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ABSTRACT

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder associated with cortical 
malformations (cortical tubers) and the development of glial tumors (subependymal giant-
cell tumors, SGCTs). Expression of metabotropic glutamate receptor (mGluR) subtypes is 
developmentally regulated and several studies suggest an involvement of mGluR-mediated 
glutamate signaling in the regulation of proliferation and survival of neural stem-progenitor 
cells, as well as in the control of tumor growth. In the present study, we have investigated the 
expression and cell-specific distribution of group I (mGluR1, mGluR5), group II (mGluR2/3) 
and group III (mGluR4 and mGluR8) mGluR subtypes in cortical tubers and in SGCTs, using 
immunocytochemistry. Strong group I mGluRs immunoreactivity (IR) was observed in the 
large majority of TSC specimens in dysplastic neurons and in giant cells within cortical tubers, 
as well as in tumor cells within SGCTs. In particular, mGluR5 appeared to be most frequently 
expressed, whereas mGluR1α was detected in a subpopulation of neurons and giant cells. 
Cells expressing mGluR1α and mGluR5 demonstrate IR for phosphorylated ribosomal S6 
protein (PS6), which is a marker of the mammalian target of rapamycin (mTOR) pathway 
activation. Group II and particularly group III mGluRs IR was less frequently observed than 
group I mGluRs IR in dysplastic neurons and giant cells of tubers and tumor cells of SGCTs. 
Reactive astrocytes were mainly stained with mGluR5 and mGluR2/3. These findings expand 
our knowledge concerning the cellular phenotype in cortical tubers and in SGCTs and 
highlight the role of group I mGluRs as important mediators of glutamate signaling in TSC 
brain lesions. Individual mGluR subtypes may represent potential pharmacological targets 
for the treatment of the neurological manifestations associated with TSC brain lesions.

INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal dominant, multisystem disorder caused 
by a mutation of one of the tumor suppression genes, TSC1 or TSC2 [21, 22]. Central nervous 
system (CNS) involvement is common in TSC and includes three major lesions: cortical 
tubers, subependymal nodules and subependymal giant cell tumors (SGCTs) [23, 24]. The 
neurological manifestations of TSC are the most disabling and include: developmental delay, 
neurobehavioral dysfunctions (such as autism) and severe epilepsy [301, 302]. Epilepsy occurs 
in up to 80% of TSC patients and is often poorly controlled by antiepileptic drugs (AEDs). In 
selected patients, resection of the epileptogenic zone, which is mainly represented by cortical 
tubers, is performed [396, 462]. The cellular mechanism(s) underlying the epileptogenicity of 
cortical tubers remains largely unknown. Several mechanisms are possibly involved. Recent 
studies support the role of developmental alterations of the balance between excitation and 
inhibition in the pathogenesis of focal discharges in cortical tubers (for review see [139]). 
Selective alterations in ionotropic glutamate and GABA receptor subunit mRNA expression 
have been observed in the different cellular components of cortical tubers [114]. Abnormal 
glutamate homeostasis, altered synaptic excitation and increased AMPA-receptor-mediated 
currents, which would favor seizure generation, have been described in mouse models 
of TSC [426, 463, 464]. Metabotropic glutamate receptors (mGluRs) are a family of eight 
G-protein-linked receptors that regulate a variety of intracellular signaling systems [465]. 
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They have been subdivided into three main groups on the basis of their sequence homology, 
second messenger systems and pharmacology. Group I includes mGluR1 and mGluR5, which 
are coupled to phosphoinositide hydrolysis and generally mediate postsynaptic excitatory 
effects in neurons. Group II (mGluR2 and mGluR3) as well as group III (mGluR4, -6, -7, 
-8) mGluRs are negatively coupled to adenylyl cyclase and generally mediate presynaptic 
inhibitory effects on synaptic transmission and neurotransmitter release [466]. Both         
group I (mGluR5) and II (mGluR3) subtypes are expressed in human astrocytes and these 
glial mGluR subtypes may play a role in regulating the extracellular levels of glutamate [467]. 
Several studies suggest that mGluR subtypes are significant molecular targets for treatment 
of epilepsy [466, 468]. In particular, activation of group II and III mGluRs has been shown to 
have anticonvulsant effects, as opposed to the convulsant action of group I mGluRs reported 
in a variety of experimental models [468]. Group I mGluRs have been shown to regulate 
proliferation, differentiation, and survival of neural stem-progenitor cells, suggesting a role 
for these receptors in brain development and developmental disorders (for review see 
[469]). Recently, activation of the mammalian target of rapamycin (mTOR) pathway has been 
reported after stimulation of group I mGluRs, suggesting a link between mGluR activation 
and the major pathway disrupted in TSC [470-472].
In the present study, immunocytochemistry with antibodies (Abs) specific for mGluR1α, 
mGluR2/3, mGluR4, mGluR5 and mGluR8 was performed in surgical specimens of cortical 
tubers and SGCTs from TSC patients. Our major aim was to contribute to the definition of 
the cellular distribution of mGluRs within the two major TSC brain lesions and provide better 
insights into the mechanisms underlying the heterogeneous neurological manifestations 
observed in TSC patients.

