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VESICULAR GLUTAMATE TRANSPORTER 1 IMMUNOSTAINING IN
THE NORMAL AND EPILEPTIC HUMAN CEREBRAL CORTEX
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Instituto Cajal (CSIC), Ave. Dr. Arce 37, 28002 Madrid, Spain

Abstract—Glutamate is the main excitatory neurotransmitter
in the brain where, due to the activity of specific vesicular
glutamate transporters, it accumulates in synaptic vesicles.
The vesicular glutamate transporter 1 is found in the majority
of axon terminals that form asymmetrical (excitatory) syn-
apses in the rat neocortex. However, since there is no infor-
mation available regarding the distribution of vesicular glu-
tamate transporter 1 in the human neocortex, we have used
correlative light and electron microscopy to define its expres-
sion in this tissue. We found that the distribution of vesicular
glutamate transporter 1-immunoreactivity is virtually identi-
cal to that found in the rat neocortex, both at the light and
electron microscope levels. Therefore, we assessed whether
vesicular glutamate transporter 1 immunostaining might be a
useful tool to study the pathological alterations of gluta-
matergic transmission in the epileptic cerebral cortex. We
analyzed the distribution of vesicular glutamate transporter 1
in the peritumoral neocortex of patients with epilepsy sec-
ondary to low-grade tumors. In these regions, we found al-
terations in the pattern of vesicular glutamate transporter
1-immunoreactivity that perfectly matched the neuronal loss
and gliosis, as well as the decrease in the number of asym-
metrical synapses identified by electron microscopy in this
tissue. Thus, vesicular glutamate transporter 1 immunostain-
ing appears to be a reliable and simple tool to study gluta-
matergic synapses in the normal and epileptic human cere-
bral cortex. © 2005 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Pyramidal cells generate the vast majority of excitatory
synapses in the cerebral cortex, which are formed by
glutamatergic axon terminals that establish asymmetrical
contacts (Peters, 1987). These asymmetrical synapses
are principally distinguished by their prominent postsynap-
tic density, and this morphological criterion has been vir-
tually the only reliable tool to identify putative excitatory
glutamatergic synapses (Gray, 1959; Colonnier, 1968,
1981; Peters, 1987; Peters et al., 1991; Peters and Palay,
1996). As a result, indirect electron microscopy studies
have been the only means to analyze excitatory synaptic
circuits, thereby hindering the localization of glutamatergic
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terminals and impairing the study of the possible disease-
related alterations in these excitatory circuits.

It has recently been demonstrated that immunostaining
for the vesicular glutamate transporters (VGLUTS) is a
reliable tool to examine the glutamatergic system in the
brain. It is know that glutamate accumulates in synaptic
vesicles due to the activity of specific vesicular proteins,
the VGLUTs. To date, three VGLUTs have been identified
in the rat CNS, differentially distributed in various brain
regions: VGLUT1 (Bellocchio et al., 2000; Takamori et al.,
2000), VGLUT2 (Aihara et al., 2000; Fremeau et al., 2001;
Varoqui et al., 2002) and VGLUT3 (Fremeau et al., 2002;
Gras et al., 2002). VGLUT1 is expressed in a subset of
excitatory neurons mainly in telencephalic regions such as
the neocortex, hippocampal formation, amygdaloid nuclei,
anterior olfactory nucleus and olfactory bulb (Ni et al,
1994, 1995, 1996; Bellocchio et al., 1998; Fujiyama et al.,
2001; Fremeau et al., 2001; Herzog et al., 2001; Varoqui et
al., 2002; Kaneko et al., 2002; reviewed in Kaneko and
Fujiyama, 2002). Furthermore, VGLUT1 has been shown
to be the most abundant VGLUT in the neocortex. Ultra-
structural studies have also shown that in the neocortex,
the synaptic vesicles that accumulate VGLUT1 are exclu-
sively found in axon terminals that form asymmetrical syn-
apses (Bellocchio et al., 1998; Fujiyama et al., 2001;
Fremeau et al.,, 2001; Kaneko et al., 2002; Alonso-
Nanclares et al., 2004).

