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4.1	CB1	and	CB2	cannabinoid	receptor	expression	during
development	and	in	epileptogenic	developmental	
pathologies
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Abstract	
Recent data support the involvement of the endocannabinoid signaling in early brain de-

velopment, as well as a key role of cannabinoid receptors (CBR) in pathological conditions 

associated with unbalanced neuronal excitability and inflammation. Using immunocyto-

chemistry, we explored the expression and cellular pattern of CBR 1 and 2 (CB1 and CB2) 

during prenatal human cortical development, as well as in focal malformations of cortical 

development associated with intractable epilepsy (focal cortical dysplasia; cortical tubers in 

patients with the tuberous sclerosis complex and glioneuronal tumors). Strong CB1 immu-

noreactivity was detected in the cortical plate in developing human brain from the earliest 

stages tested (gestational week 9) and it persisted throughout prenatal development. Both 

cannabinoid receptors were not detected in neural progenitor cells located in the ventricu-

lar zone. Only CB1 was expressed in the subventricular zone and in Cajal–Retzius cells in the 

molecular zone of the developing neocortex. CB2 was detected in cells of the microglia/

macrophage lineage during development. In malformations of cortical development, promi-

nent CB1 expression was demonstrated in dysplastic neurons. Both CBR were detected in 

balloon/giant cells, but CB2 appeared to be more frequently expressed than CB1 in these 

cell types. Reactive astrocytes were mainly stained with CB1, whereas cells of the microglia/

macrophage lineage were stained with CB2. These findings confirm the early expression pat-

tern of cannabinoid receptors in the developing human brain, suggesting a function for CB1 

in the early stages of corticogenesis. The expression patterns in malformations of cortical 
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development highlight the role of cannabinoid receptors as mediators of the endocannabi-

noid signaling and as potential pharmacological targets to modulate neuronal and glial cell 

function in epileptogenic developmental pathologies.Introduction

The endogenous cannabinoid signaling system, including the endogenous ligands (endo-

cannabinoids, eCB) and their receptors has been suggested to play a critical role during 

brain development (for review see [Fernandez-Ruiz et al., 2000] and [Fernandez-Ruiz et al., 

2004]). Increasing evidence indicates that developmental exposure to cannabinoids may 

induce subtle and long-lasting neurofunctional alterations (for review see; Trezza et al., 

2008). Moreover, several studies show expression of cannabinoid receptor 1 (CB1) and their 

endogenous ligands early during brain development in rodents ( [Berrendero et al., 1998], 

[Buckley et al., 1998], [Fernandez-Ruiz et al., 1999] and [Vitalis et al., 2008]). In particular, 

high levels of CB1 mRNA expression were observed in the cerebral cortex and in the sub-

ventricular zone (SVZ), ( [Berrendero et al., 1998], [Fernandez-Ruiz et al., 2000], [Mulder 

et al., 2008] and [Vitalis et al., 2008]). Abundant levels of CB1 mRNA and CB1 binding have 

been also detected in early prenatal stages in human brain ( [Glass et al., 1997] and [Mato 

et al., 2003]). Experimental evidence, in vivo and in vitro, further supports the role of this 

system in the process of neural development, regulating neural progenitor proliferation and 

migration, axonal elongation, synaptogenesis and myelinogenesis ( [Fernandez-Ruiz et al., 

1999], [Fernandez-Ruiz et al., 2000], [Fernandez-Ruiz et al., 2004], [Fride, 2004], [Gomez et 

al., 2008a], [Mulder et al., 2008] and [Vitalis et al., 2008]).

The ubiquitous abundance of eCB and their receptors in the CNS, together with the com-

plexity of the eCB signal transduction pathways, may also suggest a critical role for the can-

nabinoid receptors (CBR) in various physiological and pathological conditions in the postna-

tal and adult brain. Thus, depending on the cellular localization and the signal transduction 

pathways, CBR have been shown to exert neuroprotective actions and regulate both glu-

tamatergic and GABAergic synaptic transmission (for reviews see [Pacher et al., 2006] and 

[Onaivi, 2009]). In addition, evidence exists to support the possible involvement of the can-

nabinoid system in a number of neurological conditions, including epilepsy ( [Lutz, 2004] 

and [Armstrong et al., 2009]). Dysregulation of the eCB system, with alterations in the ex-

pression of CB1, has been reported in both human and experimental temporal lobe epi-

lepsy (TLE; [Falenski et al., 2007], [Falenski et al., 2009] and [Ludanyi et al., 2008]). Recent 

studies also demonstrate the existence of eCB-mediated neuron-astrocyte communication, 

supporting the potential role of cannabinoid receptors expressed by glial cells in both physi-

ological and pathological processes (Navarrete and Araque, 2008). Moreover the cannabi-

noid system exerts immunomodulatory effects and has been suggested as potential phar-

macological target in pathological conditions associated with brain inflammation ( [Sheng et 
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al., 2005] and [Marchalant et al., 2007]).

The expression pattern and cellular localization of CBR (CB1 and CB2) during corticogenesis 

in human brain remains uncharacterized. Furthermore, there is no information about CB1 

and cannabinoid receptor 2 (CB2) distribution in human developmental pathologies associ-

ated with epilepsy. To gain further insight into the role of CBR in both normal and abnormal 

corticogenesis, we studied the expression of CB1 and CB2 in the developing human cerebral 

cortex and in focal malformations of cortical development (MCD) associated with intracta-

ble epilepsy.