MATERIALS AND METHODS

Subjects
We examined a total of 13 surgical specimens, 8 cortical tubers (male/female: 3/5; mean age 
at surgery: 13.8 years, range: 1–35) and 5 SGCTs (male/female: 3/2; mean age at surgery: 
12 years, range: 1–23) from patients undergoing epilepsy surgery or surgery for obstructive 
hydrocephalus and one autopsy cortical tuber specimen (age 32 years; male). Patient data 
was obtained from the databases of the Departments of Neuropathology of the Academic 
Medical Center (University of Amsterdam) in Amsterdam, The Netherlands, the University 
Medical Center in Utrecht, The Netherlands and the Free University Medical Center in 
Amsterdam, The Netherlands. Informed consent was obtained for the use of brain tissue 
and for access to medical records for research purposes. Tissue was obtained and used in 
a manner compliant with the Declaration of Helsinki. All patients fulfilled the diagnostic 
criteria for TSC [307]. For the SGCTs we used the revised WHO classification of tumors of 
the CNS [131]. TSC1 mutations were detected in 5 patients (4 cortical tubers and 1 SGCT) 
and TSC2 mutations in 9 patients (5 cortical tubers and 4 SGCTs). The patients with cortical 
tubers whom underwent epilepsy surgery had, predominantly, medically intractable complex 
partial seizures. In 5 patients a significant amount of perituberal tissue (normal-appearing 
cortex/white matter adjacent to the lesion) was resected as well. In addition, normal-
appearing control cortex/white matter was obtained at autopsy from one TSC patient. This 
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material represents good control tissue, since it is exposed to the same seizure activity, 
drugs and fixation protocol, and age and gender are the same. Normal-appearing control 
cortex/white matter from the temporal region was obtained at autopsy from 5 young adult 
control patients (male/female: 3/2; mean age 29; range 14-35), without a history of seizures 
or other neurological diseases. All autopsies were performed within 12 h after death. We 
also included control material from 9 and 10 gestational weeks (GW) human brain. 

Tissue preparation
Tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffin-embedded 
tissue was sectioned at 6 µm, mounted on organosilane-coated slides (SIGMA, St. Louis, 
MO, USA) and used for immunocytochemical stainings as described below. 

Antibody characterization 
Antibodies specific for glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, 
Denmark; 1:4000; monoclonal mouse; DAKO; 1:50), vimentin (mouse clone V9; DAKO; 
1:1000), neuronal nuclear protein (NeuN; mouse clone MAB377; Chemicon, Temecula, 
CA, USA; 1:2000), synaptophysin (mouse clone Sy38; DAKO; 1:200), neurofilament (NF, 
SMI311; Sternberger Monoclonals, Lutherville, MD, USA; 1:1000), microtubule-associated 
protein (MAP2; mouse clone HM2; SIGMA; 1:100), human leukocyte antigen (HLA)-DP, -DQ, 
-DR (mouse clone CR3/43; DAKO; 1:100), CD68 (mouse monoclonal, clone PG-M1; DAKO; 
1:200) and phospho-S6 ribosomal protein (Ser235/236, PS6; rabbit polyclonal, Cell Signaling 
Technology, Beverly, MA, USA; 1:50) were used in the routine immunocytochemical analysis 
of TSC specimens to document the presence of a heterogeneous population of cells and 
the activation of the mTOR pathway [63]. For the detection of group I mGluRs, we used 
antibodies specific for the mGluR subtypes 1α (polyclonal rabbit; Chemicon; 1:100) and 5 
(polyclonal rabbit; Upstate Biotechnology, Lake Placid, NY, USA; 1:100). For the detection 
of group II mGluRs we used the mGluR2/3 antibody (polyclonal rabbit; Chemicon; 1:50); 
it recognizes both mGluR2 and mGluR3. For the detection of group III mGluRs, we used 
antibodies specific for mGluR4 (polyclonal rabbit; Upstate Biotechnology, 1:70) [473, 474] 
and mGluR8 (polyclonal guinea pig, 1:50; a generous gift from Dr. R. Shigemoto [475]). 
Characterization of these Abs in human brain tissue has been documented previously [113, 
115, 191, 476, 477]. Since the availability of frozen material from cortical tubers and SGCTs 
and age- matched controls is very limited, immunoblot with complete statistical comparison 
between controls and TSC lesions could not be performed.

