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ABSTRACT: Metabotropic glutamate receptor type 5 (mGluR5) upreg-
ulation in temporal lobe epilepsy (TLE) and the correlation of its expres-
sion with features of hippocampal sclerosis (HS) remains unclear. Here
we characterized mGluR5 immunoreactivity in hippocampus, entorhinal
cortex (EC), and subiculum of TLE specimens with confirmed HS, with
neocortical TLE (non-HS) and necropsy controls. We correlated mGluR5
immunoreactivity with neuronal density, mossy fiber sprouting, astro-
gliosis (GFAP), and dendritic alterations (MAP2). TLE specimens showed
increased mGluR5 expression, which was most pronounced in the EC,
subiculum, CA2, and dentate gyrus outer molecular layer. Increased
mGluR5 expression was seen in hippocampal head and body segments
and was independent of neuronal density, astrogliosis, or dendritic
alterations. Positive correlation between mGluR5 expression with mossy
fiber sprouting and with MAP2 in CA3 and CA1 was found only in HS
specimens. Negative correlation between mGluR5 expression with sei-
zure frequency and epilepsy duration was found only in non-HS cases.
Specimens from HS patients without previous history of febrile seizure
(FS) showed higher mGluR5 and MAP2 expression in CA2. Our study
suggests that mGluR5 upregulation is part of a repertoire of post-

synaptic adaptations that might control overexcitation
and excessive glutamate release rather than a dys-
function that leads to seizure facilitation. That would
explain why non-HS cases, on which seizures are
likely to originate outside the hippocampal formation,
also exhibit upregulated mGluR5. On the other hand,
lower mGluR5 expression was related to increased
seizure frequency. In addition to its role in hyperex-
citability, mGluR5 upregulation could play a role in
counterbalance mechanisms along the hyperexcitable
circuitry uniquely altered in sclerotic hippocampal
formation. Inefficient post-synaptic compensatory
morphological (dendritic branching) and glutamater-
gic (mGluR5 expression) mechanisms in CA2 subfield
could potentially underlie the association of FS with
HS and TLE. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common
cause of intractable epilepsy and may present with
two major forms: the mesial subtype (MTLE) and the
extra-temporal, lateral, or neocortical subtype (Math-
ern et al., 1995a). In MTLE, seizures originate within
the mesial aspects of the temporal regions, particularly
in the hippocampus (Engel, 2001). Surgical specimens
from MTLE patients often display hippocampal scle-
rosis (HS), which is characterized by neuronal loss,
gliosis, fascia dentata mossy fiber sprouting (Babb
et al., 1984a; Babb et al., 1991; Mathern et al.,
1995a; Kandratavicius et al., 2012), and dendritic
abnormalities (Scheibel et al., 1974; Isokawa, 1997).
Neocortical TLE (non-HS) shows extra-hippocampal
macroscopic mass lesions, such as a low-grade glioma,
cortical dysplasia, and hamartoma, and the hippocam-
pus may or may not show some minor cell loss at
pathological examination (Mathern et al., 2002).

Previous studies have provided qualitative hippocam-
pal metabotropic glutamate receptor type 5 (mGluR5)
analyses of the dentate gyrus (DG) and Ammon’s horn
(Blumcke et al., 2000; Tang et al., 2001; Notenboom
et al., 2006). Immunohistochemistry and western blot
have shown hippocampal mGluR5 upregulation in
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TLE (Tang et al., 2001; Notenboom et al., 2006), the signifi-
cance of which is still unclear. In addition, the correlation of
mGluR5 upregulation with other classical pathological hallmarks
of HS has not yet been described. Important antecedents such
as history of febrile seizures (FS) during childhood have not
been evaluated in mGluR5 epilepsy literature to date. Such cor-
relations could provide further insights into a possible role of
mGluR5 in tissue vulnerability or resilience for developing HS.

Here we characterized mGluR5 expression in subfields of
the mesial temporal structures, including the hippocampus,
subicular complex, and entorhinal cortex (EC) in a series of
TLE specimens on which the hippocampus was the primary
site of seizure onset (HS group) (Babb et al., 1984b) and in
specimens where the hippocampus is probably secondarily
involved (non-HS group). We evaluated whether mGluR5
expression was associated with regional changes of neuronal
density, mossy fiber sprouting, MAP2 related-dendritic branch-
ing, and astrogliosis. Finally, we investigated differences in
mGluR5 expression in specimens from patients with and with-
out history of FS.

PATIENTS AND METHODS

Patients

We analyzed specimens from TLE patients with HS and
without HS (freshly collected in the operating room) and non-

epileptic controls (from necropsy, collected between 4 and 8
hours after death). A <24-h postmortem time limit allows
comparison of necropsy tissue with freshly collected surgical
specimens for their protein levels, cell morphology, and tissue
integrity (Gittins and Harrison, 2004; Stan et al., 2006), as
well as mGluR5 immunoreactivity (Notenboom et al., 2006).
Tissue collection and processing were conducted according to
the protocol approved by our institution’s Research Ethics
Board.

Clinical and demographic data of patients and controls are
described in Table 1. Non-HS collected hippocampi were from
younger patients than non-epileptic necropsy controls but non-
HS age at surgery was not different from HS patients. Side col-
lected and gender did not differ among groups. Duration of
epilepsy and number of patients with a history of an IPI were
higher in the HS group than in non-HS.

HS specimens were derived from 35 MTLE patients (20–50
years old) who underwent a standard en bloc anterior temporal
resection (including 3–4 cm of the hippocampus) for medically
intractable seizures. All had clinical neuropathological confirmation
of HS. According to Bl€umcke’s HS categories (Blumcke et al.,
2012), 17 patients had severe HS, 12 classical HS, 3 CA1 HS, and
3 CA4 HS. Non-HS specimens were derived from seven neocorti-
cal TLE (8–40 years old) with the following neuropathological
diagnostic: two patients had dysembryoplastic neuroepithelial
tumor, one leptomeningeal glioneuronal heterotopia, two cortical
dysplasia, one cortical dysplasia associated with ganglioglioma, and
one diffuse fibrillar astrocytoma. Non-epileptic controls (n 5 8)
from necropsy were 18–65-years old at death. Underlying diseases

TABLE 1.

Clinical and Demographic Variables in Epilepsy and Control Groups

Clinical variable HS (n 5 35) non-HS (n 5 7) Necropsy (n 5 8) P

Age at collection

Years 6 SD 36 6 7 26 6 13* 49 6 18* 0.01

Collected side

Right/left 18/17 4/3 4/4 0.84

Gender

Male/female 17/18 2/5 3/5 0.45

Duration of epilepsy

Years 6 SD 25 6 8* 12 6 9* NA <0.01

Frequency of seizures

#/month 6 SD 12 6 9 36 6 44 NA 0.16

Seizure type

CPS/CPS1GTCS 10/25 3/4 NA 0.41

HS side (based on MRI)

Right/left/bilateral 16/17/2 NA NA –

IPI presence

Yes/no 21/14* 1/6* NA 0.02

FS in childhood

yes/no/undetermined 10/16/9 1/6/0 NA 0.38

SD, standard deviation; NA, not applicable; CPS, complex partial seizure; GTCS, generalized tonic-clonic seizure; HS, hippocampal sclerosis; MRI, magnetic reso-
nance imaging; IPI, initial precipitant injury; FS, febrile seizure. Bold P-values indicate significant differences between groups, indicated by asterisks. P-values com-
puted by using Student’s t-test or Exact Fisher’s test.
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causing death were cardiomyopathy, pulmonary infarct, or renal-
hepatic failure, with no history of hypoxic episodes during agony,
seizures, or neurological diseases. Furthermore, there was no evi-
dence of brain pathological abnormalities on clinical postmortem
examination of the mesial temporal lobe structures.