The identification of specific markers for glutamatergic
synapses is particularly relevant to study the pathological
alterations in the cerebral cortex in which glutamatergic
transmission is thought to play a critical role. Epilepsy is
one condition in which such alterations are important and
that is frequently associated with a variety of brain lesions,
tumors or other structural abnormalities that affect the
cerebral cortex. Despite the years spent in studying this
phenomenon, identifying the cellular mechanisms that pro-
voke seizures is still one of the main goals of research into
epilepsy. It has been shown that both glutamate and GABA
are involved in the initiation and the spreading of seizure
activity. Moreover, alterations in both these systems of
transmission have been related to the onset and develop-
ment of epilepsy (Ben Ari and Represa, 1990; Sloviter,
1991; Avanzini et al., 1992; Schwartzkroin, 1994; Mc-
Namara, 1994; Chapman, 1998 Bernard et al., 2000; De-
marque et al., 2004). However, the analysis of the ana-
tomical substrate of epilepsy in the neocortex has gener-
ally focused on the morphological alterations in GABAergic
inhibitory circuits (e.g. Ribak et al.,1989; Houser et al.,
1986; Avanzini et al., 1992; Spreafico et al., 1993; DeFe-
lipe, 1999; Silva et al., 2002). Apart from conventional
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electron microscopy with its associated drawbacks, there
is a notable lack of reliable tools to study glutamatergic
systems. Furthermore, the vast majority of studies of the
expression VGLUTSs in the cerebral cortex have been per-
formed on rats and few studies have focused on the hu-
man neocortex (Ni et al., 1996; Takamori et al., 2000).

Thus, one of the main goals of the present study was to
examine the distribution and connectivity of VGLUT1-
immunoreactive (-ir) profiles in the normal human neocor-
tex. We also set out to assess whether this marker could
be used to examine alterations of glutamatergic neuronal
circuits in the human epileptic cortex. For this purpose, we
studied the peritumoral neocortex of patients with epilepsy
that was secondary to low-grade tumors. This is a common
cause of epilepsy in which the epileptogenic region pre-
sents a loss of neurons and excitatory synapses (Cascino,
1990; Plate et al., 1993; Marco et al., 1997; Blimcke et al.,
1999). As a result, we confirm that VGLUT1 is a suitable
marker to study glutamatergic synapses in the normal and
epileptic human cerebral cortex, demonstrating that certain
glutamatergic circuits are affected in the peritumoral epi-
leptic neocortex.

EXPERIMENTAL PROCEDURES

Human brain tissue was obtained from subjects that had under-
gone an anterior temporal lobectomy at the Neurosurgery Depart-
ment of the “La Princesa” Hospital (Madrid, Spain). Surgery was
performed only after the patient or a parent had given informed
consent, according to the Helsinki Declaration (1991). Both the
institutional ethical committee of the hospital and of our institution,
approved the surgical protocols and those used in the manipula-
tion of the human tissue. We selected patients with hippocampal
sclerosis or with brain tumors. In both cases, a tailored temporal
lobectomy was performed using electrocorticography (ECoG)
guidance in all cases. Briefly, ECoG involved, placing a 4 x5 grid
of 1.2 mm diameter electrodes (Pt/Ir) embedded in Sylastic with
an inter-electrode distance of 1 cm center-to-center (Add-Tech®,
Medical Instrument Cooperation, Racine, WI, USA), directly over
the exposed temporal lateral cortex. Spiking areas were identified
from the electrodes exhibiting spikes (<80 ms) or sharp waves
(80—200 ms) (Ajmone-Marsan and O’Connor, 1973; Chatrian and
Quesney, 1999) at a mean frequency greater than 1 spike/min.
Non-spiking areas were defined by electrodes where no spikes,
sharp waves or slow activity was observed. The outcome was
evaluated using Engel’'s scale (Engel, 1987) at least 1 year after
surgery. Control tissue consisted of non-spiking temporal neocor-
tex with no histopathological abnormalities, obtained from three
epileptic patients with hippocampal sclerosis (three male individ-
uals: H200, H212 and H213 of 27, 24 and 38 years old, respec-

Table 1. Summary of clinical and surgical data

tively). The peritumoral tissue was obtained following the resec-
tion of the epileptogenic temporal cortex from seven epileptic
patients with brain tumors. The tumors were classified according
to the World Health Organization (WHO) histological typing of
tumors in the CNS (Kleihues and Cavenee, 2000). The cases
studied including six glioneuronal hamartomatous tumors and one
ganglioglioma as specified, along with further clinical details, in
Table 1.

