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Abstract Endocannabinoid receptors CB1R and CB2R are
present in the CNS and modulate synaptic activity. By using
an in vitro model, two concentrations of CB1R agonist ACEA
at 0.5 and 5 pM doses and CB1R antagonist AM251 at 1 and
10 uM doses were administered in organotypic slice cultures of
mouse hippocampus, and their effects on neurons and glial cells
were analyzed at different time points. Exposure to low concen-
trations of ACEA (0.5 uM) did not seem to affect tissue orga-
nization, neuronal morphology, or glial response. In contrast, at
a higher concentration of ACEA, many neurons in the dentate
gyrus exhibited strong caspase-3 immunoreactivity. After treat-
ment with AM251, we observed an increase in caspase-3 im-
munoreactivity and a downregulation of CBIR expression. Re-
sults show that long-term hippocampal slice cultures respond to
both CBIR activation and inactivation by changing neuronal
protein expression patterns. In the present study, we demonstrate
that CB1R agonist ACEA promotes alterations in the neuronal
cytoskeleton as well as changes in CBI1R expression in
organotypic hippocampal slice cultures, and that CB1R antago-
nist AM251 promotes neuronal death and astroglial reaction.
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Introduction

The endocannabinoid system consists of lipid mediators in-
cluding endogenous ligands (anandamide and 2-
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arachidonoylglycerol), their target receptors (cannabinoid re-
ceptor type 1, CB1R, and cannabinoid receptor type 2,
CB2R), associated synthetic and metabolic enzymes, and
transport proteins (Ashton et al. 2008). The neural actions of
endocannabinoids (eCBs) are mainly mediated by the activa-
tion of CBIR, which is highly expressed in brain regions
including cerebral cortex, hippocampus, amygdala, basal gan-
glia outflow tracts, and cerebellum, thus playing relevant
neuromodulatory roles in brain physiology. CB2R is mainly
expressed by cells of the immune system, although its expres-
sion in neurons, astrocytes, and endothelial cells has also been
reported (Onaivi et al. 2006; Brusco et al. 2008). Both the
CBIR and CB2R are G-protein coupled receptors, which in-
hibit the accumulation of cyclic adenosine monophosphate
(cAMP) within cells via their associated G-proteins Gi/o.

The CBIR activation has been demonstrated to decrease
the release of a wide variety of neurotransmitters, including
acetylcholine, GABA, glutamate, and others, at synapses into
the central nervous system (CNS) and periphery (Mackie
2006). In turn, neuronal activity has been identified as a potent
stimulus for the release of eCBs, which were found to act as
retrograde messengers, regulating synaptic transmission
through presynaptic CB1R. eCBs have also been character-
ized as triggers for short- and long-term plasticity at synapses
throughout the brain, in agreement with the ubiquitous expres-
sion of CBIR (Heifets and Castillo 2009).

Glial cells express CB1R and respond to CB1R agonists by
releasing glutamate and influencing synaptic transmission.
eCBs may have opposite neuromodulatory effects, depressing
synaptic transmission by directly acting on presynaptic CB1R
or potentiating synaptic transmission by acting on astrocytic
CBIR, which stimulates glutamate release from astrocytes
(Navarrete and Araque 2010).

The characteristic distribution of CBIR in the CNS is
linked to the most prominent behavioral effects of cannabis
consumption. As it expresses high levels of cannabinoid
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receptors, the hippocampus has received much attention as a
site of action for both endogenous and exogenous cannabi-
noids, especially considering their cognitive effects. The first
autoradiographic studies found very high levels of CBIR in
all subfields of the hippocampus as well as in the dentate gyrus
(DG) (Herkenham et al. 1990 and Mackie 2005), whose mo-
lecular layer exhibits the highest expression levels and con-
tains many CB 1R immunoreactive fibers but very few labeled
cell bodies (Katona et al. 1999). In addition, CB1R is known
to be accumulated in the terminal portion of mossy cell axons
(Uchigashima et al. 2011).

The eCB system modulates a wide range of physiological
processes in mammals, including pain and inflammation, ap-
petite and energy regulation, and learning and memory
(Pacher et al. 2006). It has been shown that both endogenous
and exogenous agonists produce neuroprotection in CNS in-
jury models in vivo and in vitro through different mecha-
nisms, e. g., preventing excitotoxicity by inhibiting gluta-
matergic neurotransmission, reducing calcium influx (Kim
and Thayer 2000 and Gilbert et al. 2007), and inducing
neurotrophin synthesis and transcription factors (van der Stelt
and Di Marzo 2005). It has also been reported that chronic
cannabinoid administration to rats causes distinct morpholog-
ical changes in the hippocampus, indicating a neurotoxic ac-
tion (Scallet 1991). In addition, great interest has been gener-
ated in the effects of cannabinoids on memory and cognition.
Chronic exposure to A9-tetrahydrocannabinol (THC) or mar-
ijuana extracts have been proven to persistently alter the struc-
ture and function of the rat hippocampus, a paleocortical brain
region involved in learning and memory processes in both rats
and humans (Scallet 1991). Several of the well-known actions
of cannabinoids have been considered involved in the inhibi-
tion of long-term potentiation and memory impairment.