Clinical Features of TLE Patients

All patients were referred for pre-surgical assessment due to
drug-resistant seizures (Berg, 2009). Patients were evaluated at
the Ribeirao Preto Epilepsy Surgery Program using standardized
protocols approved by the institution’s Ethics Committee and a
written consent form was obtained from all subjects. Pre-surgical
investigation at the Epilepsy Monitoring Unit included detailed
clinical history, neurological examination, interictal and ictal
scalp/sphenoidal electroencephalography (EEG), neuropsychol-
ogy evaluation, and intracarotid amobarbital memory and lan-
guage procedure whenever deemed clinically necessary.

Definition of MTLE (HS group) followed Engel’s criteria
(Engel, 1996): (1) Seizure semiology consistent with MTLE, usu-
ally with epigastric/autonomic/psychic auras, followed by complex
partial seizures; (2) pre-surgical investigation confirming seizure
onset zone in the temporal lobe; (3) anterior and mesial temporal
interictal spikes on EEG; (3) no lesions other than uni- or bilat-
eral hippocampal atrophy on high-resolution magnetic resonance
imaging scans (reduced hippocampal dimensions and increased
T2 signal); (4) clinical histopathological examination compatible
with HS; (5) no evidence of dual pathology identifiable by any of
the assessment methods described (clinical, electrophysiology,
neuroimaging, and histopathology).

Information regarding antecedent of FS, seizure types, and
estimated monthly frequency (within the two years prior to
surgery) were retrospectively collected from medical records for
each patient.

Exclusion criteria in HS group were: (1) focal neurological
abnormalities on physical examination, (2) generalized or extra-
temporal EEG spikes, (3) marked cognitive impairment indi-
cating dysfunction beyond the temporal regions, and (4) his-
tory of previous psychiatric disorders or substance dependence.

Tissue Collection and Immunohistochemical
Processing

Specimens from hippocampal head (n 5 14 HS; n 5 1
non-HS; n 5 2 controls) and body (n 5 21 HS; n 5 6 non-
HS; n 5 6 controls) were segmented into 1-cm blocks trans-
versely oriented to the hippocampal long axis. Blocks were
placed in neo-Timm’s fixative solution [0.1% sodium sulfide
(Sigma, St Louis, USA) in Millonig’s buffered glutaraldehyde
(Vetec, Rio de Janeiro, Brazil)] or buffered paraformaldehyde
(Sigma, St Louis, USA). After 48–96 hours, specimens were
processed for neo-Timm histochemistry and hematoxylin-eosin
(Laborclin, Pinhais, Brazil) staining, or paraffin embedded for
immunohistochemistry.

For neo-Timm staining (Babb et al., 1991), cryostat sections
were mounted on chrome-alum gelatin-coated slides and air
dried. Slides were processed in batches containing at least one

HS and two controls slides. Slides were immersed in a physical
developer maintained at 26�C in a darkroom. Developer con-
sisted of 10 mL of a 50% gum arabic (Sigma, St Louis, USA)
solution, 30 mL of an aqueous solution of 1.3M citric acid
(Merck, Darmstadt, Germany), 0.9M sodium citrate (Merck,
Darmstadt, Germany), 90 mL of an aqueous solution of 0.5M
hydroquinone (Merck, Darmstadt, Germany), and 1.5 mL of a
17% silver nitrate solution (Merck, Darmstadt, Germany).
Light sections were developed for 40 min and dark sections for
50 min. Slides were washed in distilled water for 5 min and
running tap water for 10 min. They were subsequently air-
dried, ethanol dehydrated, xylene-cleared, and cover slipped.

Immunohistochemistry was performed with antibodies that
identified immunoreactivity for: (1) Neu-N, a nuclear protein
found in the nuclei of mature neurons (1:1000 dilution;
Chemicon, Temecula, USA); (2) glial fibrillary acidic protein
(GFAP), an intracytoplasmic filamentous protein constituent of
astrocytes cytoskeleton (6F2, 1:500 dilution; Dako, Glostrup,
Denmark); (3) microtubule-associated protein 2 (MAP2), a
protein found in perycaria and dendrites of mature neurons
(H-300, 1:200 dilution; Santa Cruz Biotechnology, Santa
Cruz, USA); and (4) mGluR5 (ab5675, 1:100 dilution; Milli-
pore, Billerica, USA); this antibody shows no cross-reactivity
with mGluR1 according to the manufacturer and this has been
specifically verified in Notenboom et al. (2006). Briefly, paraf-
fin embedded HS, non-HS, and control hippocampi were
processed together as described in Kandratavicius et al. (2012)
and developed simultaneously for 10 min in 0.05% 3,30-diami-
nobenzidine tetrahydrochloride (Pierce, Rockford, USA) and
0.01% hydrogen peroxide (Merck, Darmstadt, Germany). After
sufficient colorization, reaction was halted by washing in several
rinses of distilled water, dehydrated through graded ethanol to
xylene (Merck, Darmstadt, Germany), and cover slipped with
Krystalon (EM Science, Gibbstown, USA). Adjacent sections
were hematoxilin-eosin stained and examined for tissue integ-
rity. Control sections without the primary antisera did not
reveal staining (data not shown).

Immunofluorescence and Confocal Microscopy

Sections were submitted to the same procedures as described
above except that overnight incubation was performed with a mix
of mGluR5 1 GFAP (1:100). After phosphate buffered saline
(PBS) pH 7.4 washing, sections were incubated for 2 hours in sec-
ondary Texas Red antibodies (T862, anti-mouse, Molecular
Probes, Eugene, USA) used in combination with Alexa Fluor 488
(A11008, anti-rabbit, Molecular Probes, Eugene, USA), diluted at
1:200 in PBS. From this step, all procedures were done shielded
from light to prevent possible bleaching. After PBS washing, sec-
tions were incubated with Hoechst solution (4 mg/mL, Molecular
Probes, Eugene, USA) for 4 min. After PBS washing, sections were
mounted on Fluoromount-G (Electron Microscopy Sciences, Fort
Washington, USA), sealed, and dried overnight. Fluorescent-
stained sections were visualized with a Leica TCS-SP5 AOBS con-
focal laser microscope (Leica Microsystems, Heidelberg, Germany).
Images were analyzed with 203 and 633 oil immersion lenses,
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and digital images were acquired and processed by the imaging
software LAS-AF (version 2.1.0).

Cell Count, Astrogliosis, and Neo-Timm
Quantification

HS, non-HS, and control hippocampi were compared for neu-
ronal density, neo-Timm’s staining, and GFAP expression. Neuro-
nal counting was performed based on Lorente de No’s
classification (Lorente de No, 1934), including fascia dentata
granular and subgranular cells, hilar neurons, as well as pyramidal
cells in CA4, CA3, CA2, CA1, prosubiculum, subiculum, parasu-
biculum, and EC layer III. Cell densities (neurons per cubic
millimeter) were estimated in 8-mm Neu-N stained slices at
4003 magnification with a morphometric grid methodology
using Abercrombie’s correction (Abercrombie, 1946) as previously
described (Babb et al., 1984a; Mathern et al., 1995a; Kandratavi-
cius et al., 2012). Astrogliosis was determined by GFAP immuno-
reactive (IR) area of stained astrocytes and astrocytic fibers in
each subfield (see details on quantification method below).