Immunocytochemistry
Immunocytochemistry was carried out as previously described [113, 256]. Single-label 
immunocytochemistry was performed with the Powervision peroxidase system (Immunologic, 
Duiven, The Netherlands) for the monoclonal mouse and polyclonal rabbit antibodies and 
with a biotin-labeled goat anti-guinea pig antibody (Chemicon, 1:100) for the mGluR8 
antibody. 3,3’-Diaminobenzidine was used as chromogen. Sections were counterstained 
with hematoxylin. For double-labeling studies, sections, after incubation with the primary 
Abs (mGluR1α, mGluR2/3, mGluR5, mGluR4 or mGluR8 combined with GFAP, vimentin, NF 
or MAP2), were incubated for 2h at room temperature with Alexa Fluor® 568-conjugated 
anti-rabbit or anti-guinea pig IgG and Alexa Fluor® 488 anti-mouse IgG (1:100, Molecular 
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Probes, The Netherlands). Sections were then analyzed by means of a laser scanning confocal 
microscope (Bio-Rad, Hercules, CA, USA; MRC1024) equipped with an argon-ion laser. For 
double-labeling studies with PS6 and mGluR1α (or mGluR5) Abs (all polyclonal rabbit) the 
first primary antibody (mGluR1α or mGluR5) was visualized with 3,3’-diaminobenzidine and 
thereafter removed by incubation for 10 min at 121 °C in sodium citrate buffer (0.01 M, pH 
6.0). Sections were then pre-incubated with 10% normal goat serum and incubated for 1 h 
at room temperature with the second primary antibody (PS6). Sections were incubated with 
biotin-labeled goat anti-rabbit antibody (DAKO, 1:100), followed by Alkaline Phosphatase 
(AP)-labeled strep-AB-complex (DAKO). PS6 labeling was visualized with liquid permanent 
red as chromogen (DAKO) [146]. Sections were counterstained with hematoxylin. Sections 
incubated without the primary Abs or with the primary Abs and then heated for 10 min 
were essentially blank.
Labeled tissue sections were examined with respect to the presence or absence of specific 
IR for the different markers. Neuronal cell bodies were differentiated from glia and 
glioneuronal giant cells on the basis of morphology. Only neurons in which the nucleolus 
could be clearly identified were included. Giant cells have eccentric nuclei and ballooned 
opalescent eosinophilic cytoplasm. Reactive astrocytes were detected according to their 
morphology and the upregulation of GFAP and vimentin. As previously reported [113, 
191] the intensity of mGluR immunoreactive staining was evaluated using a three-point 
scale in which immunoreactivity was defined as -, absent; +, moderate; ++, strong. The 
relative frequency of mGluR positive cells was calculated using an Olympus microscope and 
examining high-power non-overlapping fields in each slice (of 0.0655 mm X 0.0655 mm 
width; each corresponding to 4.290 µm2) defined in the center of the lesion using a square 
grid inserted into the eyepiece. A total microscopical area of 858.050 µm2 was assessed per 
case. This semi-quantitative frequency score was assigned using 3 distinct categories; (1) 
< 10%, rare; (2) 11-50% moderate; (3) > 50 % high, to give information about the relative 
number of mGluR positive astrocytes, dysplastic neurons, giant cells in cortical tubers and 
tumor cells in SGCTs. Quantification of the number of astrocytes (GFAP-positive cells) was 
performed as previously described [107, 108]. Neuronal cortical density was calculated as 
previously reported by Thom et al., [478] using NeuN as neuronal marker. The labeling index 
(LI) was defined as the ratio of immunolabeled cells related to the neuronal or glial cell 
population [64]. The LI for a specific antibody was expressed as a percentage for all cortical 
tuber specimens (Table 2). For statistical analysis of data, SPSS for Windows was used. Data 
were compared using a non-parametric Kruskal-Wallis test followed by a Mann-Whitney 
test to assess the difference between groups. P < 0.05 was taken as level of significance. To 
analyze the percentage of double-labeled cells positive for the group I mGluRs (mGluR1α 
and mGluR5) and PS6, digital photomicrographs were obtained through contiguous regions 
of the cortical tuber samples. Images of 8 representative fields per section (magnification 
20x) were collected (Leica DM5000B). Images were analyzed with a Nuance VIS-FL 
Multispectral Imaging System (Cambridge Research Instrumentation; Woburn, MA). Spectra 
were acquired from 460 to 660 nm at 10-nm intervals and Nuance software version 2.4 was 
used for analysis [479]. The total number of cells stained with the group I mGluRs or PS6 
as well as the number of cells double labeled with group I mGluRs and PS6 were counted 
visually and the percentages of cells which were positive for PS6 as well as for the group I 
mGluRs were calculated.
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RESULTS

