
Neuro-Oncology
XX(XX), 1–11, 2023 | https://doi.org/10.1093/neuonc/noad035 | Advance Access date 20 February 2023

1

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society for Neuro-Oncology.

Molecular changes underlying decay of sensory 
responses and enhanced seizure propensity in 
peritumoral neurons  

Elena Tantillo, Marta Scalera, Elisa De Santis, Nicolò Meneghetti , Chiara Cerri, Michele Menicagli, 
Alberto Mazzoni, Mario Costa, Chiara Maria Mazzanti, Eleonora Vannini , and Matteo Caleo

All author affiliations are listed at the end of the article

Corresponding Authors: Eleonora Vannini, PhD, CNR Neuroscience Institute, via G Moruzzi 1, 56124 Pisa (eleonora.
vannini@in.cnr.it); Matteo Caleo, PhD, University of Padua, via G. Colombo 3, Italy(matteo.caleo@unipd.it)

Abstract 
Background.   Glioblastoma growth impacts on the structure and physiology of peritumoral neuronal networks, 
altering the activity of pyramidal neurons which drives further tumor progression. It is therefore of paramount im-
portance to identify glioma-induced changes in pyramidal neurons, since they represent a key therapeutic target.
Methods.   We longitudinal monitored visual evoked potentials after the orthotopic implant of murine glioma cells 
into the mouse occipital cortex. With laser microdissection, we analyzed layer II-III pyramidal neurons molecular 
profile and with local field potentials recordings we evaluated the propensity to seizures in glioma-bearing animals 
with respect to control mice.
Results.   We determine the time course of neuronal dysfunction of glioma-bearing mice and we identify a symp-
tomatic stage, based on the decay of visual response. At that time point, we microdissect layer II-III pyramidal 
neurons and evaluate the expression of a panel of genes involved in synaptic transmission and neuronal excit-
ability. Compared to the control group, peritumoral neurons show a decrease in the expression of the SNARE 
complex gene SNAP25 and the alpha1 subunit of the GABA-A receptor. No significant changes are detected in 
glutamatergic (ie, AMPA or NMDA receptor subunit) markers. Further reduction of GABA-A signaling by delivery of 
a benzodiazepine inverse agonist, DMCM (methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate) precipitates 
seizures in 2 mouse models of tumor-bearing mice.
Conclusions.   These studies reveal novel molecular changes that occur in the principal cells of the tumor-adjacent 
zone. These modifications may be therapeutically targeted to ameliorate patients’ quality of life.

Key Points

1.	 Glioma-bearing mice have a slowing down of cortical activity and an enhancement of 
delta wave power.

2.	Glioma-bearing mice show a decrease in SNAP25 and in GABA-A alpha1 subunit 
expression.

3.	Glioma-bearing mice are more prone to develop seizures after DMCM administration.

Much evidence has shown that glioma cells cause changes in 
neural peritumoral tissue. For instance, glioma cells influence 
neighboring neurons by causing disabling peritumoral dys-
functions1 and extruding a high amount of glutamate, which 
results in excitotoxicity and tumor invasion.2,3 Glioma cells 
also potently perturb the dendritic architecture of neurons in 
the tumor-adjacent zone.4

Epileptic seizures, hyperexcitability, and cognitive impair-
ments are the most frequent clinical manifestations of these 
peritumoral neuronal dysfunctions. In high-grade gliomas, 
approximately 30%-62% of the patients display seizures 
which occur predominantly during the onset of the disease5 
and are often refractory to antiepileptic treatments.6 In ad-
dition to excess glutamate release,7 other factors contribute 

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noad035/7048460 by guest on 01 June 2023

https://orcid.org/0000-0002-3466-0504
https://orcid.org/0000-0002-1337-3901
mailto:eleonora.vannini@in.cnr.it
mailto:eleonora.vannini@in.cnr.it
mailto:matteo.caleo@unipd.it


 2 Tantillo et al.: Molecular alterations in peritumoral neurons

to the hyperexcitability of peritumoral tissue. Indeed, 
infiltrating glioma cells alter chloride homeostasis 
which may lead to a switch of gamma-aminobutyric acid 
(GABA) signaling towards excitation.8–10 Peritumoral re-
gions show a significant loss of approximately 35% of 
GABAergic interneurons, together with a reduction in 
their firing rates and in the density of their synapses 
with pyramidal neurons.8,10–12 Moreover, perineuronal 
nets (PNNs), that surround fast-spiking interneurons are 
degraded by glioma-released proteases and this reduces 
the firing rate of the surviving peritumoral inhibitory 
cells.10 All these events contribute to establishing an un-
balanced neuronal network that ultimately leads to en-
hanced seizure propensity.7,13