Materials	and	methods
Human	material
The subjects included in this study were obtained from the databases of the Department of 

Neuropathology of the Academic Medical Center (University of Amsterdam; UvA) in Amster-

dam, the Netherlands, the Service Histologie-Embryologie-Cytogénétique Hôpital Necker-

Enfants malades, Paris, France (Dr. F. Encha-Razavi and Dr. M. Sinico) and the University 

Medical Center in Utrecht (UMCU).  Informed consent was obtained for the use of brain tis-

sue and for access to medical records for research purposes. Tissue was obtained and used 

in a manner compliant with the Declaration of Helsinki. 

The  developmental expression of CB1 and CB2 was evaluated at the following ages: 9, 10, 

13, 16, 17, 20, 22, 23, 25, 29, 31, 36 and 40 gestational weeks (GW) obtained from sponta-

neous or medically induced abortions with appropriate maternal written consent for brain 

autopsy. Normal-appearing control cortex/white matter and hippocampus was obtained at 

autopsy from pediatric patients (3 weeks, 7 months, 8 years) and from 6 young adult pa-

tients (male/female: 3/3; mean age 31; range 14-35), without a history of seizures or other 

neurological diseases. For comparison with the autopsy specimens, we also included 3 sur-

gical cases of glioneuronal tumors (gangliogliomas; GG) that contained sufficient amount 

of perilesional tissue (mean age 35). Three autopsy specimens from patients with multiple 

sclerosis (MS) were also included in the study. All autopsies were performed within 12 hours 

after death.  

Expression of CB1 and CB2 in focal epileptogenic lesions was examined in 28 surgical speci-

mens (6 focal cortical dysplasia, FCD; 6 cortical tubers; 6 gaglioglioma, GG; 6 dysembryoplas-

tic neuroepithelial tumor, DNT; and 4 subependymal giant-cell astrocytomas, SEGA; Table1). 

All FCD cases included in this study fulfilled the histopathological criteria for FCD type IIB, 

containing dysmorphic neurons (DNs) and balloon cells (BCs) (Palmini et al., 2004). The his-

topathological features of the cortical tuber specimens included abnormal cortical laminar 

architecture, DNs, giant cells (GCs) and astrogliosis (Mizuguchi and Takashima, 2001, DiMa-
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rio, 2004).  For the GG and DNT and SEGA we used the revised WHO classification of tumors 

of the central nervous system (Louis et al., 2007). The clinical characteristics derived from 

the patient’s medical records are summarized in Table 1.

Tissue	preparation	
Tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffin-embedded 

tissue was sectioned at 6 µm, mounted on pre-coated glass slides (StarFrost, Waldemar Knit-

tel Glasbearbeitungs GmbH, Braunschweig, Germany) and used for immunocytochemical 

staining as described below.

Antibody	characterization	
Antibodies specific for glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, 

Denmark; 1:4000), vimentin (mouse clone V9; DAKO; 1:1000), neuronal nuclear protein 

(NeuN; mouse clone MAB377; Chemicon, Temecula, CA, USA; 1:2000), neurofilament (NF, 

SMI311; Sternberger Monoclonals, Lutherville, MD; 1:1000), human leukocyte antigen 

(HLA)-DP, DQ, DR (mouse clone CR3/43; DAKO, Glostrup, Denmark; 1:400) and microtubule-

associated protein 2 (MAP2; mouse clone HM2; Sigma, St Louis, MO; 1:100) were used in 

the routine immunocytochemical analysis. For the detection of CB1, we used the anti-hu-

man CB1 polyclonal rabbit antibody from Affinity BioReagents (Rockford, IL, USA; PA1-743; 

raised against a fusion protein containing the first 99 amino acid residues from human CB1; 

1:200) and the anti-human CB1 polyclonal rabbit from Abcam (Cambridge, MA, USA) raised 

against  a synthetic peptide, corresponding to C terminal amino acids 461-472 of Human 

Table	1.	 Summary of clinical details of epilepsy cases studied according to pathology

Pathology	type
(PM	or	S)

Number	
of	cases	

Mean	age	at	surgery	
(years/range)

Localization
Mean	duration	of	

epilepsy	
(years/range)

FCD IIB 6 25.8  (14-43)
Temporal(5)
Frontal (1)

17.3 (5-22)

Cortical Tubers 
(TSC)

6 17.8 (5 – 35)
Frontal (3) 

Temporal (2) 
Parietal (1)

13.5 (2.8 – 34)

GG 6 32 (16-49) Temporal 16.1 (12-26)

DNT 6 31 (18-38) Temporal 15.6 (2-22)

SEGA 4 15.1 (8-23) LV 7.3    (2-20)

HS:  Hippocampal Sclerosis; FCD: Focal Cortical Dysplasia; TSC:Tuberous Sclerosis; GG: ganglioglioma; 
DNT: dysembryoplastic neuroepithelial tumor; LV:  lateral ventricle. SEGA: subependymal giant-cell 
astrocytomas.
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CB1; 1:100). For the detection of CB2 we used a polyclonal rabbit antibody (Cayman, Ann 

Arbor, MI, USA; raised against the human CB2 receptor sequence amino acids 20-33; 1:50). 