Case material and histological features 
The histopathological features of the cortical tuber samples included loss of lamination, 
giant cells, dysplastic neurons and astrogliosis [23, 24]. The SGCTs were composed mainly 
of large, plump glial cells. A large spectrum of astroglial phenotypes was detected, including 
cells resembling gemistocytic astrocytes, multinucleated cells, elongated cells and giant 
cells. Calcifications and signs of previous intratumoral hemorrhage were also observed. 
In agreement with previous studies [58, 63, 64] a strong and consistent expression of PS6 
(indicating the activation of the mTOR signal transduction pathway) was observed within 
all tubers and SGCT samples. We did not observe a correlation between the expression 
intensity or number of PS6 positive cells and mutations in either TSC1 or TSC2. 
Mean neuronal densities on NeuN stained sections were 15.6 x 103/mm2 (SD: 6.4) in the 
cortical tuber (n=9) compared to 44.6 x 103/mm2 (SD: 14.5) in the adjacent cortex (n=5) and 
51.3 x 103/mm2 (SD: 18.1) in the normal autopsy cortex (n= 5). The density was significantly 
lower in the tuber compared to control specimens (p < 0.05). The mean number of GFAP-
positive astroglial cells was found to be significantly higher in tuber specimens than in 
control tissue (48 x 103/mm2 SD: 12.3, in the cortical tuber compared to 18 x 103/mm2 SD: 
9.3 in the adjacent cortex and 15.1 x 103/mm2 SD: 8.2 in the normal autopsy cortex (p< 0.05). 
Significant differences in neuronal or glial content were not observed between the adjacent 
histologically normal surgical cortex and the normal autopsy cortex.

MGluR expression in cortical tubers and SGCTs
Expression of group I, II and III mGluR subtypes was observed in both cortical tubers and 
SGCT specimens of TSC patients (Figs. 1-5). We observed differences in the expression level, 
as well as in the cell-specific distribution of the different subtypes (mGluR1α, mGluR5, 
mGluR2/3, mGluR4 and mGluR8) within TSC brain lesions (Tables 1 and 2).

Group I mGluRs
mGluR1α. In agreement with previous observations [113, 115, 191, 480] mGluR1α 
immunoreactivity (IR) was mainly seen in neurons with a somatodentritic distribution in 
human control autopsy specimens, as well as in the normal-appearing cortex adjacent to the 
tuber (Fig. 1A). mGluR1α IR was not detectable in resting glial cells in both control cortex and 
white matter (Table 2). In the large majority of TSC cases, strong mGluR1α IR was observed 
within the gray and white matter dysplastic areas of cortical tubers (Fig. 1B-C; Table 1). The 
staining was localized in both dysplastic neurons and giant cells, with a frequency score 
usually ranging from 11% to 50% (Fig. 1D-G; Table 1). In the majority of cases mGluR1α IR was 
not observed in astrocytes (Table 1 and 2). However, the percentage of total neurons with 
strong IR for mGluR1α was not significantly different compared with control cortex (autopsy 
and perituberal cortex; Table 2). Double-labeling experiments confirmed the co-localization 
of mGluR1α IR with neuronal markers within cortical tubers (Fig. 1M-N). mGluR1α expression 
was consistently high in cells expressing high levels of PS6 (Fig. 3A). The percentage of cells 
immunoreactive for PS6 and co-expressing mGluR1α was quantified in TSC specimens (Table 
3). mGluR1α expression was encountered in all the SGCT specimens examined, with strong IR 
in 4 out 5 cases and a frequency score usually ranging from 11% to 50% (Fig. 1H-J; Table 1).
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Figure 1. Cell-type distribution of 
mGluR1α IR in TSC cerebral lesions 
(cortical tubers and SGCT)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression of 
mGluR1α. Panels B-C: mGluR1α IR is 
observed within the gray (B) and white 
matter (C) dysplastic areas of cortical 
tubers. Panel D: high magnification 
photograph of strongly stained giant cells 
within the white matter. Panels E-G: high 
magnification photographs of mGluR1α 
positive cells within the dysplastic cortex, 
including a dysplastic neuron (E) and 
giant cells (F-G) of different size and 
morphology. Panels H-J: mGluR1α IR in 
SGCTs showing focal areas of strongly 
stained cells including abnormal giant 
cells. Panels K-L: merged images showing 
absence of co-localization between 
mGluR1α and GFAP in an astrocyte (K) 
and in a giant cell (L). Panels M-N: merged 
images, showing co-localization between 
mGluR1α and neuronal markers in giant 
cells (MAP2; M) and dysplastic neurons 
(NF; neurofilament SMI311; N). Scale bar 
in A: A and D: 50 µm; B and C: 400 µm; 
E-G, I-J, K-N: 30 µm. H: 120 µm.