This study tests the hypothesis that chronic cannabinoid ag-
onist use results in morphological changes in the hippocampus.
Although CBIR agonist has been proven to produce morpho-
logical alterations in the hippocampal dendrites (Tagliaferro
et al. 2006), reports on morphological evidence of neuronal
plasticity and synaptic modifications by synthetic cannabinoids
remain scarce. In the present work, we have chosen synthetic
cannabinoid arachidonyl-2-chloroethylamide (ACEA) because
of its high potency and solubility, as compared with THC itself.
ACEA, an analog of endogenous N-arachidonylethanolamine,
binds to CB1R with very high affinity and possesses selectivity
ratios for CB1R over CB2R of 325 and 2200, respectively
(Hillard et al. 1999). The goal of the present work is thus to
analyze the effects of CB1R agonist ACEA and CB1 antagonist
1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-
piperidinyl-1H-pyrazole-3-carboxamide (AM251) on neuronal
survival, changes in the neuronal cytoskeleton measured by
MAP2+ fibers, alterations in CB1R expression in organotypic
hippocampal slice cultures and the associated glial response in
each case.
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Materials and Methods
Preparation of Organotypic Slice Cultures

Hippocampal slice cultures (HSCs) were prepared from 3- to
5-day-old C57 BL/6 mice (for details see Brinks et al. 2004;
Humar et al. 2009 and Lacour et al. 2007). Briefly, brains were
aseptically removed from the skulls and transferred into cul-
ture dishes containing cold buffer solution. Under binocular
observation, hippocampi were dissected and cut into 400-pum
slices perpendicular to the longitudinal axis by means of a
tissue chopper. The slices were placed on translucent porous
membranes (Millipore CM cell culture inserts) and were trans-
ferred into six-well plates filled with 1.2 ml culture medium
supplemented with 2 mM glutamine at pH 7.3. HSC was
maintained at 37 °C in an incubator in an atmosphere of hu-
midified air and 5 % CO,. CB1R agonist ACEA (0.5 or 5 uM)
(Rubio Araiz et al. 2008) or CB1R antagonist AM251 (1 and
10 uM) (Goncalves et al. 2008) was later applied 1, 4, 6, or
8 days after the culture medium was changed. The drugs were
dissolved in DMSO (final concentration, 5 uM) and stored
at =20 °C.

Staining Procedures

HSC selected for immunofluorescence analysis was fixed at 6
or 12 days in vitro (DIV) with 4 % paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4, for 2 h. After several rinses
with PB, the Millipore membrane with the HSC was cut-off,
mounted on an agar block and re-sliced into 50-pum sections
with a vibratome. Free-floating sections were then incubated
in PB containing 5 % normal goat serum and permeabilized
with 0.1 % Triton X-100 in PB for 30 min. Primary antibodies
mouse anti-NeuN (Chemicon; 1:1000), rabbit anti-caspase-3a
(cell signaling; 1:500), chicken anti-MAP2 (Abcam; 1:10,
000), mouse anti-GFAP (Abcam, 1:500), rabbit anti-ionized
calcium-binding adapter molecule 1 (Iba, 1 Wako; 1:1000), or
rabbit anti-CB1R (Cayman; 1:5000) in phosphate-buffered
saline (PBS) containing 1 % normal goat serum were applied
and incubated at 4 °C overnight. After being washed with
PBS, sections were incubated with a secondary antibody
(Cy3-conjugated goat anti-rabbit immunoglobulin G [IgG]
1:800 and Alexa 488-conjugated goat anti-mouse I1gG 1:200,
respectively) for 2 h at room temperature in the dark. Sections
were then washed with PBS followed by Hoechst nuclear
staining. After being thoroughly rinsed in PB, slices were
mounted onto gelatin-coated slides, embedded with
immunomount and coverslipped.

Morphometric Analysis by Digital Image Processing

Tissue images were acquired on a Zeiss ApoTome or Confocal
Microscope Olympus FV1000. In each tissue section, each
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microscopic field was selected within the limits of anatomical
area of interest to be morphometrically analyzed. The mor-
phometric analysis was done in the DG.