Specificity of the staining in human tissue was further confirmed by omission of the primary 

antibody or by its replacement with equivalent amounts of isotype-matched non-immune 

IgG or with the sera preadsorbed with the immunizing peptide for the anti-CB1 (polyclonal 

rabbit from Abcam, Cambridge, MA, USA) and CB2 (as previously reported Ellert-Miklasze-

wska et al., 2007). Western blots of the total homogenates of human control brain  (per-

formed as  previously described Aronica et al., 2007a) detected major CB1 receptor species 

of approximately 53-60 kDa for both CB1 antibodies (McIntosh et al., 1998, De Jesus et al., 

2006, Grimsey et al., 2008) and a major band at approximately 45 kDa for CB2 (Nithipatikom 

et al., 2004, Zhang et al., 2007) CB1 and CB2 specific bands that were identified using these 

sera and the CB  immunoreactivity (IR) were absent after preadsorption with the corre-

sponding peptide (not shown).

Other anti-CB1 antibodies tested on human material were: the L15 anti-CB1 (raised in rab-

bits against the last 15 C-terminal animo acid residues of the rat CB1 receptor; generous 

gift from Ken Mackie, University of Washington) and the polyclonal rabbit PAI-745 (Affinity 

BioReagents, Rockford, IL, USA;  raised against a fusion protein containing the first 77 amino 

acid residues from rat CB1). However these two antibodies did not work, under our experi-

mental conditions, on human paraffin embedded material.

Immunocytochemical	analysis	
For single-labeling, paraffin-embedded sections were deparaffinized, re-hydrated, and incu-

bated for 20 min in 0.3% H2O2 diluted in methanol to quench the endogenous peroxidase 

activity. Antigen retrieval was performed by incubation for 10 min at 121 °C in citrate buffer 

(0.01 M, pH 6.0). Sections were washed with phosphate-buffered saline (PBS), and incubated 

for 30 min in 10% normal goat serum (Harlan Sera-Lab, Loughborough, Leicestershire, UK). 

After incubation with the primary antibodies overnight at 4 °C, the sections were washed 

in PBS and the antibodies were visualized using the ready-for-use Powervision peroxidase 

system (Immunologic, Duiven, The Netherlands) and 3,3’-diaminobenzidine (DAB; Sigma, St. 

Louis, MO, USA) as chromogen. Sections were counterstained with hematoxylin, dehydrated 

and mounted. Sections incubated without the primary antibody and after preadsorption 

with the corresponding peptide, were essentially blank.

All labeled tissue sections were evaluated with respect to the presence or absence of vari-

ous histopathological parameters and specific IR for the different markers. The intensity of 

CB1 and CB2 staining was evaluated using a scale of 0-3 (0: no; 1: weak; 2:  moderate; 3: 

strong staining). All areas of the specimen were examined and the score represents the pre-
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dominant cell staining intensity found in each case for the different cell types (neurons, as-

trocytes, microglial cells and balloon cells). The frequency of CB1 and CB2 positive cells [(1) 

rare; (2) sparse; (3), high] was also evaluated to give information about the relative number 

of positive cells within the specimen. As proposed before (Vandeputte et al., 2002, Ravizza 

et al., 2006), the product of these two values (intensity and frequency scores) was taken to 

give the overall score (total score) shown in Fig. 5. In the FCD and TSC cases, comparative 

analysis was carried out for the numbers of CB1 and CB2 immunoreactive balloon/giant 

cells. An identical region of interest in the white matter, beneath the region of dysplasia or 

tuber, was outlined at low magnification (x 2.5 objective) on adjacent sections stained for 

CB1 and CB2. All balloon cells within this region were counted systematically at high mag-

nification (x 40 objective) as positive or negative. The percentage of morphologically identi-

fied BCs and GCs stained with CB1 and CB2 was compared (Table 2). 

For double-labeling studies, sections were incubated for 2 hours at room temperature after 

incubation overnight at 4°C with the primary antibodies, with Alexa Fluor® 568-conjugated 

anti-rabbit IgG and Alexa Fluor® 488 anti-mouse IgG (1:100, Molecular Probes, Breda, The 

Netherlands). Sections were mounted with Vectashield containing DAPI (targeting DNA in 

the cell nucleus; blue emission) and analyzed by means of a laser scanning confocal micro-

scope (Leica TCS SP2, Wetzlar, Germany).

Results
Temporal	CB1	and	CB2	expression	during	human	cortical	development	
The expression pattern of CB1 and CB2 was studied immunocytochemically at different pre-

natal ages, 9, 10, 13, 16, 17, 20, 22, 23, 25, 29, 31, 36 and 40 GW, as well as at postnatal ages 

of 3 weeks, 7 months and 8 years. 

CB1	and	CB2	expression	during	corticogenesis

At all the prenatal ages examined (GW 9-36), the neuroepithelium of the ventricular zone 

(VZ) was CB1 negative; in contrast, expression was evident  in the cortical plate (CP) at early 

stages of development (9-10 GW; Fig. 1 A-F).  Strong expression in the CP was also detected 

at 13 and 17 GW and was characterized by radially oriented processes (Fig. 1 I-J). Around 

Table	2	  CB1 and CB2 expression in balloon/giant cells of FCD and TSC specimens.