Table 1. Cell-type distribution of group I, II and III mGluRs in cortical tubers and SGCTs
                (% of cases with immunoreactive cells)

Staining: -, absent; +, moderate; ++, strong staining; (a) rare; (b) moderate; (c) high frequency

mGluR5. In agreement with previous observations [113, 115, 191, 480] in human control 
autopsy specimens, as well as in the normal-appearing cortex adjacent to the tuber, mGluR5 
IR showed mainly neuronal labeling within the cytoplasm and at the neuronal membrane; 
neuropil staining was also observed (Fig. 2A). Control specimens (autopsy and perituberal 
cortex) contained weak mGluR5-positive in few astroglial cells (Table 2; [113, 191]). In the 
large majority of TSC cases strong mGluR5 IR was observed within the cortical tubers (Fig. 
2B-C; Table 1). The staining was localized in dysplastic neurons, giant cells and astrocytes 
with usually high frequency (> 50% positive cells; Fig. 2B-F; Table 1). 
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Figure 2. Cell-type distribution of 
mGluR5 IR in TSC cerebral lesions 
(cortical tubers and SGCTs)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression 
of mGluR5. Panel B: strong mGluR5 IR 
within the dysplastic cortex of cortical 
tubers. Panels C-D: high magnification 
photographs showing both neuronal 
(arrows) and glial (arrowheads) mGluR5 
IR. Panels E-F: strong mGluR5 IR in giant 
cells of different size and morphology. 
Panels G-H: strong and diffuse mGluR5 IR 
in SGCTs. Panel I: merged image, showing 
co-localization between mGluR5 (red) and 
GFAP (green) in astrocytes. Panels J-K: 
merged images, showing co-localization 
between mGluR5 and neuronal markers 
in a giant cell (MAP2; J) and a dysplastic 
neuron (NF; neurofilament SMI311; K). 
Panels L-M: mGluR5 (L) and mGluR1α 
(M) in the developing ventricular and 
subventricular zones (VZ; SVZ; GW 10). 
Scale bar in A: A, C: 50 µm; B: 120 µm; 
D-F and H-K: 30 µm; G: 100 µm; L and M: 
60 µm.

The percentage of neurons and astrocytes with strong IR for mGluR5 was higher in the tuber 
compared with the control cortex (autopsy and perituberal cortex; Table 2). Double-labeling 
experiments confirmed the co-localization of mGluR5 IR with astroglial and neuronal 
markers within cortical tubers (Fig. 2I-K). mGluR5 expression was consistently high in cells 
expressing high levels of PS6 (Fig. 3B). The percentage of cells immunoreactive for PS6 and 
co-expressing mGluR5 was quantified in TSC specimens (Table 3). Strong mGluR5 expression 
was encountered in all the SGCT specimens examined, with a high frequency score (Fig. 2G-
H; Table 1). IR for both group I mGluR subtypes was not observed in cells of the microglia/
macrophage lineage (data not shown). mGluR5 (but not mGluR1α) was strongly expressed 
in the ventricular and subventricular zones (VZ; SVZ) in developing human brain from the 
earliest stages tested (GW9, data not shown and GW10, Fig. 2L-M).
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Table 2. MGluR expression in neuronal and glial cells

Data represent percentages of cells with strong immunoreactivity for the different antibodies. Data are expressed 
as mean ± SEM; nd: not detected.

Table 3. PS6-positive cells expressing group I mGluRs in cortical tubers

Data are expressed as mean ± SEM.