IBA1+ and NeuN+ cells were quantified. For GFAP+ as-
trocytes, the cell area was evaluated by interactively measur-
ing and determining each cell limit. In order to evaluate the
CB1R+ and MAP2+ fibers, the total area of the
immunolabeled fibers was related to the total area of the cor-
responding microscopic field (x20 primary magnification),
thus rendering a relative area parameter.

Western Blot Analysis

On average, four individual slice culture sections were pooled
and resuspended in Laemmli buffer, followed by
ultrasonication. Protein extracts were size-fractionated by
12 % sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and blotted onto polyvinylidene difluoride (Millipore)
for Western blot analysis. The membrane was blocked in
blocking solution and then incubated with either rabbit anti-
body directed against CB1R (Cayman; 1:5000), CB2R (Cay-
man; 1:1000), or a rabbit anti-actin (Sigma; 1:5000). After
being washed, the blot was incubated with a 1:2000 dilution
of a peroxidase-coupled donkey anti-rabbit polyclonal antise-
rum for 1 h at room temperature. Finally, bound enzymatic
activity was detected by using the enhanced chemilumines-
cence system (ECL+) from Amersham.

Statistical Analysis

Individual experiments were composed of six to ten tissue
sections for each treatment group. Reported values represent
the mean+SD of experiments performed for each marker and
each hippocampal area. Differences among the means of the
different groups were statistically analyzed by one-way anal-
ysis of variance (ANOVA). A Dunnett comparison test was
conducted following the significance/non-significance of the
overall ANOVA. Statistical significance was set at P<0.05
and GraphPad Prism v5.00 software (GraphPad Software
Inc.) was used. In order to simplify graphic presentation,
values of the different groups are expressed as percentages
of DMSO-treated values (100 %).

Results
CBIR Expression

Neuronal CB1R is localized in the presynaptic boutons, where
it is activated by retrograde neurotransmission of eCBs
(Pertwee 2005). CB1R-mediated signal transduction is asso-
ciated with increased pro-survival gene expression and synap-
tic plasticity in presynaptic neurons (Howlett et al. 2002), and

several studies have reported cannabinoid-mediated increases
in CB1R messenger RNA (mRNA) and protein expression
(Borner et al. 2007a; Mukhopadhyay et al. 2010; Proto et al.
2011).

To evaluate the expression of CB1R, we analyzed the area
covered by CBIR+ fibers and studied the levels of expression
by Western blot. At DIV6, results show an increase in CB1R
expression at a low dose of ACEA (0.5 uM) and no changes at
a high dose of ACEA (5 uM) or AM251 (1 and 10 uM)
(Fig. 1). DIV12 assays showed different effects, as CBIR
expression was higher at the high doses of ACEA, while the
low dose of ACEA induced a decrease in CB1R expression.
As complementary analysis, CB2R expression was analyzed
and found to be increased only by exposure to low doses of
AM251 at DIV6 (Fig. 1).

Neuronal Cells

Although many studies have demonstrated either the benefi-
cial or deleterious effects of cannabinoids on the survival of
different cell types in culture (Galve-Roperh et al. 2008; van
der Stelt and Di Marzo 2005), the basis for these opposite
effects on cell survival is not yet understood.

To evaluate the effects of CB1R agonists on neuronal sur-
vival in HSC, we measured the number of NeuN+ cells in the
DG and the relationship between the number of neurons and
CBIR expression. At DIV6, the changes in CBIR expression
could be related to the number of neurons and their dendritic
arborization. A low dose of ACEA did not produce alterations
in the number of neurons, although the HSC exposed to 5 uM
ACEA and 1 and 10 uM AM251 showed a decrease in this
parameter (Fig. 2b), indicating that higher doses of the CB1R
agonist produce toxic effects similar to those produced by the
antagonist. In all experimental groups, the ratio CB1+fibers/
NeuN+ cells was higher than in the control group (Fig. 2c¢).

Cell Death

CBIR agonists may act through two mechanisms to ‘protect’
neurons. First, through a G-protein coupled mechanism, they
may reduce NMDA-controlled calcium influx; second, pro-
tein kinase A (PKA) can stimulate the ryanodine receptor.
Then, CBIR agonists may effectively reduce calcium efflux
from the endoplasmic reticulum by reducing PKA (Grant and
Cahn 2005).