Ab BCs GCs
CB1  62.2 ± 2.4 68.4  ± 3.2
CB2  98.3  ±  4.7 97.2 ± 2.8

Percentage of morphologically identified balloon cells (BCs) and giant cells (GCs) immunoreactive for 
CB1 and CB2 across all 6 FCD and 6 TSC specimens.
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Figure	1.	CBR	immunoreactivity	(IR)	during		cortical	development	
(Panels A–C) 9 GW: CB1 IR is observed in the CP; high magnification photographs (B, C) show the ab-
sence of detectable IR in VZ (B) but expression of CB1 in CP (C). (Panels D–F) 10 GW. (E) no detectable 
CB1 expression in the VZ. (F) strong CB1 IR is detected in CP. (Panels G–I) GW 13. (H) CB1 expression is 
observed in the SVZ. (I) the CB1 IR in the CP increases with clear positive process. (Panels J, K): GW 17. 
(Panel J) shows clear CB1 IR in CP. (K) Cajal-Retzius cells expressing CB1 in the marginal zone. Panel (L) 23 
GW with CB1 IR in CP. (Panels M–P) expression of CB1 in pyramidal cells at 31 (M) and 38 (N) GW and at 3 
(O) and 7 (P) months postnatally. (Q, 7 mon) residual Cajal–Retzius cells in the molecular layer expressing 
CB1. Insert in (Q) shows Cajal–Retzius cells (reelin positive; green) expressing CB1 (red). (Panels R, S) CB2 
IR, 17 GW; (R) CP without CB2 IR in neural cells, but expression in blood vessels (insert). (S) VZ without 
detectable CB2 IR; CB2 IR is detected in blood vessels and in a few perivascular cells (arrow). Inserts in 
(S) a, CD68 (green); b, CB2 (red); c, merged image. VZ, ventricular zone; SVZ, subventricular zone; SP/
IZ, subplate/intermediate zone; CP, cortical plate. For single-labeling the chromogen used (DAB) gives a 
brown color staining (sections are counterstained with Hematoxylin). Scale bar in Q: (A, D, G):100 μm; (B, 
C, E, F, H, J, K, Q): 35 μm. (I, L, M, P): 25 μm; (N, O): 20 μm; (E): 70 μm; (S): 35 μm.
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Figure 2. Distribution of CB1 immunoreactivity (IR) in malformations of cortical development. (Panels 
A, B) CB1 IR in control cortex (A) and white matter (B) showing diffuse neuropil staining and expression 
in neuronal cells (insert in A) but no detectable glial labeling. (Panels C–G) CB1 IR in focal cortical 
dysplasia (FCD) showing IR within the dysplastic cortex. Insert in (C) shows a cytomegalic neuron 
surrounded by a dense plexus of immunoreactive fibers. High magnification Photograph D shows 
strong expression in somata of dysplastic neurons (arrows). Insert in (D) co-localization (yellow) of CB1 
(red) with the neuronal marker NeuN (green). (Panel E) CB1 IR is observed in balloon cells (arrows) 
within the white matter. High magnification Photograph F shows a balloon cell (arrows) and a neuron 
(arrow-head) strongly stained with CB1. Insert (a) in (E) co-localization (yellow) of CB1 (red) with the 
stem cell marker nestin (green); insert (b) in (E) co-localization (yellow) of CB1 (red) with vimentin 
(green) in a group of balloon cells. (G) dysplastic white matter area showing CB1 IR in heterotopic 
neurons (arrow-head), balloon cells (asterisk) and dysplastic binucleated glial cells (arrows). Insert (a) 
in (G) shows co-localization (yellow) of CB1 (red) with GFAP (green) in a balloon cell (arrow; asterisk 
shows a CB2 positive cell, without GFAP IR). Insert (b) in (G) shows moderate IR in astroglial cells. 
Insert (c) in (G) co-localization (yellow) of CB1 (red) with the astroglial marker GFAP (green). (Panel H, 
I) CB1 IR in cortical tuber of TSC showing expression within the dysplastic cortex. High magnification 
photographs (I, J) demonstrate expression in neuronal cells of different shape and morphology (arrows 
in I); strong membrane staining is observed in large dysplastic neurons (J). Insert in (J) co-localization 
(yellow) of CB1 (red) with the neuronal marker NeuN (green). (Panel K) dysplastic white matter area 
showing CB1 IR in balloon cells. Insert (a) in (K) CB1 (red) is not observed in HLA-DR positive cells 
(green); inserts (b and c) in (K) co-localization (yellow) of CB1 (red) is observed with nestin in balloon 
cells (b) and with GFAP (c) in a subpopulation of binucleate cells. (Panel L) shows moderate CB1 IR 
in astroglial cells; insert (a) in (L) high magnification of a CB1 positive astrocyte; insert (b) in (L) co-
localization (yellow) of CB1 (red) with the astroglial marker GFAP (green). Sections (single staining) are 
counterstained with Hematoxylin. Scale bar in L: (A): 500 μm (C, H): 300 μm. (B, G, I, M, N): 70 μm. (E): 
150 μm; (D, F): 25 μm; (J): 20 μm.
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mid gestation, CB1 was observed in the neuropil and in cell somas displaying pyramidal 

shapes and this pattern of IR persisted at later prenatal and postnatal ages (Fig. 1 L-P). At 

early stages of cortical development (9-17 GW), CB1 expression was observed in the subven-

tricular zone (SVZ; Fig. 1 H, 13 GW). 

In the early cortical plate stages (9-17 GW), we also identify CB1 expression in the marginal 

zone in Cajal-Retzius cells, a population of cells that are strongly reelin immunoreactive (Fig. 

1 K, 17 GW). The expression of CB1 was still observed in Cajal-Retzius cells in the perinatal 

and early post-natal period (< 1 year; Fig. 1 Q).  

At all the prenatal ages examined (GW 9-36), VZ/SVZ and CP were largely devoid of CB2 IR. 