Mossy fiber sprouting was evaluated in neo-Timm stained
sections in the hilus, granular layer, and inner molecular layer
(IML), always in the superior blade of the DG. Each subfield
of each specimen had three different samples measured and
averaged for statistical analysis. Measurements of gray value
were estimated using Image J analysis system (NIH, USA, pub-
lic domain). Images were collected and digitized with a high
resolution CCD monochrome camera attached to an Olympus
microscope. This method was used to obtain digitized images
of neo-Timm, Neu-N, GFAP, and MAP2 stained slides. Uni-
form luminance was maintained and checked every 10 meas-
urements using an optical density standard and a gray value
scale ranging from 0 (white) to 255 (black).

Semi-Quantitative Analysis of
Immunohistochemistry

Adjacent slides to those examined for neuronal density and
astrogliosis were analyzed for MAP2 and mGluR5. Aperio Scan-
Scope (Aperio Technologies, Vista, CA, USA) was used to obtain
digitized images of mGluR5 slides. Representative samples of
each subfield for mGluR5 quantification were obtained with
Image Scope at 103 magnification. In brief, all digitized images
were obtained under the same luminance and were further ana-
lyzed with Image J software, following the same criteria for other
immunohistochemistries: (1) the software identifies the gray value
distribution of a subfield’s digital image; (2) immunopositive
stained area is selected, limited to a fixed threshold range; and (3)
threshold range is pre-settled based on control group sections, to
exclude the low intensity gray value of background staining from
the analysis. A similar approach was used by our group elsewhere
(Peixoto-Santos et al., 2012). Results for granular layer included
granular cell layer and dentate gyrus molecular layer (DG-ML).
Gray values measurements of mGluR5-stained IML and outer
molecular layer (OML) were performed as per neo-Timm’s stain-
ing. Analyses were conducted by one investigator (L.K.), blind to
hippocampal pathology and group classification.

Data Analysis

Data were analyzed using the statistical program PAWS (ver-
sion 18.0) and SigmaPlot (version 11.0). Groups were com-
pared using analysis of variance (ANOVA one way, with
Bonferroni post hoc test) or unpaired t test for variables with
normal distribution, and Kruskal-Wallis One Way Analysis of
Variance on Ranks (with Dunn post hoc test) or Mann-
Whitney Rank Sum Test for variables without normal distribu-
tion. Fisher Exact test was applied for comparison of relative
frequencies of clinical variables between groups. Other statisti-
cal tests included analysis of covariance (ANCOVA) and
Pearson correlation analyses. Statistical significance was set at
P < 0.05 and values presented as mean 6 SD.

RESULTS

Characterization of HS and Non-HS Hippocampi

Neuronal loss in HS hippocampi varied 32–73% as compared
with controls (Fig. 1A, asterisks). HS hippocampi exhibited
lower neuronal density than non-HS in the granular layer, CA1,
and prosubiculum (Fig. 1A, hash signs). Non-HS hippocampi
did not differ from controls in all hippocampal formation sub-
fields. Increased GFAP expression was observed in CA1, prosu-
biculum, EC, subiculum, and parasubiculum of HS
hippocampi, and the latter two subfields also in non-HS speci-
mens (Fig. 1B, asterisks). GFAP IR area was higher in HS than
in non-HS (Fig. 1B, hash sign). There was a trend of increased
astrogliosis in the granular layer (P 5 0.06) and CA3 (P 5 0.05)
in the HS group. Aberrant sprouted mossy fibers in the granular
layer and IML were seen in HS hippocampi (Fig. 2) and an
inverse correlation between IML mossy fiber sprouting and hilar
neuronal density was seen (R 5 20.46; P 5 0.04).

MAP2 immunohistochemistry (Fig. 3A) showed increased
IR area in HS granular layer and CA2. Enhanced staining in
HS granular layer comprised both dendritic and cytoplasmatic
compartments (compare Fig. 3B–D). Reduced MAP2 expres-
sion was seen in HS CA1 and prosubiculum. MAP2 IR area
correlated positively with neuronal density in CA4 of controls
(R 5 10.78; P 5 0.02). In HS hippocampi, we found a nega-
tive correlation between MAP2 and neuronal density in CA1
(R 5 20.49; P 5 0.01), suggesting that the few surviving neu-
rons in CA1 might exhibit some degree of dendritic sprouting.
In Figure 3E, profuse and abnormal dendritic ramification can
be seen in HS CA1. In non-HS CA1 (Fig. 3F), MAP2 staining
was evident in long and organized dendritic fibers, while in
controls (Fig. 3G) dendrites and cell bodies displayed similar
immunoreactivity.

mGluR5 Distribution and Quantification

Strong mGluR5 immunostaining was observed in HS and
non-HS as compared to controls (Fig. 4A–F). There was no
difference in mGluR5 staining pattern and quantification of IR
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area at the level of hippocampal head (i.e., with clear identifi-
cation of presubiculum islands; Fig. 4A–C) and hippocampal
body (Fig. 4D–F) within each group.

a. Dentate gyrus
a1. Molecular layers (Fig. 4G): Gray value measures of

mGluR5 staining showed increased immunoreactivity for HS

FIGURE 1. Neuronal density and GFAP expression in human
hippocampal formation subfields. Neuronal density and GFAP IR
area values from HS (light gray bars), non-HS (gray bars), and non-
epileptic controls (black bars) are indicated as mean 6 std. devia-
tion. Asterisk indicate significant statistical difference (P < 0.05)
between epileptic and control group. Hash sign indicate significant
statistical difference (P < 0.05) between epileptic groups. (A) Neuro-
nal loss (based on Neu-N positive cell count) in HS hippocampi was
identified in the dentate gyrus (granular layer and hilus), Ammon’s
horn subfields (CA1-CA4) and prosubiculum when compared to
controls. The pattern of neuronal loss followed classical HS descrip-
tion: maximum reduction in CA1 (73%) but also severe (41–59%) in

granular layer/hilus/CA4/prosubiculum/entorhinal cortex, with rela-
tive preservation of CA2 and CA3 (32–40%). Neuronal density in
the subiculum and parasubiculum was similar between the groups.
HS granular layer, CA1, and prosubiculum exhibited lower neuronal
density than non-HS (hash signs). (B) GFAP IR area measured in
the HS hippocampal formation showed increased expression from
CA1 to entorhinal cortex when compared to the other groups. In HS
CA1, GFAP-IR area was higher than in non-HS. Non-HS hippocam-
pal formation showed astrogliosis in subiculum and parasubiculum
as compared to controls. Excerpt on the right illustrates the GFAP-
IR pattern seen in HS entorhinal cortex, with ramificated astrocytes
and negative stained neuronal nuclei.
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and non-HS in the OML when compared to controls (HS: 74
6 21; non-HS: 68 6 11; controls: 43 6 12; P < 0.03) but
not in the IML (HS: 58 6 18; non-HS: 60 6 9; controls:
50 6 18; P 5 0.38). Correlation analysis showed that only in
the HS group, the greater OML mGluR5 staining, the greater
IML Timm’s sprouting values (Fig. 5A; R5 10.51, P 5 0.02).
By contrast, IML mGluR5 staining exhibited a negative corre-
lation with CA4 GFAP in controls (Fig. 5B; R 5 20.79, P 5