Studies using caspase-3 activity (Casp3a) as a marker for
apoptotic cell death rendered a small number of Casp3a+cells
in the DG at DIV6. ACEA induced cell death (Fig. 3) only at
high concentrations and within the DG, while AM251 pro-
duced an increase in cell death at both low and high concen-
trations, which suggests that CBIR stimulation has a dose-
dependent effect (Fig. 3).

@ Springer
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42kDa CcB2
42kDa "— T e Actin
DIV 6 DIV 12

Fig. 1 CBIR expression in HSC after CBIR stimulation. a Confocal
imaging of CBIR IF of HSC, primary magnification x60. b CBI1R
expression levels, measured as relative area of CBIR+ fibers. ¢ WB of

Dendritic Arborization

Arborization was assessed by means of MAP2+ fibers, a
microtubule-associated protein found in dendrites and com-
monly used as a specific marker to visualize these neuronal
processes and analyze the dendritic tree and its extension
(Tagliaferro et al. 2006).

After DIV6, ACEA at 0.5 uM and AM251 at 1 and 10 uM
increased the dendritic arborization of the DG of HSC labeled
with MAP2 (Fig. 4b), while the relationship between the ex-
pression of CB1R and the area of MAP2+ fibers (Fig. 4c) did
not change when compared to the control group (DMSO). The
decrease in MAP2+ fibers could be dependent on
ACEA concentration and unrelated to the coexpression of
CBI (Fig. 4a, b, c).

Astrocytes

Astroglial reaction was analyzed by studying changes in the
area of GFAP expression, the main intermediate filament de-
fining astrocytic morphology. Exposure to low doses of CB1R
agonist ACEA did not produce glial response at DIV6, but a
low dose of CB1R antagonist AM251 produced astrocytic
reaction. After DIV6, low concentrations of ACEA did not
modify the number of astrocytes (data not shown) or the as-
trocytic area covered. At DIV6, AM251 produced astrocytic
hyperthopia (Fig. 5), as astrocytes showed an enlarged cell
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200

CB1+ irfibers (% of control)

CB1/actin (% of control)

DIV 6 DIV 12

CBIR and CB2R. d CB1R expression levels, measured as relative optical
density of CB1R/actin. Significance between treatments after one-way
ANOVA and Dunnett post-test: ¥*p<0.05; **p<0.01; ***p<0.001

body with more tortuous and ramified cytoplasmic processes
and a more intense immunostaining, as compared with
ACEA-treated HSC.

Microglial Cells

The eCB system is thought to regulate many aspects of the
inflammatory response in the CNS, such as the release of pro-
inflammatory cytokines and the modulation of microglial ac-
tivation (Klein 2005; Marchalant et al. 2007).

IBA1 immunoreactivity was then used to asses the extent
of microglial activation. At DIV6, no changes were found in
the number or morphology of IBA1+ microglial cells after
CBI1R agonist or antagonist exposure (Fig. 6). These cells
showed a typically ramified cell body with multiple branches.

Discussion

In the context of current controversial data about the effects of
CBIR stimulation regarding the toxic effects of cannabinoids
(Landucci et al. 2011; Parmentier-Batteur et al. 2002; van der
Stelt and Di Marzo 2005), this study analyzes the effects of
exogenous CB1R agonist on mouse HSC, a simple technique
convenient for the explant of nervous tissue and particularly
well suited for developmental studies of synaptic connectivity
and plasticity in hippocampus (Stoppini et al. 1991). In this
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Fig.2 a CBIR and NeuN double A
IF in the DG of HSC, primary
magnification x20. b Numbers of
NeuN+ cells. ¢ Relationship
between CBIR expression and
NeuN+ cells in the DG of HSC.
Significance between treatments
after one-way ANOVA and
Dunnett post-test: *p<0.05;
**p<0.01; ***p<0.001

ACEA 5uM AM251 1uM ACEA 0.5uM

AM251 10uM

way, we demonstrate changes in the neuronal cytoskeleton
following chronic treatment with synthetic CB1R agonist
ACEA.

eCBs are actively secreted and inactivated by neurons,
microglial cells, and astrocytes, and the cannabinoid system
is involved in the communication between neurons. The

ACEA 0.5uM

AM251 1uM

Casp3a NeuN Hoechst

CB1 NeuN Hoechst

w

200

-
(2]
e

100+

NeuN+ cells (% of control)
8

2004 Hkk

150+ i

1004

CB1+ fibers / NeuN+ cells
(% of control)
(3]
o

effects of CBs are mediated by CBIR, expressed in neurons
and astrocytes, or by CB2R, highly expressed in immunocom-
petent cells and neurons (Onaivi et al. 2006). In turn, the
widespread distribution of cannabinoid receptors in the brain
is well correlated with cannabinoid effects on memory, per-
ception, and control of movement (Ameri 1999). In particular,