Group II mGluRs
mGluR2/3. The polyclonal antibody mGluR2/3 recognizes both subtypes of group II mGluRs. 
In agreement with previous observations [113, 115, 191, 480, 481] in human control autopsy 
specimens, as well as in the normal-appearing cortex adjacent to the tuber, mGluR2/3 IR was 
demonstrated in neuropil as well as in neuronal cell bodies and associated processes (Fig. 
4A). Control specimens (autopsy and perituberal cortex) contained weak mGluR2/3 positive 
astroglial cells (Table 2, [113, 191]). mGluR2/3 IR in the cortical tubers was observed less 
frequently than group I mGluRs and usually appeared in less than 10% of the neuronal cells 
(Fig. 4B-C; Table 1). mGluR2/3 labeling was mainly observed in the glial component of the 
cortical tuber (Fig. 4D). mGluR2/3 was also expressed in a population of giant cells, displaying 
moderate to strong IR (Fig. 4C,E,F; Table 1; frequency score < 10% in 4 out of 9 cases; 11- 
50% in the remaining cases). The percentage of astrocytes positive for mGluR2/3 was higher 
in the cortical tuber compared with control cortex (autopsy and perituberal cortex; Table 2). 
In contrast, the percentage of neurons with strong IR for mGluR2/3 was lower within the 
tuber, compared with control specimens. (Table 2). Double-labeling experiments confirmed 
the co-localization of mGluR2/3 IR with astroglial markers in both astrocytes (Fig. 4I-K) and 
giant cells (data not shown). Moderate to strong mGluR2/3 expression was encountered in 
all the SGCT specimens examined, with a frequency score usually ranging between 11-50% 
(Fig. 4G-H; Table 1). IR for mGluR2/3 was not observed in cells of the microglia/macrophage 
lineage (data not shown).

Group III mGluRs
In agreement with previous reports in human control specimens [477, 481, 482], normal-
appearing cortex adjacent to the tuber displayed neuronal mGluR4 and mGluR8 IR, but glial 
expression was not observed (Fig. 5A-H; Table 2). mGluR4 and mGluR8 IR was observed 
within the cortical tubers, but less frequently than group I mGluRs (Fig. 5 and Table 1). In 
5 out of 9 cases, moderate to strong mGluR4 staining was observed in dysplastic neurons, 
with a frequency score usually ranging from 11% to 50% (Fig. 5E; Table 1). The large majority 
of cases showed weak or virtually absent staining in giant cells (Fig. 5B-C; Table 1). Weak to 
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moderate mGluR4 IR was detected in astrocytes in 6 out of 9 cases (Fig. 5F; Table 1). mGluR8 
IR appeared in less than 10% of the neuronal cells in 5 out of 9 cases (Table 1; Fig. 5I). Weak 
mGluR8 IR was detected in giant cells in a few cases (Fig. 5J; Table 1). In only one case 
moderate mGluR8 IR was observed in a few astrocytes (Table 1). The percentage of neurons 
with strong IR for mGluR4 and mGluR8 was lower in the tuber compared with control cortex 
(autopsy and perituberal cortex; Table 2). Double-labeling experiments confirmed the co-
localization of mGluR4 and mGluR8 IR with neuronal markers (Fig. 5E and I) and of mGluR4 
with astroglial markers (Fig. 5F). Weak to moderate mGluR4 staining was encountered in 3 
out of 5 SGCT specimens (Fig. 5G; Table 1). Focal areas of weakly mGluR8 stained cells were 
observed in one case, whereas the large majority of tumor cells were not immunoreactive 
for mGluR8 (Fig.5 K-L; Table 1). IR for mGluR4 and mGluR8 subtypes was not observed in 
cells of the microglia/macrophage lineage, whereas only few mGluR8 positive macrophages 
were detected (data not shown).

DISCUSSION

It has been suggested that the epileptogenicity of cortical tubers is associated with increased 
excitability within the dysplastic cortex that may result from abnormal glutamatergic 
transmission, involving ionotropic glutamate receptors [483] (for review see [139]). The 
present study provides information about the metabotropic glutamatergic transmission 
in cortical tubers. In particular, we provide evidence for a prominent expression of                       
group I mGluR subtypes within the cellular components of cortical tubers and SGCTs. The 
cell-specific distribution of mGluRs in relation with the epileptogenicity of cortical tubers, as 
well as the cell lineage and phenotype of TSC lesions, is discussed below.