0.02), but strongly positive in non-HS cases (Fig. 5B; R 5

10.98, P 5 0.003).

a2. Hilus: In HS, we found distinctive mGluR5 IR staining
in remaining cell bodies and dendrites (Fig. 4H left, arrows).
Although non-HS hilus displayed increased mGluR5 IR area
when compared to HS and controls (Fig. 6A), staining pattern
in non-HS was more diffuse than in MTLE cases. HS showed
also mGluR5-stained fibers of neuronal and likely glial origin,
including cells with astrocytic profile near the granular layer
border (Fig. 4F right, arrowheads), which were not evident in
non-HS or control hilus. In non-HS group, hilar mGluR5
showed inverse correlation with age (Fig. 5C; R 5 20.82, P

FIGURE 2. Neo-Timm histochemistry of the human dentate
gyrus. Low magnification images of neo-Timm stained DG
revealed the typical pattern with dark stained hilus in HS (A, light
gray bars), non-HS (B, gray bars), and controls (C, black bars)
with increased mossy fiber sprouting in HS GL and IML. Gray
values in the HS GL were higher than in controls and in the IML

were higher in HS group when compared to non-HS and controls.
Values indicated as mean 6 std. deviation. Asterisk indicate signif-
icant statistical difference (P < 0.05) between epileptic and control
group. Hash sign indicate significant statistical difference (P <
0.05) between epileptic groups. OML: outer molecular layer; IML:
inner molecular layer; GL: granular layer.
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5 0.02), although age at surgery was not statistically significant
different from HS group (see Table 1).
b. Ammon’s horn

b1. CA4 (Fig. 7A): Pyramidal neurons of HS hippocampi
exhibited increased immunoreactivity (Fig. 7A, left) when com-
pared to the pale neuropil and cell body staining found in con-
trols (Fig. 7A, right). Neuronal density and mGluR5 expression

in HS CA4 exhibited positive correlation (Fig. 5D, R 5 10.48,
P 5 0.03). In non-HS cases, global mGluR5 staining was
increased when compared to HS and controls (Fig. 6A), but
when mGluR5 IR area was corrected for neuronal density, both
epileptic groups were equally upregulated (Fig. 6B).

b2. CA3 and CA2 (Fig. 7B–C): Immunoreactivity in HS
CA3 was less pronounced than in CA2, with heterogeneous

FIGURE 3. MAP2 immunohistochemical expression in human
hippocampal formation. (A) Quantification of MAP2 IR area in
hippocampal formation subfields of HS (light gray bars), non-HS
(gray bars), and control group (black bars). MAP2 expression was
increased in the granular layer and CA2 of HS and decreased in
CA1 and prosubiculum as compared to controls. HS granular
layer, CA1, and prosubiculum also differed from non-HS cases.
Values indicated as mean 6 std. deviation. Asterisk indicate signif-

icant statistical difference (P < 0.05) between epileptic and control
group. Hash sign indicate significant statistical difference (P <
0.05) between epileptic groups. (B–D) In HS granular layer (B),
increased MAP2 IR was conspicuous in dendrites and cytoplasm
of granular cells, as compared to non-HS (C) and control (D). (E-
G) In HS CA1 (E), MAP2 positive staining was seen in abnor-
mally shaped neurons and dendrites, in contrast to the elongated
fiber pattern of pyramidal cells in non-HS (F) and control (G).
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staining of remaining pyramidal neurons and dendrites (Fig.
7B). HS CA2 displayed a rather distinct staining pattern, with
strong mGluR5 labeling in stratum pyramidale and radiatum-
lacunosum. mGluR5 immunoreactivity was also increased in
CA2 interneurons (Fig. 7C, left, arrowheads). In non-HS CA3
and CA2, a dense neuropil staining was seen, as well as in
dendrites, and less pronounced in cell bodies (Fig. 7C, right).

In controls, CA2 and CA3 staining patterns were similar to
that in CA4. mGluR5 IR area quantification in CA3 and
CA2 was higher in HS and non-HS groups as compared to
controls, and increased in non-HS when compared to HS
(Fig. 6A). Corrected by neuronal density (Fig. 6B) mGluR5
IR staining was still higher in CA2 non-HS than in HS.
Interneurons at the pyramidale-oriens margin were strongly

FIGURE 4. mGluR5 immunohistochemical expression in
human hippocampal formation: dentate gyrus. Representative
mGluR5 staining patterns in HS (A: hippocampal head; D: hippo-
campal body), non-HS (B: hippocampal head; E: hippocampal
body) and control group (C: hippocampal head; F: hippocampal
body). HS and non-HS hippocampal head and body showed
strong immunostaining when compared to controls. HS and non-
HS dentate gyrus OML presented an enhancement of mGluR5

immunoreactivity in relation to IML (G). Such feature was not
evident in control dentate gyrus (G, right). Strong mGluR5 stain-
ing was also found in postsynaptic terminals as primary dendrites
in the hilus (H left, arrows) and in astrocytic-like cells in the den-
tate gyrus (H right, arrow heads). GL, granular layer; OML, outer
molecular layer; IML, inner molecular layer. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 5. Correlation of clinical and neuropathological data with mGluR5 expression in
human hippocampal formation. Triangles represent HS data; squares represent non-HS data;
circles represent control data. Statistically significant correlations are indicated as boldfaced val-
ues on each graphic.
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stained in HS (Fig. 7D, left, arrow), but not in non-HS cases
(Fig. 7D, right). In HS group, CA3 MAP2 and mGluR5
expression exhibited a strong positive correlation (Fig. 5E, R
5 10.76, P 5 0.002), suggesting a mGluR5 dendritic
sprouting that occurs only in MTLE. In CA2, mGluR5 IR
area inversely correlated with age in controls (Fig. 5F, R 5

20.73, P 5 0.04).
b3. Sommer’s sector (Fig. 7E,F): Surviving neurons in

CA1 (Fig. 7E, left) and prosubiculum (Fig. 7F) of HS hip-

pocampi exhibited strong cytoplasmic mGluR5 staining and
massive entanglement of mGluR5 positive fibers within the
stratum pyramidale. Non-HS cases showed strong neuropil
and dendritic staining (Fig. 7E, right). In contrast, pyrami-
dal cells in control specimens showed light immunoreactivity,
with a widespread pale neuropil staining. mGluR5 quantifi-
cation showed no difference between HS and controls (Fig.
6A), but mGluR5 IR area corrected by neuronal density was
higher in both Sommer’s sector subfields in HS (Fig. 6B).

