation of the endocannabinoid system shows much
promise in therapeutic intervention, there is also increasing evidence demonstrating that
plasticity of this system occurs in a number of neuronal disorders, and that this ‘remodeling’
of the endocannabinoid system is functioning in a compensatory/protective role within these
neuropathologies (Bisogno and Di Marzo, 2007). In light of the adaptability of the
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endocannabinoid system which ensues following repeated and prolonged administration of
cannabinoid compounds, agonist-induced desensitization/downregulation of target proteins
could cause maladaptive repercussions in a neuropathological phenotype. Our results
demonstrate that prolonged exposure of epileptic cultures to the cannabimimetic +WIN results
in concentration-dependent downregulation of CB1 receptor levels and exacerbation of seizure
activity in this model of AE.
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Fig 1. Acute WIN55,212-2 treatment confers anticonvulsant activity in a CB1-dependent manner

Hippocampal pyramidal neurons underwent whole-cell current-clamp recordings 1 day
following a 3 h exposure to Mg2+-free solution. A. A representative recording from a control
(+Mg2+ solution) treated pyramidal neuron demonstrating basal activity as indicated by the
presence of intermittent spontaneous action potentials. B. A representative recording from an
“epileptic” neuron 1day following exposure to 3h of Mg2+-free media. The pathophysiological
state of epileptiform activity in this in vitro preparation is evident by the presence of three
independent SREDs. C. Treatment of “epileptic” cultures with the cannabimimetic
WIN55,212-2 (1 µM; +WIN) suppressed seizure activity. D. Co-application of the specific
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CB1 receptor antagonist SR141716A (1 µM) blocked the anticonvulsant effect of +WIN (1
µM).
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Fig 2. Prolonged exposure of epileptic cultures to WIN55,212-2 results in a concentrationdependent increase in SRED frequency and down-regulation of CB1 receptor expression

Following 3 hours of low Mg2+ treatment to induce SREDs, epileptic cultures were exposed
to varying concentrations (0-1000 nM) of WIN 55,212-2 (+WIN) for 24 hours and then
underwent electrophysiological and immunocytochemical analysis. A. (top trace)
Representative whole-cell current-clamp recording from an epileptic (no drug) control neuron
displaying three independent SREDs. Prolonged exposure to +WIN at 10 nM, 100 nM and
1000 nM causes a concentration-dependent increase in freguency of SREDs. B. (top panel)
Representative image of an epileptic (no drug) control neuronal culture showing CB1 receptor
staining (FITC-green) throughout the neuronal processes. Prolonged exposure of epileptic
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cultures to +WIN results in a concentration-dependent decrease in staining for CB1receptor in
neuronal processes. Nuclear staining of DNA with DAPI (blue) revealed that prolonged
exposure to increasing concentrations of +WIN had no effect on neuronal culture density (scale
= 100 microns).
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Fig 3. Statistical evaluation of SRED frequency and CB1 receptor expression in epileptic cultures
following 24 hour exposure to varying concentrations of WIN55.212-2

Following 3 hours of Mg2+-free exposure to induce SREDs, epileptic cultures were exposed
to varying concentrations (0-1000 nM) of WIN55,212-2 (+WIN) for 24 hours and then
underwent statistical analysis of both SRED frequency and CB1 receptor staining. A.
Electrophysiological traces were evaluated over 60 min, and the frequency of SREDs was
determined for each neuron recorded. Exposure of epileptic cultures to 100 nM or 1000 nM
+WIN resulted in significant increases in frequency to 215.2±18.3% and 239.6±31.2%
respectively. Exposure to 10 nM +WIN resulted in no significant increase in frequency of
SREDs (one-way ANOVA, p=0.003; Holm-Sidak post-hoc,- *, p≤ 0.05, n = 5, 3, 3, 6 for 0.0,
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10, 100 and 1000 nM +WIN respectively). B. Quantification of CB1 receptor staining intensity
in epileptic cultures following 24h exposure to varying concentrations of +WIN. Grayscale
images were segmented for analysis of specific CB1 stain and pixel intensity values were
measured for each neuronal culture plate evaluated (see Materials and Methods). Exposure of
epileptic cultures to 10 nM,100 nM and 1000 nM +WIN resulted in significant decreases in
CB1 receptor stain intensity of 43.2±14.3 %, 91.8 ±1.7 % and 98.2± 1.1 % respectively (oneway ANOVA, p≤0.001; Duncan’s post-hoc,- *, p≤ 0.05, n = 5–7). Values in A and B are percent
of control±S.E.M.
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Fig 4. WIN55,212-2-induced increase in SRED frequency and down-regulation of the CB1 receptor
in epileptic cultures is dependent on duration and concentration of agonist exposure