Upon removal, the resected brain tissue was immediately
fixed in cold 4% paraformaldehyde in phosphate buffer 0.1 M, pH
7.4 (PB). After 2 h, the tissue was cut into small ~1 cm?® blocks
that were postfixed in the same fixative for 24—48 h at 4 °C.
Coronal 100 wm thick sections were cut with a Vibratome and
collected serially in PB. Some sections were stained with Tolu-
idine Blue to reveal the laminar boundaries and to study the
cytoarchitectonic alterations.

Immunocytochemistry

Free-floating sections were initially pretreated in 1% H,O, for 30
min to remove endogenous peroxidase activity, and then for 1 h in
PB with 0.25% Triton X-100 and 3% normal goat or horse serum
(for polyclonal antisera and monoclonal antibodies respectively;
Vector Laboratories Inc., Burlingame, CA, USA). The sections
were then incubated overnight at 4 °C with a guinea-pig anti-
VGLUT1 antibody (1:5000; AB5905, Chemicon International, Te-
mecula, CA, USA), a mouse antiserum raised against the neuron-
specific nuclear protein (NeuN, 1:2000; Chemicon) and a mouse
anti-GFAP monoclonal antibody (1:4000; Sigma, St. Louis, MI,
USA). The following day, the sections were rinsed and incubated
for 2 h using goat anti-guinea-pig (VGLUT1 immunostaining) or
horse anti-mouse (NeuN and GFAP immunostaining) biotinylated
antibodies (1:200; BA-1000; Vector). Sections were subsequently
incubated for 1 h in an avidin—biotin peroxidase complex (Vec-
tastain ABC Elite PK6100, Vector), and finally with the chromogen
3,3’ diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich,
St. Louis, MO, USA). After staining the sections were dehydrated,
cleared with xylene and coverslipped. Control sections were pro-
cessed as above but without the primary antibody and no signif-
icant staining was seen under these conditions.

To generate the figures, images were captured with a digital
camera (Olympus DP50) attached to an Olympus light micro-
scope, and Adobe Photoshop 6.0 software (Adobe Systems, San
Jose, CA, USA) was used to produce figure plates.

Electron microscopy

For electron microscopy, we followed the same protocol as laid
out above except that Triton X-100 was excluded from the buffers.
Once the immunocytochemical staining was complete, the sec-
tions were treated with 1% osmium tetroxide and flat embedded in
Araldite resin. Plastic-embedded sections were studied by correl-
ative light and electron microscopy as described elsewhere in
more detail (DeFelipe and Fairén, 1993). Briefly, sections were

Age at onset, duration
of seizures (years)

Tumoral lesion Engel scale for

surgical outcome

Patient Age at the time of
surgery (years), sex, side

H51 31,F,R 25,6
H66 26, M, L 9,17
H73 16, M, L 15, 1
H163 12, M, R 11,1
H174 38, F, R 8, 30
H182 23, F,R 11,12
H214 33, M, L 18, 15

Hamartomatous
Hamartomatous
Hamartomatous
Hamartomatous
Ganglioglioma

Hamartomatous
Hamartomatous

A A A A A A

Engel’'s scale (Engel, 1987); F, female; L, left hemisphere; M, male; R, right hemisphere.
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photographed under the light microscope and then they were cut
again into serial semithin (2-pm-thick) sections with a Reichert
ultramicrotome. The semithin sections were examined under the
light microscope and re-photographed. Selected semithin sections
were resectioned into serial ultrathin sections with a silver-gray
interference color that corresponded to a thickness of approxi-
mately 60—70 nm (Peachey, 1958). The ultrathin sections were
collected on formvar-coated single-slot grids, stained with uranyl
acetate and lead citrate, and examined with a JEOL 1200 EX
electron microscope (JEOL USA, Inc., Peabody, MA, USA). Pho-
tographs were taken with a digitalizing image system (Mega View
11l Side-mounted TEM Camera, Soft Imaging System GmbH, Ger-
many, 2003) using the analiSIS imaging acquisition software
(analiSIS® 3.2, Soft Imaging system GmbH, 2003).