FIGURE 6. mGluR5 quantification in different subfields of
the hippocampal formation. (A) mGluR5 expression without neu-
ronal density correction revealed increased IR area in all subfields
of non-HS (gray bars) as compared to controls (black bars). HS
(light gray bars) mGluR5 expression in the hilus, CA1–4, and pro-
subiculum were lower than in non-HS. (B) mGluR5 IR area levels
per neuron (i.e., corrected for neuron densities) showed upregula-

tion in all hippocampal formation subfields of HS and non-HS
cases when compared to controls. CA2, CA1, and prosubiculum
mGluR5 levels per neuron in HS cases were lower than in non-HS
cases. Values indicated as mean 6 std. deviation. Asterisk indicate
significant statistical difference (P < 0.05) between epileptic and
control group. Hash sign indicate significant statistical difference
(P < 0.05) between epileptic groups.
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Non-HS hippocampi exhibited increased immunoreactivity as
compared to HS and controls (Fig. 6A,B). CA1 mGluR5 IR
area showed inverse correlation with CA1 GFAP in controls

(Fig. 5G, R 5 20.72, P 5 0.04) and inverse correlation with
CA1 MAP2 in non-HS (Fig. 5H, R 5 20.90, P 5 0.04).
However, in HS hippocampi, CA1 mGluR5 IR area showed

FIGURE 7.
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positive correlation with CA1 MAP2 (Fig. 5H, R 5 10.45, P
5 0.03), similar to what was seen in HS CA3. The same
occurred in HS prosubiculum, also suggestive of mGluR5 den-
dritic sprouting (Fig. 5I, R 5 10.67, P < 0.001).
c. Subicular complex: Pronounced staining of long dendritic
processes in HS subiculum was observed, with dense mGluR5
immunoreactivity in neuropil and neuronal cell bodies (Fig.
7G, left). In controls, pyramidal cell bodies and long dendritic
fibers showed evident mGluR5 IR, although much less pro-
nounced than in HS (Fig. 7G, right). Nuclei and blood vessels
were devoid of mGluR5 IR. In addition, there was evident api-
cal dendritic staining in the parasubiculum of epileptic cases
(Fig. 7H). Neuronal clusters from presubiculum also showed
strong staining in neuropil and cell bodies (Fig. 7I). In the
subiculum/parasubiculum, mGluR5 IR area was 6.9–8.4-fold
higher in epileptic groups than in controls (Fig. 6A). Similar to
what was found in control CA2, control subiculum exhibited
inverse correlation with age (Fig. 5J, R 5 20.77, P 5 0.03).
d. Entorhinal cortex: HS neuropil was intensely stained, most
often stronger than in cell bodies of layer III pyramidal cells
(Fig. 7J, left). mGluR5 immunoreactivity was also intense in
layer II islands (Fig. 7J, right), which give rise to the perforant
path projections that reach granular cells. Other cell layers also
exhibited strong labeling (Fig. 7J, right). Staining pattern in
HS and non-HS was similar in HS and non-HS cases,
although stronger in the latter. Quantification of IR area iden-
tified the EC as the subfield with the strongest mGluR5 stain-
ing in the whole hippocampal formation (Fig. 6A). Indeed, HS
EC showed 14-fold and non-HS 21-fold more mGluR5 IR
area than control specimens. In controls, neuropil staining was
usually lighter than in the cell bodies of pyramidal cells (not
shown in higher magnification, but see Fig. 4C,F).

In the white matter between the subiculum and the EC,
fibers of probable glial and axonal origin (Fig. 7K, left) stained
positively for mGluR5. These fibers seem to arise from the
border of the EC gray matter, invading the white matter
toward the subicular complex and the hippocampus (see
excerpts in Fig. 7J,K). Interstitial neurons in the white matter

(Fig. 7K, right, hash signs) were also strongly IR to mGluR5.
None of these profiles were detectable in non-HS or control
hippocampi.

Analysis of Covariance and Effects of AEDs or
Other Psychoactive Drugs

Given the differences in neuronal densities, GFAP (Fig. 1),
and MAP2 expression (Fig. 3), an important question was
whether the statistical differences in mGluR5 expression for the
three groups could be accounted for by changes in neuronal
densities, astrogliosis, or MAP2 expression. We therefore per-
formed an analysis of covariance (ANCOVA) comparing groups
and neuronal densities, GFAP, and MAP2 IR area with mGluR5
IR area and the results are shown in Table 2. Difference between
groups in mGluR5 IR remained significant in all subfields after
cell count, GFAP, and MAP2 correction (Table 2, boldfaced val-
ues). These results indicate that the three patient categories
showed significant differences in mGluR5 expression levels that
were not influenced by changes in neuronal densities, MAP2
expression, or GFAP. Nevertheless, we have confirmed with con-
focal microscopy of merged images (mGluR5 and GFAP stain-
ing) that astroglial elements colocalized with considerable
amount of mGluR5 positive fibers in the HS DG (Fig. 8).

All epileptic patients were taking antiepileptic drugs (AEDs)
either as monotherapy or polytherapy (up to four concomitant
AEDs) at time of surgery: carbamazepine (65%), clobazam, or
phenobarbital (30%), and phenytoin (20%). No patient was
taking topiramate. Two patients were also taking antidepressant
(fluoxetine). There were no differences in averaged mGluR5,
MAP2 expression, neuronal densities, GFAP, or neo-Timm
staining between patients taking a given AED as compared to
those not taking that drug (unpaired t tests; P > 0.27).

Epilepsy Duration, Seizure Frequency, and
Febrile Seizures

In the HS group there was no correlation between duration
of epilepsy before surgery, seizure frequency, or age at surgery

FIGURE 7. mGluR5 immunohistochemical expression in
human hippocampal formation: Ammon’s horn, subicular com-
plex, and entorhinal cortex. In HS CA4 (A, left), mGluR5 was
upregulated in pyramidal neurons. In control CA4 (A, right)
mGluR5 staining was light and predominant in the neuropil. HS
CA3 (B) staining pattern exhibited few immunopositive fibers and
neurons. On the other hand, HS CA2 (C, left) showed densely
stained pyramidal neurons and packed tortuous dendrites in the
radiatum-lacunosum. Arrowheads in CA2 point to interneurons.
Non-HS CA2 (C, right) exhibited dense neuropil staining with
visible long and organized dendrites, a typical pattern in all non-
HS Ammon’s horn subfields. In the stratum oriens margin between
CA2 and CA1, interneurons were also strongly mGluR5 positive
in HS cases (D, left), but not in non-HS (D, right). In the
Sommer’s sector, HS CA1 (E, left) and prosubiculum (F) exhibited
mGluR5 staining in the few remaining neurons (asterisks) and a
mesh of strongly mGluR5 positive fibers. Subiculum (G) showed
dense immunostaining in the neuropil and in transverse neuronal

fibers. The cytoplasm of pyramidal cells was less strong IR than
the neuropil. Nuclei and blood vessels were devoid of immunore-
activity. A similar pattern was observed in the islands of parasubic-
ulum (H) and in the presubiculum (I), where primary dendrites
showed distinctive strong IR. A similar staining pattern was found
in non-HS cases. The entorhinal cortex (J) also displayed marked
neuropil staining (J, left), which was also a feature of non-HS
cases. In HS, EC layer II clusters of neurons (J, right) from where
perforant path fibers arise were especially stained. In the white
matter enclosed between the subiculum and the entorhinal cortex
(K, left), numerous fibers of probable glial and axonal origin were
positively stained. Such fibers seem to emerge from the entorhinal
cortex in direction to the subicular complex and hippocampus (J
and K, excerpts). Strong mGluR5 immunoreactivity was also
found in interstitial white matter neurons (K right, hash signs).
Such profiles were not distinguishable in non-HS or in control
hippocampal formation. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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with mGluR5 expression. However, in the non-HS group we
found a strong negative correlation between GL mGluR5
expression and seizure frequency (Fig. 5K; R 5 20.91, P 5

0.004), and between CA2 mGluR5 expression and epilepsy
duration (Fig. 5L; R 5 20.79, P 5 0.03).