CB2 IR was however detectable in blood vessels and cells of the macrophage/microglia line-

age (Fig. 1 R and S). Expression of CB2 was occasionally observed in cells with glial morphol-

Figure	3. CB1 immunoreactivity (IR) in glioneuronal tumors (GG and DNT) and SEGA. (A, B) CB1 IR is 
observed in the neuronal component of both GG and DNT (arrows; insert in B). No detectable CB1 
expression is observed in the oligodendroglia-like cells within DNT (B, insert in B). Insert (a) in A shows 
co-localization (yellow) of CB1 (red) with the neuronal marker NeuN (green) in GG. Tumor astrocytes in 
GG display variable, often light staining (insert b). Insert (c) in A shows co-localization (yellow) of CB1 
(red) with the astroglial marker GFAP (green). (Panels C, D) strong CB1 IR in SEGA with both membrane 
and cytoplasmic staining. Inserts in (D) show co-localization (yellow) of CB1 (red) with GFAP (green; 
insert a) but not with HLA-DR (green; insert b). Sections (single staining) are counterstained with He-
matoxylin. GG, ganglioglioma; DNT, dysembryoplastic neuroepithelial tumor; SEGA, subependymal 
giant-cell astrocytoma. Scale bar in D: (A, B): 70 μm. (C): 150 μm; (D): 25 μm.
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ogy within the SVZ at early postnatal ages (data not shown).

CB1	in	focal	developmental	lesions
In agreement with previous observations (Tsou et al., 1998, Eggan and Lewis, 2007, Koethe 

et al., 2007), CB1 IR as present throughout all cortical layers as diffuse neuropil staining 

in human control autopsy specimens (Fig. 2 A), as well as in the normal-appearing cortex 

adjacent to the tuber or to GG (not shown). CB1 IR was found in axons, dendrites and it ap-

peared as punctate labeling in neuronal somata. Intensely immunoreactive cell bodies were 

more often restricted in neocortical layers 2 and 3. Control specimens (autopsy and peri-

lesional cortex) did not display detectable glial IR in both grey and white matter (Fig. 2 B). 

In FCD and cortical tuber specimens, similar to control specimens, IR for CB1 was character-

ized by intense neuropil staining (Fig. 2 C-L).  Strong CB1 IR was often observed in DNs (Fig. 

2 D, I, J; Fig. 5). CB1 IR was also observed in heterotopic neurons within the white matter 

and balloon cells in FCD or giant cells in cortical tubers (Fig. 2 E-G; Fig. 2 L; Fig. 5).  Reactive 

astrocytes, present in the dysplastic cortex, displayed variable CB1 IR (Fig. 2G and M; Fig. 5).  

Double-labeling experiments confirmed the co-localization of CB1 IR with neuronal and glial 

markers, as well as with stem cell markers, such as nestin or vimentin (Fig. 2).

CB1 expression was encountered in the neuronal component of GG and DNT, as well as in 

a subpopulation of astroglial tumor cells in GG (Fig. 4 A-B; Fig. 5). No detectable CB1 IR was 

observed in oligodendroglial tumor cells (Fig. 4 B). Strong CB1 IR was observed in all the 

SEGA specimens examined; double-labeling experiments showed co-localization of CB1 IR 

with GFAP, whereas CB1 IR was not observed in cells of the microglia/macrophage lineage 

(Fig. 4 C-D).

CB2	in	focal	developmental	lesions
In agreement with previous observations (Benito et al., 2003), CB2 IR was very low or not 

detectable in human control autopsy specimens (Fig. 3 A), as well as in the normal-appear-

ing cortex adjacent to the tuber or to GG (not shown). Control specimens (autopsy and 

peri-lesional cortex) did not display detectable glial IR in both grey and white matter (Fig. 3 

B). However, as previously reported (Benito et al., 2007), strong expression of CB2 was ob-

served in white matter of MS tissue samples (within MS lesions with positive astrocytes and 

reactive microglial cells; not shown).

In FCD and cortical tuber specimens, CB2 IR was observed within the gray and white matter 

dysplastic areas (Fig. 3 C-J; Fig. 5).  The staining was localized in some DNs (Fig. 3E, H; Fig. 

5) and in the large majority of balloon and giant cells (Fig. 3 F-G; Fig. 5), expressing GFAP, as 

well as stem cell markers (nestin, vimentin, not shown). Only light IR was observed in few 

reactive astrocytes, whereas strong expression was detected in cells with the morphology 
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of microglia/macrophages (Fig. 3C-J; Fig. 5). Double-labeling experiments confirmed the ex-

pression of CB2 in cells of the microglia/macrophage lineage (Fig. 3E, J). 

CB2 expression was occasionally encountered in the astroglial component of GG (Fig. 4 E; 

Fig. 5).  No detectable CB2 IR was observed in oligodendroglial tumor cells (Fig. 4 F). Expres-

sion was detected in cells of the microglia/macrophage lineage in both GG and DNT (not 

shown; Fig. 5). Strong CB2 IR was observed in all the SEGA specimens examined; double-

labeling experiments showed co-expression of CB2 in GFAP positive tumor cells, as well as 

in cells of the microglia/macrophage lineage (Fig. 4G-H).

Figure	4.		Evaluation	of	CB1	immunoreactivity	(IR)	in	FCD,	TSC	and	GG. Distribution of CB1 IR scores 
(total IR score; for details see Experimental Procedure’s section) in different cell types of normal con-
trol cortex (Ctx), FCD, cortical tubers in patients with TSC and in gangliogliomas (GG). (A) astrocytes 
and microglia/macrophage. (B) neurons (DNs, dysmorphic neurons in FCD/TSC) and balloon/giant cells 
(BCs/GCs). Astrocyte IR score was significantly elevated in FCD, TSC and GG relative to controls for CB1; 
neuronal IR score was significantly elevated compared to controls only in GG for CB1 (* P<0.05). No 
differences in both neuronal and glia IR scores were observed between patient groups.