RESULTS
Light microscopy

Normal neocortex. In accordance with data obtained
from the rat neocortex (Bellocchio et al., 1998; Fremeau et
al., 2001; Herzog et al., 2001; Kaneko and Fujiyama, 2002;
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Kaneko et al., 2002; Alonso-Nanclares et al., 2004),
VGLUT1-ir was homogeneously distributed throughout the
depth of the human neocortex (Fig. 1). In all layers,
VGLUT1-ir was associated with punctate structures of di-
verse sizes, all of which appeared to be less than approx-
imately 2 um. No ir was detected in cell bodies. These
VGLUT1-ir punctate structures were numerous and widely
dispersed in the neuropil without any obvious pattern in
their distribution (Fig. 1C). Furthermore, VGLUT1-ir could
be seen to outline the somata and proximal dendritic seg-
ments of neurons, many of which could be classified as
pyramidal cells due to their shape and prominent apical
dendrite (Fig. 1D).

Peritumoral neocortex. The peritumoral cortex was
defined as the macroscopically normal cortical region ad-
jacent to the tumor mass. However, in Toluidine Blue-
stained sections the histopathological abnormalities were
readily apparent in these regions (Figs. 2, 3). These alter-

Fig. 1. Normal human temporal neocortex. (A) Low-power photomicrograph of a 100 wm-thick vibratome section stained with Toluidine Blue to identify
the cortical layers. (B) Adjacent section immunostained for VGLUT1, showing the laminar pattern of the ir profiles. (C) Higher magnification of layer
| to layer Il to illustrate the rather homogeneous distribution of ir puncta. The inset is a higher magnification of the boxed area to show VGLUT1-ir
punctate profiles in layer I. (D) Higher magnification from layer Il to illustrate unlabeled pyramidal cell somata (some indicated by asterisks),
surrounded by VGLUT 1-ir punctate profiles. The inset shows a higher magnification the boxed area to illustrate a pyramidal cell with its apical dendrite
outlined by VGLUT1 profiles. Scale bar=460 pwm (shown in D) in A and B, 60 pm in C and D, and 30 um in the insets in C and D.
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Fig. 2. Peritumoral neocortex from patient H66 to illustrate the alterations in layers | and Il. (A, B) Low-power photomicrographs of 100 wm-thick
vibratome sections stained with Toluidine Blue (A) and VGLUT1 (B). (C) Higher magnification of the boxed region in A, to illustrate gliosis with
alterations in the cytoarchitecture of layers I-Il. (D) Photomicrograph to illustrate the same region as in C, in an adjacent NeuN-immunostained section
showing the presence of relatively large numbers of NeuN-ir neurons. (E, F) Photomicrographs at higher magnification of the boxed regions e and f
in B. In E, layers | and Il are shown to highlight the lack of VGLUT1-ir axon terminals, while in the deeper layers of the same section there are numerous
ir boutons (F). Scale bar=475 pm (shown in F) in A and B, and 235 um in C-F.

ations included an intense gliosis, uncharacteristic cell
proliferation and neuronal loss, all of which were contigu-
ous with other normal looking regions. This loss of neurons
was particularly evident in sections stained for NeuN, an
antibody that specifically recognizes a soluble, nuclear,
neural vertebrate DNA-binding protein. NeuN is present in
the nucleus and perikarya, including proximal dendritic
processes, of the vast majority of mature neurons in both
the central and peripheral nervous systems of different
vertebrate species, including humans (Mullen et al., 1992;
Wolf et al., 1996; Sarnat et al., 1998).

When adjacent sections to those showing neuronal
loss and gliosis were stained for VGLUT1, alterations in
the pattern of VGLUT1-ir were evident. These changes
consisted mainly of a severe decrease of VGLUT1-ir punc-
tate structures. Moreover, these changes were heteroge-
neous within and between different patients. For instance,
in some peritumoral regions there was a dramatic de-
crease of VGLUT1-ir in layers | to Ill, whereas in other
regions of the same patient the decrease affected only
layers Ill to V, layers V to VI, or could be observed in all
cortical layers. Nevertheless, the predominant alteration in
the staining pattern was consistent in each patient. For
example, the peritumoral region of the patient H66 (Fig. 2)
was characterized by a dramatic decrease in VGLUT1-ir in

layers | and Il (Fig. 2E), while the other cortical layers
remained unaffected (Fig. 2F). In contrast, the alterations
in patient H214 were characterized by reduced labeling in
the deeper regions of the neocortex, particularly in layers V
to VI (Figs. 3, 4). Thus, the alterations in the pattern of
VGLUT1-ir were variable in the peritumoral regions.