In the HS group, we analyzed mGluR5 differences in FS-
negative specimens as compared to other FS-positive specimens.
History of FS was identified in 10 of 35 patients, negative in 16
patients and unknown in 9 patients (therefore such unclear cases
were not considered for statistical analyses). The only sector that
differed in mGluR5 expression was CA2: it was almost twice
the value in FS-negative specimens as compared to FS-positive
specimens (no-FS: 139327 6 45002 mm2versus FS: 79001 6

24479 mm2; P 5 0.015). FS-negative specimens also exhibited
1.15-fold increase in MAP2 IR area in CA2 (no-FS: 29656 6

3614 mm2 versus FS: 25748 6 1765 mm2; P 5 0.015) and
1.22-fold increase in the entorhinal cortex (no-FS: 27018 6

4552 mm2 versus FS: 22137 6 3985 mm2; P 5 0.015). There
were no differences in neuronal counts, neo-Timm staining, or
GFAP expression between the two groups.

DISCUSSION

In this study, we described and quantified mGluR5 abnor-
malities across the hippocampal formation of HS and non-HS

patients with pharmacoresistant TLE and of non-epileptic con-
trols. We correlated mGluR5 expression with classical neuro-
pathological hallmarks of HS and further evaluated mGluR5
differences related to previous occurrence of an initial precipi-
tating injury such as febrile seizures. As with any human study,
assumptions in experimental design and methodology must be
considered when interpreting our results. For instance, it

TABLE 2.

Analysis of Covariance (ANCOVA) Comparing Patients’ Categories (Group) and Neuronal Density (Counts), MAP2 IR Area (MAP2) or GFAP

IR (GFAP) Area With mGluR5 IR Area (mGluR5)

Subfield

mGluR5 (counts

as covariable)

mGluR5 (MAP2

as covariable)

mGluR5 (GFAP

as covariable)

Granular layer

Group 11.569/0.000 13.889/0.000 16.506/0.000

Hilus

Group 9.102/0.001 7.828/0.002 6.270/0.005

CA4

Group 38.556/0.000 30.156/0.000 21.799/0.000

CA3

Group 25.280/0.000 17.564/0.000 12.881/0.000

CA2

Group 47.267/0.000 25.063/0.000 33.825/0.000

CA1

Group 355.359/0.000 288.500/0.000 315.094/0.000

Prosubiculum

Group 205.597/0.000 146.848/0.000 153.799/0.000

Subiculum

Group 34.141/0.000 37.135/0.000 44.749/0.000

Parasubiculum

Group 28.646/0.000 24.805/0.000 31.359/0.000

Entorhinal cortex

Group 14.096/0.000 17.521/0.000 31.754/0.000

Data are presented as F-values/P-values, and significant results are indicated in boldfaced type.

FIGURE 8. Double-labeled immunofluorescence in the HS
dentate gyrus. In the hilus, yellow astrocytic fibers were seen in
the merged image of GFAP (red) and mGluR5 (green). Nuclei of
granule cells and other cell types appeared in blue (Hoechst stain-
ing). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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should be understood that mGluR5 immunoreactivity does not
necessarily equal functional activity; however, in this discussion
we will assume, based on evidences in the literature and in our
correlation data, that such a relationship exists in some circum-
stances. Despite this assumption, our results show differences
between HS and non-HS patients that can be compared and
contrasted with other human and animal studies and suggest
several hypotheses related to hippocampal function in TLE
patients. It is worth reemphasizing that this was a retrospective
study from a single epilepsy center where patients were approved
for surgery based on the diagnosis that the seizure onsets were
in the temporal lobe, and the en bloc surgical resection was
designed to remove the focus for pathologic examination. The
strengths of this approach are that the patients were uniformly
medically evaluated, and the independent statistical variables,
such as the pathogenic categories and IPI histories, were not the
primary consideration for surgery. However, our results may not
be as relevant to patients with unilateral extratemporal or bilat-
eral hemispheric seizures, and may represent only some of the
possible pathophysiological associations and/or mechanisms.
Such strategy has been used by our group and others (Babb
et al., 1984b, 1991; Mathern et al., 1995a,b, 1999; Proper
et al., 2000; Leite et al., 2002; Notenboom et al., 2006; Kan-
dratavicius et al., 2012; Peixoto-Santos et al., 2012).

We found a very typical mGluR5-staining pattern in TLE
specimens, with highest immunoreactivity in the EC (up to
21-fold increase in mGluR5 IR area as compared to control
specimens) and in the subiculum (sevenfold increase), sectors
not investigated in previous studies (Tang et al., 2001; Note-
nboom et al., 2006). Previous studies describing mGluR5
upregulation in surgical TLE hippocampi have speculated that
this phenomenon could contribute to hyperexcitability (Tang
et al., 2001; Notenboom et al., 2006). In fact, there is neuro-
physiological evidence that group I mGluRs play synergistic
effects in induction of prolonged bursts of interictal activity in
disinhibited rat hippocampal slices, but not in the maintenance
of ictal discharges (Merlin, 2002). Group I mGluRs second
messenger pathways are mainly coupled to phospholipase C/
calcium cascade (Gerber et al., 2007), and activation of such
pathways results in intracellular calcium store release (Kawabata
et al., 1996). Calcium levels determine their action as facilita-
tors or depressors of N-methyl-D-aspartate (NMDA) receptor
responses (Harney et al., 2006) and thus modulate synaptic
plasticity. In cultured hippocampal neurons, group I mGluR
activation is associated with internalization of synaptic NMDA
and non-NMDA receptors, modulating long-term depression
(LTD) (Snyder et al., 2001). In addition to regulation of LTD
and long-term potentiation (LTP), group I mGluRs might also
control glutamate release (Rodriguez-Moreno et al., 1998).

Human hippocampal mGluR5 expression levels before epi-
lepsy onset and before seizures become intractable are
unknown. However in TLE animal models, mGluR5 downreg-
ulation following status epilepticus (Akbar et al., 1996; Kirsch-
stein et al., 2007) gives place to chronic astrocytic mGluR5
upregulation (Aronica et al., 2000; Ulas et al., 2000). This
might be associated with spread of neuron-glia calcium waves

and release of glial glutamate, modulating synaptic transmission
and neuronal excitability (Vermeiren et al., 2005; Ding et al.,
2007). In the present study, inverse correlation between GFAP
and mGluR5 expression seen in controls was lost in HS speci-
mens and was strongly positive in non-HS. One hypothesis is
that deficient glutamate uptake could be one underlying factor
leading to increased mGluR5 expression in astrocytes across
the epileptogenic hippocampal formation, that is, in HS cases.
The OML receives strong excitatory inputs from perforant
path axons originated in the EC and in some cases from
sprouted mossy fibers, resulting in excessive glutamate levels. In
the DG and especially in the DG-ML, decreased glial gluta-
mate transporter has been found in HS hippocampi (Mathern
et al., 1999), which contributes to enhance excitation (Roth-
stein et al., 1996). Despite excessive extracellular glutamate,
mGluR5 overexpression could lead to temporary desensitization
of glutamate excitatory responses by internalization of iono-
tropic glutamate receptors (Snyder et al., 2001) and inhibition
of glutamate release (Rodriguez-Moreno et al., 1998), resulting
in counterbalance of a hyperexcitable system.