A key concept that emerged in the last years is that neu-
ronal activity in pyramidal neurons promotes glioma 
progression via various mechanisms. Anatomical and 
electrophysiological evidence has demonstrated neuron-
to-glioma glutamatergic synapses, and genetic or pharma-
cological perturbation of these synaptic contacts slowed 
down tumor proliferation and invasion in mouse models. 
Glutamatergic neuronal activity also drives tumor growth 
via the release of soluble factors, including neuroligin-3, 
brain-derived neurotrophic factor, and GRP78.14,15 Thus, a vi-
cious cycle ensues in which glioma growth causes enhanced 
activity and this in turn promotes tumor progression.14

In this scenario, it appears critical to identify glioma-
induced changes in the molecular composition of pyram-
idal neurons, with specific attention to the genes involved 
in neuronal excitability, as these may represent therapeutic 
targets.

As the molecular armamentarium of pyramidal neurons 
may evolve along glioma progression, here we used a lon-
gitudinal approach to monitor peritumoral dysfunctions in 
the tumor-adjacent zone and examined gene-expression 
patterns in pyramidal neurons at a symptomatic stage. 
Specifically, we implanted GL261 glioma cells into the oc-
cipital cortex of adult mice and followed chronically visual 
evoked potentials and ongoing cortical oscillations until 
a decay of sensory response was observed. At this stage, 
layer II-III pyramidal neurons were microdissected to ex-
amine the expression of a panel of genes involved in neu-
ronal excitability.

Methods

Animals and Glioma Induction

Adult (age > postnatal day 60) wild-type C57BL/6J mice bred 
in our animal facility and housed in a 12 hours light/dark 
cycle, with food and water available ad libitum were used in 
the experiments. All experimental procedures conformed to 
the European Communities Council Directive #86/609/EEC 
were approved by the Italian Ministry of Health (260/2016-
PR, released on 11/03/2016). The murine glioma GL261 or 
CT-2A cells were grown as described16 in Supplementary 
Material.

Chronic Electrode Implantation and VEP 
Recordings

To longitudinally record the neural response of the visual 
cortex, in both C57BL/6J control (n = 4), GL261-bearing (n 
= 5), and CT-2A-bearing (n = 6) mice a chronic bipolar elec-
trode was assembled (according to Cerri et al., 2016) and 
implanted 3 mm lateral to the midline, in correspondence 
with lambda and at a depth of 0.75 mm from dura. During 
the surgery, a metal post was also placed on the occipital 
bone of animals to allow the recording of visually evoked 
potentials in awake head-fixed mice.17 After the recovery 
from the surgery and a period of habituation to the ap-
paratus, awake head-fixed animals were subjected to 
recording sessions 3 times a week (ie, from day 8 after 
tumor implantation (Figure 1A).

Spectral Analysis

To detect power spectra alterations between glioma-
bearing and control mice, we analyzed the local field 
potentials (LFPs) recorded with a blank stimulus during 
VEP recording sessions. The power spectrum density of 
LFP signals was estimated by using the Welch method 
of averaging modified periodograms18,19 in a Matlab 
code.

Importance of the Study

This study reveals alterations in sensory-driven re-
sponses and ongoing cortical oscillations (specifically, 
a slowing down of activity with an enhancement of the 
delta wave power) during glioma progression in mice. 
These parameters may represent novel non-invasive 
biomarkers to be used for monitoring progression/
response to therapy and in prognostic applications. 
Second, laser-capture microdissection of peritumoral 
pyramidal neurons at a symptomatic stage is employed 
for the study of a panel of genes involved in synaptic 

transmission and neuronal excitability. We find sig-
nificant decreases in the expression of the SNARE 
complex gene SNAP25 and the alpha1 subunit of the 
GABA-A receptor in principal neurons. An acute, fur-
ther pharmacological reduction of GABA-A receptor 
signaling triggers seizure activity in glioma-bearing 
mice. Altogether, these studies reveal novel players in 
the complex landscape of glioma-neuron interactions 
which may represent therapeutic targets for preventing 
neuronal dysfunctions.
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Immunohistochemistry for Laser-capture 
Microdissection

Extracted brains were gently removed, cryoprotected by im-
mersion in 30% sucrose, and flash-frozen to preserve the 
RNA integrity. After, a NeuN immunostaining was performed. 
To further avoid RNA degradation, a fast immunostaining 
protocol was designed.20,21 SuperFrost Plus slides (Thermo 
Scientific, USA) were sterilized under UV for at least 1 hour. 
Frozen brains were cut using a cryostat (Leica, Germany) 
to obtain coronal sections of 7 μm of thickness and slides 
were immediately placed in a sterile box in dry ice or stored 
at −80°C until use. At the beginning of immunostaining, 
slides were kept at room temperature for 10 minutes and 

then, incubated for 30 minutes at room temperature in a 
blocking solution (BSA 10%, Triton-X 1%, PBS); then, slices 
were incubated for 1 hour room temperature with NeuN 
primary antibody (1:100, Guinea pig, Synaptic Systems) 
and 1 hour with anti-guinea pig secondary antibody conju-
gated to AlexaFluor555 fluorophore (1:200, Thermo Fisher). 
Slides were washed 2 times in PBS, incubated for 1 min with 
Hoechst, washed with ddH20, and left to dry.20,22,23