Electron microscopy

The two major morphological types of cortical synapses,
denominated type | and type Il by Gray (1959), or asym-
metrical and symmetrical types according to Colonnier
(1968; for review see Colonnier 1981; Peters, 1987; Peters
et al.,, 1991; Peters and Palay, 1996; White, 1989), were
clearly identified in the cortical tissue analyzed. The syn-
apses in which the synaptic cleft and associated mem-
brane densities could not be visualized clearly (due to the
oblique plane of section) were also considered as unchar-
acterized synapses.

Normal neocortex

The VGLUT1-ir positive puncta identified throughout the
neuropil of the temporal neocortex, from layer | to layer VI,
were examined by electron microscopy. The labeling was
located exclusively in axon terminals, which were filled with
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Fig. 3. Peritumoral neocortex from patient H214 to illustrate the alterations in the deeper layers. (A—C) Low power photomicrographs stained with
Toluidine Blue (A), NeuN (B) and VGLUT1 (C). The arrows in A indicate cell masses composed of glial cells and uncharacterized small cells that in
adjacent sections, correspond to areas with few neurons (in B stained for NeuN) and little VGLUT1 ir (indicated by two asterisks in C). (D, E) Higher
magnification of the areas indicated by one and two asterisks, respectively. In D, the pattern of VGLUT 1-ir is normal with numerous positive profiles.
In E, a clear decrease in the number of VGLUT 1-ir puncta can be seen. The boxed areas in A and B are shown at higher magnification in Fig. 4. Scale

bar=860 pm (shown in E): in A—C, and 40 um in D and E.

immunostained vesicles (Fig. 5). As previously reported in
the rat neocortex (Bellocchio et al., 1998; Fremeau et al.,
2001; Fujiyama et al., 2001; Herzog et al., 2001; Kaneko et
al.,, 2002; Alonso-Nanclares et al., 2004), the majority of
these VGLUT1-ir axon terminals formed synaptic contacts
with unstained dendritic shafts and spines. Furthermore,

all the labeled synapses that could be morphologically
identified were asymmetrical synapses (n=148; Fig. 5B,
C). As also occurs in the rat neocortex (Alonso-Nanclares
et al., 2004), numerous VGLUT 1-ir axon terminals were in
apposition to the membrane of unlabeled neuronal cell
bodies and proximal dendrites (Fig. 5D, E).
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Fig. 4. (A, B) Photomicrographs at high magnification of the boxed
areas shown in panels A and B of Fig. 3. The tissue is stained with
Toluidine Blue (A) and NeuN (B). In A, the cell mass shown is com-
posed of glial cells, neurons and uncharacterized small cells. In the
adjacent section stained for NeuN (B) relatively few neurons can be
identified. (C) Photomicrograph illustrating intense GFAP immuno-
staining in a region adjacent to that shown in B. Scale bar=130 pm
(shown in C) in A—C.

Since pyramidal cell somata exclusively receive sym-
metrical synapses (White, 1989; DeFelipe and Farifias,
1992), we examined whether the perisomatic VGLUT1-ir
axon terminals around pyramidal cells formed symmetrical
axosomatic synapses, or whether as in the rat neocortex

(Alonso-Nanclares et al., 2004), they established asym-
metrical synapses with adjacent dendritic elements. We
found that these VGLUT1-ir perisomatic axon terminals
formed asymmetrical synapses with adjacent dendritic
shafts and spines, but never with the cell body of the
pyramidal neuron with which they were contiguous (Fig.
5E). Therefore, the pattern of VGLUT1-ir appeared to be
identical in the human to that of the rat at both light and
electron microscope level.