Figure	5.		Distribution	of	CB2	immunoreactivity	(IR)	in	malformations	of	cortical	development.>>>>>> 
(Panels A, B) CB2 IR in control cortex (A) and white matter (B) showing very low neuronal expression 
and no detectable glial labeling. (Panels C–G) CB2 IR in FCD showing IR within the dysplastic cortex. 
High magnification photographs (D, E; FCD) show variable CB2 expression in dysplastic neurons; the 
large majority of neurons display almost no detectable levels of CB2 IR (asterisk in D) and low expres-
sion is observed in the surrounding glial cells (arrows in D, E); few large dysplastic neurons are CB2 
positive (asterisk in E); CB2 IR is detected in a population of cells with round (microglia/macrophage-
like) morphology (arrow-heads in E). Insert (a) in E (FCD): absence of CB2 expression (red) in GFAP 
positive cells (green). Insert (b) in E (FCD): co-localization (yellow) of CB2 (red) with the HLA-DR (green) 
in cells of the microglia/macrophage lineage. (Panels F, G; FCD) strong CB2 IR is observed in balloon 
cells. Insert in G shows co-localization (yellow) of CB2 (red) with GFAP (green) in a balloon cell. (Panels 
H–J) CB2 IR in cortical tuber of TSC showing expression particularly within the white matter (Wm) area 
of the tuber. Insert in (H) few large dysplastic neurons are CB2 positive (arrow); astroglial cells do not 
express detectable levels of CB2 IR (arrow-head). High magnification photographs (Panels I, J; TSC) 
show strong CB2 IR in giant cells (arrows in I; higher magnification in J). Inserts (a) in I (TSC) shows 
co-localization (yellow) of CB2 (red) with GFAP (green) in a giant cell; insert (b) in I (TSC) shows neu-
ronal expression (red) but absence of co-localization in astrocytes (GFAP positive, green). Insert (a in J; 
TSC): CB2 IR is detected in a population of cells with round (microglia/macrophage-like) morphology 
(arrow-head); astroglial cells do not express detectable levels of CB2 IR (arrow). Insert (b in J; TSC): co-
localization (yellow) of CB2 (red) with the HLA-DR (green) in cells of the microglia/macrophage lineage 
in TSC. Sections (single staining) are counterstained with Hematoxylin. Scale bar in J: (A): 150 μm; (B): 
70 μm; (I): 50 μm; (D, E, G): 25 μm; (J): 20 μm.
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Discussion
Despite the emerging role of the eCB signaling in brain development (Fernandez-Ruiz et 

al., 2000, Gomez et al., 2008a), data regarding the expression and cellular distribution of 

CBR in the developing human brain, particularly during the early stages of corticogenesis, 

are still limited. In addition, no information is available concerning the expression patterns 

in human developmental disorders, such as focal MCD in which a primary or acquired al-

teration of the early stage of corticogenesis has been proposed as pathogenetic mechanism 

(Barkovich et al., 2005, Wong, 2008). Knowledge concerning the expression of CBR subtypes 

in these highly epileptogenic developmental glioneuronal lesions is also interesting consid-

ering the key function of eCB signaling in regulating glial function and neuronal excitability 

Fig.	6.	CB2	immunoreactivity	(IR)	in	glioneuronal	tumors	(GG	and	DNT)	and	SEGA. (A, B) CB2 in the 
neuronal component of both GG and DNT does not display detectable IR (arrow in A; insert in B). No 
detectable CB2 expression is observed in the oligodendroglia-like cells within DNT (B, insert in B). 
Occasionally few glial cells are CB2 positive in GG (insert a in A). Insert (b in A) shows co-localization 
(yellow) of CB2 (red) with GFAP (green) in few cells. (Panels C, D) strong CB2 IR in SEGA with prominent 
cytoplasmic staining. Inserts in (D) show co-localization (yellow) of CB2 (red) with GFAP (green; insert 
a) and with HLA-DR (green; insert b). Sections (single staining) are counterstained with Hematoxylin. 
GG, ganglioglioma; DNT, dysembryoplastic neuroepithelial tumor; SEGA, subependymal giant-cell as-
trocytoma. Scale bar in D: (B, C): 70 μm; (A, D): 25 μm. 
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(Fride, 2005, Navarrete and Araque, 2008). 

In the present study we analyzed the expression patterns of CBR in human brain during 

corticogenesis and we provide evidence of CB1 and CB2 expression in focal MCD. The cell-

specific distribution in relation with the histopathological features of the different entities 

is discussed below.

CB1	and	CB2	expression	during	human	cortical	development	
We provide evidence of expression of CB1 in human neocortex early during development. 

The period of prenatal development studied (9- 40 GW) includes all the critical stages of hu-

man cortical development (proliferation, migration and maturation/ organization) which are 

involved in the formation and differentiation of the CP (Kostovic and Rakic, 1990, Rakic and 

Lombroso, 1998). We observed expression of CB1 in the CP as early as 9 weeks of gestation. 