AM251 10uM

ACEA 5uM

Fig. 3 Caspase-3a expression after CB1R agonist and antagonist treatments in HSC. Primary magnification x5. Arrows show casp3a+cells
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Fig. 4 a CBIR and MAP2 A
double IF in the DG of HSC,
primary magnification x20. b
Levels of MAP2+ fibers. ¢
Relationship between CB1R
expression and MAP2 in the DG
of HSC. Significance between
treatments after one-way ANOVA
and Dunnett: *p<0.05

ACEA 5uM AM251 1uM ACEA 0.5uM _DMSO

AM251 10uM

CBI1R has been implicated in different forms of synaptic plas-
ticity involving the coupling of postsynaptic activation with a
decrease in presynaptic neurotransmitter release (Iversen
2003; Tagliaferro et al. 2006), which may play an important
role in the control of neuronal circuits.

Several authors have reported cannabinoid-mediated in-
creases in CB1R mRNA and protein expression in different
cell types including T cells and hepatocytes (Borner et al.
2007; Mukhopadhyay et al. 2010). Here, we show that
CBIR expression also increases after stimulation in neurons
in a dose-dependent manner.

As cannabimimetic drugs are known to inhibit adenylyl
cyclase and impair memory, cannabinoid effects on synaptic
plasticity (Kim and Thayer 2001) have been previously pro-
posed. During CNS development, the administration of THC
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induces impairment of synapse formation through CB1R ac-
tivation and disrupts the proper positioning, postsynaptic tar-
get selectivity, and functional differentiation of developing
axons (Berghuis et al. 2007). Also, in cultured mouse
Neuro2A cells, CB1R stimulation has been shown to induce
neurite outgrowth, triggering activation of multiple transcrip-
tion factors (Jordan et al. 2005). It has also been proven that
CBIR agonists protect neurons from synaptically mediated
excitotoxicity, and that agonist efficacy and receptor desensi-
tization affect this protection. These effects on neuronal sur-
vival may prove particularly important when evaluating phar-
macological treatments that modulate the endocannabinoid
system (Gilbert et al. 2007).

Our data show that ACEA treatment at low concentrations
did not produce changes in the number of neurons or caspase-
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Fig. 5 a GFAP IF in the DG of
HSC, primary magnification x60.
b. Cell area of GFAP+ astrocytes
at DIV6. Significance between
treatments after one-way ANOVA
and Dunnett post-test: *p<0.05

cell area of GFAP-ir astrocytes
(%of control)

3+ dead cells, but generated an increase in the number of
dendrites, which could be related to the increase in CB1R
expression. These sprouting phenomena, reflected as in-
creased dendrite thickness and/or increased branching pro-
cesses, are probably due to the upregulation of CB1R. On

Fig. 6 a IBA1 IF in the DG of
HSC, primary magnification x60.
b. Number of IBA1+ cells at
DIV6. Significance between
treatments after one-way ANOVA
and Dunnett post-test

A DMSO

B

Number of IBA1+ cells

(% of control)

250

200+

150+

100+

50

D
& O O
N o? .

the other hand, AM251 exposure produced a strong decrease
in the number of neurons but an increase in CB1R expression.
This is consistent with the fact that CBIR is synthesized de
novo in the neuronal somata or with an increase in CB1R
expression in glial cells.

ACEA

1501

100+

50
0 T
0*60
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Astroglial reaction is characterized by an increase in cell
size, the presence of thicker, and longer cellular processes and
alterations in the expression pattern of some specific proteins,
especially GFAP. This protein is a very sensitive parameter to
evaluate neuronal damage but also relatively minor alterations
in the brain environment (Evrard et al. 2006). In our study, no
alterations were observed in the expression pattern of GFAP,
which means our treatment schedule did not produce
astroglial response in HSC. Then, with no astrocytic or
microglial alterations observed at DIV6, neurons can be
regarded as the cell type most sharply affected by ACEA
exposure.

Considering that eCBs are released after a triggering sig-
nal—when it is necessary to maintain homeostasis—these
findings open the way for research into the physiological
and pathophysiological roles of the endocannabinoid system,
with a view to searching for new compounds that could mod-
ulate, when administered exogenously, its regulatory abilities
and serve as pharmacotherapeutical agents. Finally, as this
study shows a plastic phenomenon involving neuronal surviv-
al and sprouting but no glial alterations after dose-dependent
ACEA exposure, the CBIR agonists could be considered
good therapeutic agents for certain brain injuries, focusing
their neuroprotective effects only on altered neurons.
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