Peritumoral neocortex

In order to examine whether the alterations in the pattern of
ir observed at the light microscope level corresponded to
alterations in the cortical circuits, we used correlative light
and electron microscopy. There was a remarkable coinci-
dence between the decrease in the density of the
VGLUT1-ir profiles observed at the light microscope level
and the decrease in the number of asymmetrical synapses
accompanied by gliosis (Fig. 6). There was no evidence
that the decrease in immunostaining was due to a reduc-
tion in the protein levels. Even within regions showing
severe gliosis, the relatively few VGLUT1-ir axon terminals
had a normal looking appearance and no unlabeled axon
terminals were observed adjacent to the labeled ones (Fig.
6B). In general, the decrease of VGLUT1-ir puncta was
associated with neuronal loss, as revealed in adjacent
sections stained for Nissl or NeuN. Nevertheless, some
regions that contained a relatively large number of neurons
surprisingly showed a dramatic decrease of VGLUT1-ir.
This was apparent in patient H66, who showed a dramatic
decrease in the number of VGLUT1-ir puncta in layers |
and |l, despite the relatively large number of neurons that
could be observed (Fig. 2). The ultrastructural examination
of these layers in adjacent sections, revealed a lack of
synapses (Fig. 6A), indicating that neurons within this re-
gion were not synaptically connected. However, in the rest
of the cortical layers where gliosis was observed, numer-
ous VGLUT1-ir axon terminals did form synapses (Fig.
6B). Similarly, in the case of patient H214, there was also
a remarkable decrease in the number of synapses in re-
gions well populated by neurons (panel e in Fig. 3; Fig.
6D), whereas in other layers (panel d in Fig. 3), there were
numerous VGLUT1-ir synapses but no gliosis (Fig. 6C). In
conclusion, the reduced number of VGLUT1-ir puncta ob-
served at the light microscope level, was correlated with
gliosis, neuronal loss and a decrease in the number of
asymmetrical synapses. Therefore, VGLUT1-ir appears to
be a very reliable marker to study alterations of excitatory
circuits in the human cerebral cortex.

DISCUSSION

There are three main findings that we can draw from this
study. Firstly, we found that the distribution of VGLUT 1-ir in
the human neocortex is virtually identical to that found in
the rat brain, both at the levels of light and electron mi-
croscopy. Secondly, VGLUT1-ir is found exclusively at
asymmetrical (excitatory) synapses in the human neocor-
tex. Thirdly, the alterations observed in the pattern of
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Fig. 5. Electron micrographs illustrating the ultrastructural localization of VGLUT1-ir in the normal human neocortex. (A) Normal appearance of the
neuropil from layer Ill showing some VGLUT1-ir axon terminals (at). (B, C) Higher magnification of VGLUT1-ir at forming asymmetrical synapses
(arrows) with dendritic spines. (D) Pyramidal cell body (py) surrounded by perisomatic VGLUT1-ir at. (E) Higher magnification of the boxed area in D,
to show a VGLUT1-ir at adjacent to the pyramidal cell membrane (py) forming a perforated asymmetrical synapse with a dendritic profile (arrows).
Scale bar=0.8 um (shown in E) in A, 0.5 um in B, 0.4 pm in C, 5. 56 um in D and 0.5 um in E.

VGLUT1 immunostaining in the peritumoral neocortex at
the light microscope level coincide perfectly with gliosis in
the resected tissue, as well as with the decreases in the
number of asymmetrical synapses detected by electron
microscopy.

In the normal human neocortex, the pattern of immu-
nostaining was very similar to that found in the rat neocor-
tex (reviewed in Kaneko and Fujiyama, 2002; Hisano,
2003). In all layers, punctate structures with a regular
distribution were labeled. Moreover, at the ultrastructural
level, these VGLUT1-ir profiles exclusively established
asymmetrical synapses, as occurs in the rat brain (Belloc-
chio et al., 1998; Fujiyama et al., 2001; Fremeau et al.,,
2001; Herzog et al., 2001; Kaneko et al., 2002; Alonso-
Nanclares et al., 2004). Thus, immunocytochemistry for
VGLUT1 appears to be a reliable tool to study a large

proportion of the glutamatergic synapses in the human
cerebral cortex.

The study of peritumoral neocortical tissue revealed a
variable decrease in VGLUT1-ir puncta at the light micro-
scope level, which affected one or several layers. The
distribution of these puncta varied between the different
cortical regions, as well as between the patients analyzed.
It is known that the vast majority of excitatory neurons in
the neocortex express VGLUT1 (Kaneko and Fujiyama,
2002; Hisano, 2003; Fremeau et al., 2004a). Furthermore,
recent studies have shown that excitatory neurotransmis-
sion is greatly reduced in mice when the VGLUT1 gene is
knocked out (Fremeau et al., 2004b; Wojcik et al., 2004).
Thus, the decrease of VGLUT1-ir in the peritumoral cortex
probably reflects the alterations that develop in gluta-
matergic synaptic circuits. The reduction of VGLUT1-ir in
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Fig. 6. Electron micrographs illustrating the alterations in the peritumoral neocortex. (A, B) Electron micrographs of layers | (A) and Ill (B) from patient
H66 (see Fig. 2). The neuropil from layer | (A) show numerous glial processes (some of them indicated by asterisks) and a lack of synaptic contacts.
In layer Il (B), the neuropil shows intense gliosis (asterisks) but relatively numerous, VGLUT1-ir, normal looking axon terminals (at) forming
asymmetrical synapses (arrows). (C, D) Electron micrographs from patient H214. In C, the neuropil from layer Ill is shown, corresponding to panel d
in Fig. 3. The VGLUT1-ir at have a normal appearance, establishing asymmetrical synapses (arrows). (D) Micrograph taken from a region
corresponding to panel e in Fig. 3 to illustrate the altered neuropil with numerous glial processes (asterisks) and no VGLUT 1-ir at. Scale bar=1.3 pm