This early expression of CB1 is in agreement with previous autoradiographic studies in fetal 

human brain, including early developmental stages (Glass et al., 1997, Biegon and Kerman, 

2001, Mato et al., 2003). Interestingly, very high levels of CB1 were observed at the neocor-

tical SVZ in fetal cases (Mato et al., 2003), however, the resolution of these previous studies 

was not sufficient to detect the specific cellular distribution within the developing cortex. In 

our study we observed expression in postmitotic neural cells in the CP, starting from the ear-

liest stage investigated (9 GW), whereas the VZ was largely devoid of CB1 IR. This finding is in 

good agreement with the previously reported CB1 mRNA and protein expression in rodent 

embryonic brain (Mulder et al., 2008, Vitalis et al., 2008).  At early stages of cortical develop-

Figure	7.		Evaluation	of	CB2	immunoreactivity	(IR)	in	FCD,	TSC	and	GG. Distribution of CB2 IR scores 
(total IR score; see for details Method’s section) in different cell types of normal control Ctx, FCD, corti-
cal tubers in patients with TSC and in gangliogliomas (GG). (A) astrocytes and microglia/macrophage. 
(B) neurons (DNs, dysmorphic neurons in FCD/TSC) and balloon/giant cells (BCs/GCs). Microglia/mac-
rophage IR score was significantly elevated in FCD, TSC and GG relative to controls for CB2 (* P<0.05). 
No differences in both neuronal and glia IR scores were observed between patient groups.
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ment (9-17 GW) CB1 expression was also observed in the SVZ. Expression of CB1 mRNA in 

SVZ has also been reported during corticogenesis in both rodent and human brain (Mulder 

et al., 2008). Moreover, data from knockout mice support a role for CB1 in the regulation of 

the fate of SVZ progenitors (Mulder et al., 2008). In addition, similar to the rodent embry-

onic brain (Vitalis et al., 2008), we also detected CB1 expression in the population of reelin 

positive Cajal-Retzius cells. These cells are localized in the marginal zone (future layer I) and 

reelin expression has been shown to detect a phenotype restricted to the period of cortical 

migration that critically regulates the organization of the layering of the CP (Frotscher, 1998, 

Meyer et al., 1999). These observations together strongly support the recently suggested 

role of CB1 in controlling neuronal cell development during corticogenesis (Gomez et al., 

2008a, Gomez et al., 2008b, Mulder et al., 2008, Vitalis et al., 2008). 

In contrast to CB1, CB2 IR was not detected in neural cells within the CP or VZ/SVZ zones. 

However, CB2 IR was observed in CD68 positive cells with ameboid morphology during the 

early developmental stages, when cells of the macrophage/microglia lineage are colonizing 

the cerebral parenchyma (Monier et al., 2006). Expression in cells of the immune system has 

also been reported in human adult brain and recent studies have confirmed a key role for 

CB2 in the regulation of macrophage/microglia functions under both physiological and path-

ological conditions (Benito et al., 2008). In contrast to our observations, CB2 expression was 

recently detected in mice in embryonic and postnatal progenitor cells in clonally expanded 

neurospheres and in human stem cell lines in vitro (Palazuelos et al., 2006). However, we 

have to take into account the different sources of tissue and the experimental procedures. 

Palazuelos et al., 2006 reported also CB2 protein expression in progenitor cells of the sub-

granular zone of the adult hippocampus in vivo. This observation requires a careful analysis 

of CB2 expression, together with stem cell markers, in the postnatal human hippocampus 

and SVZ, an issue that goes beyond the aim of this study.

CB1	and	CB2	expression	in	focal	developmental	lesions
CBR	expression	in	dysmorphic	neurons	(DNs)

We demonstrate that CBR are expressed within focal malformations (such as FCD, TSC) in 

DNs. Although IR for both receptor subtypes (CB1 and CB2) could be detected in these cell 

types, CB1 was observed in a higher proportion of neuronal cells compared to CB2. The 

prominent neuronal expression of CB1 is in line with previous observations, showing broad 

expression of functional CB1 in neocortical neurons (Hill et al., 2007). We do not have a de-

finitive explanation for the presence of the intense CB1 IR in the neuronal population of FCD 

and TSC specimens. It is however possible that the increased excitatory synaptic network, 

with DNs displaying a glutamatergic cell phenotype (Lamparello et al., 2007), requires high 
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turnover and synthesis of CBR proteins. Previous studies suggest that DNs more efficiently 

synthesize or post-translationally modify receptor proteins in both cell bodies as well as in 

dendritic processes (Ying et al., 1998, Hilbig et al., 1999). Activation of neuronal CB1 may 

than represent a key mechanism to control neuronal excitability within these highly epilep-

togenic lesions. Accordingly, increasing evidence indicates that seizure activity regulates the 

expression of CB1 and that pharmacological modulation of the CBR signaling, using selective 

agonists/antagonists  of CB1, critically affects neuronal injury and epileptogenesis (Wallace 

et al., 2003, Shafaroodi et al., 2004, Bernard et al., 2005, Monory et al., 2006, Chen et al., 

2007). Thus, these neuroprotective and anticonvulsant effects together with the promi-

nent expression of CB1 observed in the neuronal epileptogenic component of FCD and TSC 

specimens, could potentially impact future therapeutic approaches (i.e. through selective 

enhancement of eCB levels) also in patients with focal MCD.  However, CBR, and particu-

larly CB1 signaling, have also been shown to critically regulate neuronal connectivity during 

early development, modulating the outgrowth of dendrites and axons (Bernard et al., 2005, 

Mulder et al., 2008, Vitalis et al., 2008). Thus, the possibility that the strong expression of 

CB1 may be critical with respect to morphology and dysfunction of neuronal cells has also 

to be taken in consideration in any attempt to pharmacologically modulate the CB1 signaling 

during brain development.