Following 3 hours of Mg2+-free exposure to induce SREDs, epileptic cultures were exposed
for 4 and 12h to WIN55,212-2 (+WIN) at 10 nM (black bars) and 1000 nM (grey bars), and
then underwent statistical evaluation for both SRED frequency and intensity of CB1 receptor
staining. A. Electrophysiological traces were evaluated over 60 min, and the frequency of
SREDs was determined for each neuron recorded. Exposure of epileptic cultures for 4h to either
10 nM_or 1000 nM +WIN resulted in no significant change in SRED frequency. Following
12h exposure to +WIN, a significant increase of 200±25% in SRED frequency was observed
at the 1000 nM concentration, while no change was evident at the 10 nM +WIN (one-way
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ANOVA, p=0.007; Holm-Sidak post-hoc,- *, p≤ 0.05, n = 3). B. Quantification of CB1 receptor
staining intensity in epileptic cultures exposed for 4 and 12h to +WIN at 10 nM (black bars)
and 1000 nM (grey bars) concentrations. Exposure for 4h at both 10 nM and 1000 nM +WIN
resulted in significant decreases of 42.3±12.3% and 36.6±6.5% in CB1 receptor staining
respectively. Following 12h exposure to +WIN resulted in significant decreases in CB1
receptor staining of 67.1±5.5% and 97.7±0.5% for both the 10 nM and 1000 nM concentrations
respectively (one-way ANOVA, p≤ 0.001; Bonferroni t-test,- *, p≤ 0.005, **, p≤ 0.001, n =
30, 7, 9, 5, 10 for pooled (no +WIN) controls, 4h/10 nM, 4h/1000 nM, 12h/10 nM and12h/
1000 nM respectively). Values in A and B are percent of control±S.E.M.
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Fig 5. Prolonged exposure to the cannabimimetic WIN55,212-2 results in down-regulation of the
CB1 receptor in control and epileptic cultures

Immunocytochemical staining for the CB1 receptor in sham control and epileptic (SREDs)
hippocampal neuronal cultures following 24 h exposure to potent the cannabimimetic
WIN55,212-2 (1000 nM; +WIN) or its inactive enantiomer WIN55,212-3 (1000 nM; −WIN).
In cultures exposed to the inactive isomer –WIN (upper panels), CB1 receptor staining (FITCgreen) was present throughout a neuronal network of processes (arrowheads) with no
discernable differences between control and epileptic. Prolonged exposure to the potent
cannabimimetic +WIN (lower panels) resulted in a pronounced down-regulation of the CB1
receptor (arrowheads) equally in both control and epileptic hippocampal cultures. Nuclear
staining of DNA with DAPI (blue) revealed that neither the low-Mg2+ treatment or prolonged
+WIN exposure had any effect on neuronal culture density (scale = 50 microns).
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Fig. 6. The CB1 receptor is localized at both GABAergic and glutamatergic terminals in
hippocampal neuronal cultures

Double- immunofluorescent analysis demonstrates colocalization of CB1 receptor staining
with both VGAT and VGLUT1 staining in control hippocampal neuronal cultures. High
magnification confocal micrographs reveal punctate CB1 receptor staining (green top panels)
along the length of several neuronal processes. Secondary immunofluorescent analyses for
VGLUT1 or VGAT (red -lower adjacent panels left and right) demonstrate specific punctate
presynaptic terminal staining along the neuronal processes denoting either glutamtergic or
GABAergic presynaptic terminals respectively. Merged images of CB1 receptor staining with
either VGLUT1 (bottom left) or VGAT (bottom right) reveal overlapping stains (yellow
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arrowheads) indicative of colocalization. Micrographs are representative of a minimum of 5
samples pooled from at least 2 independent experiments. (Scale bar = 5 microns).
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