(shown in D) in A, C and D, and 0.5 um in B.

regions of the peritumoral neocortex could be explained by
a decrease in the amount of VGLUT1 protein in the axon
terminals to below the threshold levels for immunocyto-
chemical detection. However, the decrease in VGLUT1-ir
was perfectly matched with the loss of VGLUT1-ir axon
terminals at the electron microscope level, and was paral-
lel by a reduction in asymmetrical synapses. Furthermore,
in regions showing severe gliosis, VGLUT1-ir axon termi-
nals with a normal appearance were observed but there
were no unlabeled axon terminals adjacent to the labeled
ones. Thus, the reduction of VGLUT 1-ir in the peritumoral
cortex did not appear to be due to a decrease in the protein
levels in axon terminals induced by the tumoral lesion, but
rather to the actual loss of axon terminals. Pyramidal neu-
rons are the most abundant type of cortical neuron and the
main source of asymmetrical synapses (White, 1989; De-
Felipe and Farifias, 1992). Since in the peritumoral neo-
cortex there was a clear reduction in the number of neu-
rons in the same regions in which the VGLUT1-ir was
diminished, it is very likely that the loss of excitatory axon
terminals was due to the loss of the local pyramidal cell
arbor resulting from the death of these cells.

In a previous study of human epileptic neocortex not
associated to tumors, certain cortical regions that show
neuronal loss but not gliosis had more excitatory synapses
than adjacent normal regions. This was probably a conse-
quence of the sprouting of pyramidal cell axonal arbors
located near to the lesioned areas (Marco and DeFelipe,
1997). It was suggested that this increase in the number of
excitatory synapses might be responsible for the hyperex-
citability in these regions. However, in peritumoral cortex
showing severe gliosis, both neuronal loss and a decrease
in the number of synapses was observed (see also Marco
et al., 1997). This indicates that the axonal arbor of pyra-
midal cells located around the lesion has not invaded the
regions where gliosis develops, possibly due to the gliosis
impeding axonal growth (reviewed in Fawcett and Asher,
1999). Therefore, different alterations of cortical circuits
may occur in the human epileptic neocortex associated
with neuronal loss, which seems to depend on the glial
reaction.

Since the epileptic patients examined in this study
responded well to the surgery, it seems likely that the
resected cortex contains the epileptogenic region. That is,
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altered cortical circuits that contributed to the hyperexcit-
ability were removed in this resected tissue. However, the
remarkable reduction in excitatory synapses in the peritu-
moral regions where VGLUT1-ir was diminished are prob-
ably not involved in epileptogenicity. Moreover, despite the
numerous neurons and intense gliosis in these peritumoral
regions, the absence of synapses indicated that these
neurons were disconnected, making it unlikely that they
contribute to epileptiform activity. Therefore, it is possible
epileptogenesis arises in more distant normal looking re-
gions, as occurs in cortical lesions associated with dyspla-
sia characterized by similar neuronal loss and gliosis
(Alonso-Nanclares et al., 2005). Further studies of the
peritumoral cortex will be necessary to determine which
alterations of cortical circuits are involved in the genera-
tion, maintenance and propagation of epilepsy.

To conclude, VGLUT1-ir puncta represent axon termi-
nals forming asymmetrical synapses and there is a perfect
correlation between the decrease of VGLUT1-ir and a
decrease in the number of asymmetrical synapses. These
characteristics indicate that VGLUT1 immunohistochemis-
try is a reliable and simple tool to identify alterations in the
glutamatergic system, and in the extent and progress of
lesions associated with the tumoral pathology.
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