CBR	expression	in	balloon	and	giant	cells	(BCs/GCs)

Recently, attention has been focused on these morphologically aberrant cells concerning 

their nature, origin and role in epileptogenicity of FCD and TSC (for reviews see Najm et al., 

2007; Wong, 2008). A recent study suggests that BCs in FCD are derived from radial glial 

progenitor cells phenotype (Lamparello et al., 2007).  In the present study we report ex-

pression of CBR in both BCs and GCs of FCD and TSC specimens containing this cell type. In 

particular, the large majority of balloon and giant cells are mainly immunoreactive for CB2. 

The functions of CBR in this population of cells, which do not establish synaptic contacts and 

display minimal signs of hyperexcitability is still unclear (Cepeda et al., 2003, 2005, Alonso-

Nanclares and De Felipe, 2005,. However, since CBR are known to suppress the production 

of inflammatory proteins (for review see Arevalo-Martin et al., 2008, Cabral and Griffin-

Thomas, 2008) and BCs/GCs are involved in the inflammatory processes observed in FCD 

and TSC (Ravizza et al., 2006, Boer et al., 2008), their expression in BCs/GCs could represent 

an attempt to modulate the inflammatory response within the dysplastic cortex. .

CBR	expression	in	glial	cells		

Besides neuronal cells, glial cells are also an important component of focal MCD.

PS Emanuele 10-12.indd   233 19-12-12   13:27



234

A variable degree of reactive astrocytosis is present within the dysplastic cortex and the 

subcortical white matter in both FCD and TSC specimens (Mizuguchi and Takashima, 2001, 

Sosunov et al., 2008, Blümcke et al., 2009, Martinian et al., 2009). Recently, it has been 

shown that hippocampal astrocytes express CB1 receptors and respond to eCB, revealing 

the existence of eCB-mediated neuron-astrocyte communication (Navarrete and Araque, 

2008). Therefore, astroglial CBR within the FCD may represent an additional target for eCB 

to regulate synaptic transmission. In addition, activation of glial CBR has been shown to have 

immunosuppressive activity and to modulate the function of inflammatory cells (Sheng et 

al., 2005, Arevalo-Martin et al., 2008). In particular, increasing evidence (both in vitro and 

in vivo) indicates that CB2 are up-regulated in activated microglia in different pathological 

conditions and supports their key role in microglia/macrophage functions (Benito et al., 

2008, Stella, 2009). Interestingly, activation of cells of the microglia/macrophage lineage 

and induction of different inflammatory pathways have been described in both animal mod-

els and human focal chronic epilepsy, including MCD (Aronica et al., 2005, Boer et al., 2006, 

Ravizza et al., 2006, Aronica et al., 2007b, Boer et al., 2008). Moreover, recent evidence 

strongly suggests the involvement of inflammatory processes in the etiopathogenesis of 

seizures (Vezzani and Granata, 2005, Vezzani et al., 2008). In our study we confirm the induc-

ible nature of expression of CB2 in microglia/macrophages in human epileptogenic lesions. 

Thus, the CB2 could represent attractive target to modulate the inflammatory response as-

sociated with epilepsy, without inducing the psychotropic effects associated with activation 

of CB1.

CBR		expression	in	glioneuronal	tumors	and	SEGA

Recently, the expression of both CB1 and CB2 has been reported in human brain tumors. 

In particular expression of CBR was observed in both adult and pediatric astroglial tumors 

(Held-Feindt et al., 2006, Calatozzolo et al., 2007, Ellert-Miklaszewska et al., 2007, Schley et 

al., 2009). Our results demonstrated expression of only CB1 in the neuronal component of 

both GG and DNT, whereas variable expression of both CBR was detected in the astroglial 

component of GG. Interestingly, we observed a strong expression of CBR in SEGA. Prominent 

expression of CB2 has been previously reported in SEGA, (Ellert-Miklaszewska et al., 2007). 

The expression of both CBR in a low grade tumors,  such as SEGA argues against the notion 

that CBR expression is associated with tumor malignancy (Ellert-Miklaszewska et al., 2007). 

However, the high levels of CBR observed in tumor cells in SEGA could suggest a poten-

tial role of cannabinoids, particularly of CB2 agonists devoid of psychotropic side effects, in 

this type of tumor. Accordingly, cannabinoids have been proposed as potential antitumoral 

agents displaying the ability to reduce glioma tumor growth both in vitro and in animal 
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models (for review see Parolaro and Massi, 2008).

Conclusions

Despite the emerging role of the eCB signaling in brain development ( [Fernandez-Ruiz et 

al., 2000] and [Gomez et al., 2008a]), data regarding the expression and cellular distribution 

of CBR in the developing human brain, particularly during the early stages of corticogenesis, 

are still limited. In addition, no information is available concerning the expression patterns 

in human developmental disorders, such as focal MCD in which a primary or acquired altera-

tion of the early stage of corticogenesis has been proposed as pathogenetic mechanism ( 

[Barkovich et al., 2005] and [Wong, 2008]). Knowledge concerning the expression of CBR 

subtypes in these highly epileptogenic developmental glioneuronal lesions is also interest-

ing considering the key function of eCB signaling in regulating glial function and neuronal 

excitability ( [Fride, 2005] and [Navarrete and Araque, 2008]). n the present study we ana-

lyzed the expression patterns of CBR in human brain during corticogenesis and we provided 

evidence of CB1 and CB2 expression in focal MCD. The cell-specific distribution in relation 

with the histopathological features of the different entities is discussed below. 
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