The EC plays a pivotal role in bidirectional connection of
the hippocampus with the neocortex while the DG acts as a
hippocampal gate, filtering excitatory signals from the EC
(Hsu, 2007). The EC can generate epileptiform discharges and
seizures, as demonstrated in ictal intracranial EEG recordings
by Spencer and Spencer (1994). Patients might exhibit seizures
originating from the EC alone, from the hippocampus alone or
both. The proportion of these seizure types might be influ-
enced by the degree of hippocampal pathology/cell loss and the
reorganization that occurs within the different hippocampal
formation subfields. In the present study, HS specimens had
significant neuronal loss in the EC, similar to the pattern
described by others (Cavanagh and Meyer, 1956; Falconer
et al., 1964; Du et al., 1993). Neurons from EC layer III pro-
ject directly to the subiculum and CA1-CA3 (Yeckel and
Berger, 1990), and connections between the subicular complex
and EC are extensive and reciprocal (Amaral et al., 1984; Hev-
ner and Kinney, 1996). Strong neuropil mGluR5 immunoreac-
tivity in HS EC is likely a result of upregulation in dendritic,
axonal, and glial compartments. Inasmuch as EC lesions might
lead to hippocampal hyperexcitability, this process is facilitated
by loss of excitatory drive from the subicular complex to the
EC (Schwarcz et al., 2000). In our series, we did not observe
pyramidal cell loss in subiculum and parasubiculum of MTLE
cases, suggesting that connectivity between the subicular com-
plex and EC is preserved, and seizures initiated within the EC
would spread to the hippocampus. Interestingly, in vitro studies
have shown that EC ictal discharges may be abolished by inter-
ictal CA3-CA1 activity/low frequency stimulation when
Schaffer collaterals are not impaired (Barbarosie and Avoli,
1997). Thus, mGluR5-mediated LTD induction within CA3-
CA1 subfields would help in disruption of reverberant circuit
EC-subiculum-Ammon’s horn, controlling the emergence of
spontaneous recurrent seizures.

The subiculum exhibits enhanced hyperexcitability (Knopp
et al., 2005; Wozny et al., 2005), being capable to synchronize
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epileptiform discharges between CA3 and EC in disinhibited
rat slices (Benini and Avoli, 2005). In a recent study, Huber-
feld et al. (2011) demonstrated a pivotal role for the subiculum
in the transition between interictal and ictal activity, both in
slices from mesial temporal resections and in intracranial EEG
recording. Subicular neurons generate recurrent pre-ictal dis-
charges emerging from interictal activity of much lower ampli-
tude. Interictal discharges at the same recording sites were
preceded by interneuron firing and dependent of both glutama-
tergic and depolarizing GABAergic transmission. In contrast,
pre-ictal discharges were dependent on glutamatergic mecha-
nisms, preceded by pyramidal cells firing and occurring for
long duration (median 25 min) before a seizure occurs, which
suggests that synaptic plasticity mechanisms are necessary. In
this context, we might speculate a potential contribution for
mGluR5 in the modulation of NMDA-dependent synaptic
mechanisms involved in the transition from pre-ictal to ictal
events in the subiculum. Another possibility would be its cen-
tral role in NMDA-independent plasticity mechanisms
involved during this phenomenon.

In cultures of pyramidal hippocampal neurons, the application
of group I mGluR agonists can switch the cells into a
“neuroprotective mode”, protecting them against NMDA-
induced toxicity (Bruno et al., 2001). The protective mode would
be favored by local high extracellular glutamate, as also seen in
cerebellar cultures (Pizzi et al., 1996). Protection is null with pre-
vious mGluR5 inhibition, indicating that activation of mGluR5
is largely required for induction of the switch in response to
group I mGluR agonism (Bruno et al., 2001). Subicular mGluR5
overexpression as seen in hippocampal specimens of the present
study could effectively contribute to a protective mode and sur-
vival of local pyramidal cells. Indeed we did not, like others,
observe cell loss in the subicular complex. However, as in other
areas discussed above, there might be considerable influence of
astrogliosis in subiculum mGluR5 immunoreactivity.

In CA2, we found strong mGluR5 and MAP2 immunoreac-
tivity in sclerotic HS hippocampi. Although strong mGluR5
immunoreactivity in HS CA2 had already been shown in illus-
trations from Tang et al. (2001), their study could not further
discuss its significance as they did not have a control group.
We have determined that mGluR5 immunoreactivity in HS
CA2 is 2.4-fold the value of controls and in this context, it is
reasonable to speculate that mGluR5 could be involved in
known protective mechanisms that naturally spare CA2 from
the massive damage seen in classical HS. More specifically,
local mGluR5 could be involved in adaptive mechanisms that
would allow pyramidal cells to survive. Indeed, mGluR5 IR
pattern in HS CA2 was similar to the calcium-binding protein
parvalbumin staining described in monkeys (Leranth and
Ribak, 1991) and in HS hippocampi (Sloviter et al., 1991).
Calcium overload may lead to excitotoxic cell damage, at what
increased expression of calcium-binding proteins and calcium
chelation are neuroprotective (Scharfman and Schwartzkroin,
1989). Whereas CA2 can generate independent epileptiform
activity (Wittner et al., 2009), activation of mGluR5 in pres-
ence of low or no calcium depresses NMDA-mediated synaptic

transmission (Harney et al., 2006), suggesting a protective role
as similarly described by Baskys et al. (2005). The presence of
inhibitory basket and chandelier interneurons would also help
depress the firing rate of CA2 pyramidal cells (Leranth and
Ribak, 1991).

In our HS specimens, interneurons were also strongly
mGluR5-positive. Recent in vitro studies with rat hippocampal
slices have shown that mGluR5 activation during seizures may
contribute to selective interneurons death in CA1 alveus-oriens
(Sanon et al., 2010). By contrast, there is evidence of long-
lasting depression of glutamatergic excitation in CA1 interneur-
ons upon mGluR5 activation especially at the stratum radia-
tum (Le Duigou et al., 2011), which may be protective.

Stimulation-induced LTD is dependent on mGluR5 activa-
tion (Harney et al., 2006). Repeated LTD in the hippocampus
might lead to reduction of synaptic strength and persistent
decrease in synaptic structures (Shinoda et al., 2005). Loss of
mGluR5-dependent LTD during initial phases of epileptogene-
sis (Kirschstein et al., 2007), i.e., before establishment of
chronic seizures and seizure intractability, could impair elimina-
tion of aberrant glutamatergic synapses in the DG, thus con-
tributing to the development of mossy fiber sprouting. In our
series, we found a positive correlation between OML mGluR5
immunoreactivity and mossy fiber sprouting in HS hippo-
campi. Therefore, in DG from chronic drug-resistant MTLE,
upregulated mGluR5 could arise as an adaptive mechanism
counterbalancing excessive hyperexcitability and aborting mossy
fiber sprouting progression.