MGluR expression in TSC brain lesions: prominent expression of group I subtypes
We demonstrate that group I mGluR subtypes (mGluR1α and mGluR5) are highly expressed 
within cortical tubers in both dysplastic neurons and giant cells. Although strong IR for 
both receptor subtypes was detected in these cell types, mGluR5 was observed in a higher 
proportion of cells compared to mGluR1α. The prominent neuronal expression of group I 
mGluRs in cortical tubers is in line with our previous observations, showing strong expression 
of these subtypes (in particular of mGluR5) in the neuronal dysplastic component of other 
MCDs, such as FCD type IIB, HMEG and GNTs, associated with intractable epilepsy [27, 
113, 115]. These observations suggest that group I mGluRs represent a common feature of 
epileptogenic developmental lesions, sharing a similar neuronal phenotype. Neuronal group 
I mGluR subtypes are involved in activity-dependent forms of synaptic plasticity in both 
adult and developing brain [484, 485]. However, the individual group I mGluR subtypes have 
different cellular distribution and are differentially regulated during development [486, 487]. 
We observed strong expression of mGluR5 in the VZ and SVZ of developing human brain. 
Interestingly, recent studies have also shown mGluR5 expression in the embryonic rodent 
brain, in zones of active neurogenesis [488, 489]. Thus, the strong neuronal expression of 
mGluR5 could represent an intrinsic and immature feature of the dysplastic neuronal cells. 
In addition, the giant cells which are known to express marker proteins of the adult SVZ [46], 
display high levels of mGluR5.  
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Figure 3. Group I mGluR expression in 
PS6-positive cells in cortical tubers
Panel A: mGluR1α (dark brown) is 
expressed in PS6-positive cells (pink/red) 
within cortical tubers (arrows; purple). 
Not all the PS6-positive cells express also 
mGluR1α (arrowheads). Insert in A shows 
a high magnification of a dysplastic cell 
co-expressing mGluR1α and PS6. Panel B: 
mGluR5 (dark brown) is expressed in PS6-
positive cells (pink/red) within cortical 
tubers (arrows; purple). Inserts in B show 
expression of mGluR5 in PS6-positive 
giant cells (a) and dysplastic neurons (b). 
Scale bar in A: A and B: 60 µm.

Figure 4. Cell-type distribution of 
mGluR2/3 IR in TSC cerebral lesions 
(cortical tubers and SGCT)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression 
of mGluR2/3. Panels B-F: mGluR2/3 IR 
within the dysplastic cortex of cortical 
tubers. Panels B-C show absence of IR in 
dysplastic neurons (arrows). mGluR2/3 
IR is observed in astroglial cells (Panel 
D; arrows) and in sparse giant cells 
(arrowheads in C, E and F). Panels G-H: 
mGluR2/3 IR in SGCTs showing focal 
areas of weakly stained cells including 
abnormal giant cells. Panels I-K: double 
labeling of mGluR2/3 (red, I) with GFAP 
(green, I) shows co-localization (yellow; 
K) in astrocytes. Scale bar in A: A-C, H, I-K: 
40 µm; D-F: 30 µm; G: 120 µm.
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Figure 5. Cell-type distribution of 
mGluR4 and mGluR8 IR in TSC cerebral 
lesions (cortical tubers and SGCTs)
Panel A: Histologically normal perituberal 
cortex showing neuronal expression 
of mGluR4. Panels B-F: mGluR4 IR in 
cortical tubers showing weak or virtually 
absent staining in giant cells (B-C), 
variable IR in dysplastic neurons (D-E) 
and astrocytes (F). Insert in E shows 
co-localization of mGluR4 with MAP2 in 
a dysplastic neuron. Insert in F shows 
co-localization of mGluR4 with GFAP in 
astrocytes. Panel G: mGluR4 IR in SGCT 
showing focal areas of weakly stained 
cells. Panel H: histologically normal 
perituberal cortex showing neuronal 
expression of mGluR8. Panels I-J: mGluR8 
IR within cortical tubers showing staining 
in a neuron (arrowhead in I; insert in I 
shows co-localization of mGluR8 with NF 
(SMI311) in a dysplastic neuron), whereas 
IR in giant cells (arrows in I and J) was 
weak or virtually absent. Panels K-L: 
mGluR8 IR in SGCTs showing focal areas 
of weakly stained cells (K), whereas the 
large majority of tumor cells were not 
immunoreactive (L). Scale bar in A: A-C, E, 
F, H-K: 40 µm; D, L: 30 µm; G, 50 µm. 