In addition, we found increased MAP2 IR area in cell bodies
and dendritic processes in the HS granular layer, CA2, and
subicular complex. MAP2 is a compulsory protein participating
in neurite outgrowth (Caceres et al., 1992). HS granular layer
dendritic MAP2 expression increases within the same time win-
dow in which mossy fiber sprouting occurs in the kainate ani-
mal model (Pollard et al., 1994). In human MTLE, granular
cell dendrites in contact with mossy fiber aberrant collaterals
exhibit increased spine density (Isokawa, 1997, 2000).
Although some studies have shown diminished pyramidal den-
dritic spines in human MTLE (Scheibel et al., 1974) and in
pilocarpine model (Kurz et al., 2008), a net increase in dendri-
tic branching has been demonstrated in different controlled
animal experiments (Kato et al., 2001; Arisi and Garcia-
Cairasco, 2007). Altogether, these studies suggest that induc-
tion and maintenance of axonal sprouting is frequently accom-
panied by dendritic sprouting, regardless of possible changes in
spine density. Neuronal MAP2 phosphorylation is regulated by
metabotropic and NMDA glutamate receptors in a bidirec-
tional fashion: while mGluR activation results in increased
MAP2 phosphorylation, NMDA induces a sustained decrease
(Quinlan and Halpain, 1996). Dendrite protein synthesis is
particularly dependent on group I mGluRs activation in the
hippocampus (Gong et al., 2006). Thus overexpressed mGluR5
in dendrites of MTLE hippocampi possibly plays an important
role in this form of synaptic plasticity, as also suggested by our
results of positive correlation between mGluR5 and MAP2
expression in CA3 and in CA1 in HS specimens.
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Studies have speculated that HS may arise from progressive
injury from intractable seizures (Meldrum and Corsellis, 1984;
Sloviter, 1994). There are also theories on developmental etiol-
ogy underlying HS (Blumcke et al., 2002) or alternatively, an
initial insult triggering later development of HS and MTLE
(Gastaut et al., 1959; Falconer and Taylor, 1968; Mathern
et al., 1995b). Ten of our HS specimens were derived from
MTLE patients with previous history of FS during childhood.
Although FS is associated with increased risk for epilepsy and
HS (Cendes et al., 1993), molecular mechanisms that mediate
a possible link between FS with HS and later seizures remain
unclear (McClelland et al., 2011). We posed the question of
whether differences in mGluR5 immunoreactivity would be
found between FS-positive and FS-negative specimens. We
acknowledge that our groups were small, but yet, no evaluation
of mGluR5 immunoreactivity has ever been described in
human MTLE hippocampi regarding FS. We also recognize
that these results reflect decades after a FS occurred and thus
speculation of mGluR5 status before and after the insult in
view of present findings cannot be easily supported. Our results
indicate that FS-negative specimens had almost twice the values
of CA2 mGluR5 and CA2 MAP2 immunoreactivities, as com-
pared to FS-positive specimens. CA2 and CA3 receive the
major hypothalamic projections to the hippocampal formation
(Ballmaier et al., 2008), with the hippocampus acting as mod-
ulator of neuroendocrine neurons within this axis (Herman
et al., 1989). Secretion of hypothalamic-pituitary-adrenal axis
hormones is decreased during fever, with reduced cortisol levels
being pro-epileptogenic (Perez-Cruz et al., 2007). Reduced
baseline levels of mGluR5 in these sectors at time of the injury
could be associated with decreased compensatory mechanisms
to molecular changes related to toxicity. This could be related
not only to susceptibility for symptomatic seizures during acute
febrile illnesses, but also to facilitation of epileptogenesis
development.

In our series, non-HS cases showed a variable degree of hip-
pocampal neuronal loss, astrogliosis and mossy fiber sprouting,
demonstrating that such cases actually display slightly abnormal
hippocampi. As stressed by Proper et al. (2000), an important
point of consideration in these cases is, not only to remove the
temporal cortex, but also to include resection of the hippocam-
pus. Non-HS group exhibited increased mGluR5 expression in
the hilus, CA4-1, and prosubiculum when compared to HS,
and our correlation analysis suggest that different mechanisms
underlie the distinct morphological changes. For instance,
increased seizure frequency correlated with decreased mGluR5
expression only in non-HS cases. It is noteworthy that in a
hippocampus that is not the major ictal source and that is bet-
ter preserved than an HS specimen, mGluR5 is also overex-
pressed and the more mGlur5, the less seizures were observed.
In other words, a protective role for mGluR5 seems feasible,
especially in non-HS cases.

The topic whether is the agonism or the antagonism of
mGluR5 neuroprotective is controversial. For instance, studies
have shown group I mGluRs agonist-induced neuroprotection
in slices of 7-day-old rats (Blaabjerg et al., 2003), while antago-

nism of group I mGluRs conferred neuroprotection in 14 days
mice mixed cultures (Bruno et al., 2000). There is evidence
that the different and unknown mechanisms that underlie con-
troversial results between species may operate via mechanisms
other than through the mGluR5 receptor (Lea et al., 2005).
Likewise, pro- and antiepileptogenic mechanisms mGluR5-
related may differ considerably depending on age, species, and
brain region. Activation of group I mGluRs in disinhibited rat
hippocampal slices result in ictal discharges (Merlin, 2002) and
seizures in young mice after intracerebroventricular agonist
injection (Chapman et al., 2000). Intracerebroventricular group
I mGluRs antagonist injection has anticonvulsant effect in
young rats, but not in adults (Lojkova and Mares, 2005).
Absence of anticonvulsant effect of the specific mGluR5 nega-
tive allosteric modulator 2-Methyl-6-(phenylethynyl)pyridine
(MPEP) in adult rats was also seen in the pentylenetetrazole
(PTZ) model (Mares, 2009), although a protective effect
against LTP induction was accomplished when MPEP was
injected before lower doses of PTZ (Nagaraja et al., 2005).
This latter study points to the concept that mGluR5 activation
might be required to seizure initiation, but not to the mainte-
nance of ictal discharges (Merlin, 2002). However, seizures can
be triggered in the mGluR5 knockout mouse (Witkin et al.,
2008). An age-specific mGluR5 expression profile could partly
explain the lack of anticonvulsant effect of group I mGluRs
antagonists in the adult rat (Lojkova and Mares, 2005; Mares,
2009), since a decline in mGluR5 expression occurs after the
peak during the second postnatal week (Romano et al., 1996).
In MTLE animal models, acute mGluR5 downregulation in
CA1 after pilocarpine-induced status epilepticus (Kirschstein
et al., 2007) and chronic upregulation in the DG and CA1 in
the kindling model have been demonstrated (Akbar et al.,
1996). It is not known if isolated provoked seizures without
induction of status epilepticus could change mGluR5 expression.
Animal studies covering acute, latent, and chronic phases of
epileptogenesis would better help understanding mGluR5
expression changes as causative or compensatory factors in
epileptogenesis.

In summary, our findings suggest that mGluR5 upregulation
also participates in counterbalance mechanisms along the
hyperexcitable circuitry uniquely altered in TLE hippocampal
formation. We have described differential mGluR5 upregula-
tion in HS and non-HS, with identification of maximum
abnormalities involving previously unevaluated EC and subicu-
lar complex, and in the usually preserved CA2 sector. We have
further determined the correlation between mGluR5 with
mossy fiber sprouting and Ammon’s horn dendritic abnormal-
ities, which are pathological landmarks of recurrent reverberant
hyperexcitability exclusive to HS. Inefficient post-synaptic com-
pensatory morphological (dendritic branching) and molecular
(mGluR5 expression) mechanisms at CA2 sector could underlie
the association of FS with HS and epilepsy. Whereas mGluR5
is an excitatory group I mGluR that could well contribute to a
pro-excitatory net state, our results also support a co-existing
rather protective role for this receptor in TLE. Further studies
evaluating receptor functional states and expression of other
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interacting proteins could provide additional insights for its
role in epileptogenesis and seizure intractability.
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