Although both group I mGluRs share the same canonical transduction mechanism, only the 
activation of mGluR5 has been shown to generate oscillatory intracellular calcium responses 
[490], which are typically associated with regulation of cell proliferation and growth [491]. 
Interestingly, it has been recently shown that group I mGluRs activate two major pathways 
involved in the regulation of cell proliferation and survival, the mitogen-activated protein 
kinase (MEK)/extracellular signal-regulated kinase (ERK) and the phosphatidylinositol-3 
kinase - mammalian target of rapamycin (Pi3K-mTOR) signaling pathways [470, 471, 492]. 
The Pi3K-mTOR pathway critically regulates cell growth and size (for review see [331, 493]) 
and constitutive activation of this cascade in TSC may account for the cytomegaly observed 
in TSC lesions. Activation of group I mGluRs could represent an additional mechanism leading 
to p70S6 kinase activation [471] and subsequent phosphorylation of ribosomal protein 
S6, a downstream target of the Pi3K-mTOR pathway, which is expressed in giant cells and 
dysplastic neurons. Accordingly, we show that the PS6 positive cells within cortical tubers 
also expressed group I mGluRs, in particular mGluR5. mGluR5 has been shown to actively 
and reciprocally interact with the NMDA receptor [494] and this interaction may play a 
critical role in the induction process of activity-dependent forms of synaptic plasticity under 
both physiological as well as pathological conditions. A growing number of studies suggest 
that an exaggerated response to activation of mGluR5 may underlie synaptic dysfunction 
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in Fragile X syndrome (FRAX), a known inherited form of mental retardation with seizures 
[469, 495, 496]. Group I mGluR antagonists (in particular antagonists of mGluR5) have been 
shown to improve the exploratory behavior and to reduce the susceptibility to audiogenic 
seizure in a mouse model of FRAX [497]. In addition, drugs that block the activity of group I 
mGluRs are anticonvulsive in a large variety of animal models of epilepsy, including animals 
with complex partial seizures [468]. The expression of group I mGluRs together with the 
relatively low expression of group II and III mGluRs in dysplastic neurons could represent 
a critical factor in the epileptogenicity of cortical tubers. Further research in brain tissue 
of animal models of cortical dysplasia is needed to elucidate the role of mGluRs and their 
signaling pathways in the histogenesis and epileptogenesis of developmental disorders. 
Whether the strong neuronal expression of group I mGluRs in cortical tubers is constitutive 
or induced, is still unclear. Epileptic activity has been shown to regulate the expression of 
neuronal mGluR subtypes [468, 498-500]. However, significant differences in the expression 
of neuronal group I mGluRs were not observed in normal cortex adjacent to the dysplastic 
region compared with control tissue from patients without a history of seizures ([27, 113, 
115], present results). Glial cells are an important component in cortical tubers [23, 24]. 
Although mGluRs are classically considered neuronal receptors, a growing body of evidence 
indicates that they critically regulate the function of glial cells, increasing the complexity of 
mGluR physiology [459, 501]. In particular, mGluR3 and mGluR5 are the two predominant 
mGluR subtypes expressed in human astrocytes in vivo as well as in vitro [467]. In agreement 
with our previous observations in other MCDs, such as FCD type IIB, GNTs and HMEG [27, 
113, 115] reactive astrocytes within cortical tubers expressed high levels of both mGluR5 
and mGluR2/3. These glial mGluRs have been shown to regulate different cell functions, 
including glial cell proliferation [502], production and release of different growth factors and 
cytokines [280, 503, 504] and dynamic control of brain microcirculation [505]. In addition, 
activation of group I and II mGluRs has been shown to modulate the expression of both glial 
and neuronal glutamate transporter proteins [467, 506]. Therefore, additional studies are 
required to understand the potential role of glial mGluRs in the epileptogenicity of cortical 
tubers. Expression of group III subtypes (mGluR4 and mGluR8) has been found in human 
reactive glial cells under different pathological conditions [477, 481]. Whether this reflects 
different physiological functions for mGluR subtypes or reflects the presence of distinct 
subsets of astrocytes in TSC lesions needs further exploration.
SGCTs exhibited consistent IR for both group I and II mGluRs. In particular, as shown for 
cortical tubers, we observed consistent expression of mGluR5. The demonstration in both 
tubers and SGCTs of mGluR5 IR, indicate a similar phenotype, supporting the hypothesis 
that these two types of brain lesions associated with TSC may derive from a common 
progenitor cell. The presence of mGluR2/3 IR in SGCTs is not surprising considering the 
astroglial phenotype of the tumor cells. Expression of the group II mGluRs (in particular 
mGluR3) is a common feature of both low and high grade astrocytomas [507]. Interestingly, 
recent evidence [507-509] indicates that activation of group II mGluRs sustains glioma cell 
proliferation and that group II antagonists may represent new potential therapeutic drugs in 
the experimental treatment of gliomas.
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CONCLUSION

In conclusion, these findings expand our knowledge concerning the cellular phenotype in 
cortical tubers and in SGCTs and highlight the role of group I mGluRs as important mediators 
of glutamate signaling in TSC brain lesions. Individual mGluR subtypes may represent 
potential pharmacological targets for the treatment of the neurological manifestations 
associated with TSC brain lesions.
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