Laser-capture Microdissection

Slices were observed with a Zeiss Axio Observer micro-
scope equipped with Zeiss AxioCam MRm camera (Carl 
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Figure 1.  Deterioration of visual responsivity in glioma-bearing mice along with glioma progression. (A) On the left is representative image of 
a head-fixed mouse during a VEP recording session. On the right is experimental protocol. (B, C) Representative VEP waveforms in response to 
grating (left) and flash (right) stimuli are reported at day 12 (second recording session), 16 (early deterioration), and 23 (last recording sessions) 
after tumor (Glioma) or PBS (Ctrl) injection. During each recording session, the peak-to-through amplitude of VEP (ie, the N1-P1 amplitude; dotted 
arrows) was analyzed. N1 indicates the first negative and P1 is the first positive peak of VEP. (D, E) Normalized average of VEP amplitude for 
glioma-bearing (red; n = 5) and control (blue; n = 4) mice. The mean ± sem is also shown for each time point. When not visible, error bars are 
within the symbol (Two-way ANOVA followed by Holm-Sidak test, $ P < .05, * P < .001, # P < .0001). The baseline was defined for each type of stim-
ulus averaging the VEP amplitude of the first three recording sessions and each value was normalized on it.
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Zeiss MicroImaging GmbH, Germany). For each brain 
section, the border of the tumor mass was identified with 
PALMRobo 4.5 Pro program (Zeiss) based on nuclear 
density through Hoechst staining. Pyramidal neurons of 
the layers II-III within 500 μm from the tumor rim were 
selected24 according to cell morphology. Targeted neurons 
of each mouse were dissected through PALM RoboMover 
Automatic Laser-capture Microdissector (Zeiss) and col-
lected in separate tubes (Figure 3B) immediately placed in 
dry ice or at −80°C until processing.

cDNA Synthesis, Preamplification Reaction, and 
Gene-expression Analysis

A real-time PCR of selected genes (Supplementary 
Table 1) was performed using SsoAdvanced™ Universal 
SYBR® Green Supermix (Bio-Rad Laboratories, 
Hercules, CA), (Bio-Rad Laboratories, USA). The rela-
tive expression was calculated using the Livak (DDCt) 
method and normalized on reference genes (ie, GAPDH 
and β actin).

Immunohistochemistry and Images Acquisition

A group of vehicle-injected (controls; n = 6), GL261-bearing 
mice (n = 5), and CT-2A-bearing mice (n = 5) was dedi-
cated to confirming the alterations detected with gene-
expression analysis through immunofluorescence staining. 
Animals were transcardially perfused at 23 (GL261) and at 
15 (CT-2A) days, post-injection and extracted brains were 
cut using a sliding microtome (Leica, Germany) to obtain 
coronal sections of 50 μm of thickness. Only brains with 
a visible tumor mass were considered. Sections were 
stained for GABAα1 receptor (1:400, Merck, Germany) and 
SNAP25 (1:1000, Stenberger). Subsequently, they were 
incubated with fluorophore-conjugated secondary anti-
bodies (Jackson Immunoresearch, USA) and with Hoechst 
dye (1:500; Bisbenzemide, Sigma Aldrich, USA) for nuclei 
visualization.

LFP Recordings and DMCM Administration

A group of vehicle-injected (controls; n = 5), GL261-bearing 
(n = 4), and CT-2A-bearing (n = 6) mice were specifically de-
voted to the recording of LFPs in freely moving conditions. A 
bipolar electrode was implanted in the primary visual cortex 
as previously described. Signals were acquired by a minia-
ture head stage (NPI, Germany) connected to an amplifier 
(EXT-02F, NPI). After a period of habituation to the apparatus, 
animals were recorded for 1-2 h daily starting from days 8 to 
11 after tumor implantation. CT-2A-bearing animals received 
an intraperitoneal injection of saline or DMCM starting from 
day 11 after tumor induction until day 18. GL261-bearing an-
imals were intraperitoneally injected with saline or DMCM 
on days 26 and 27, respectively. Control animals received an 
intraperitoneal injection of saline or DMCM from day 11 to 
day 18 and then, again, on days 26 and 27. DMCM (methyl-
6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate) was ad-
ministered at a sub-convulsive dose (1.5 mg/kg).25 All animals 
were daily recorded 1 hour before the injection to establish 
a baseline and 1 hour after saline or DMCM administration.

Statistical Analysis

Data shown are mean ± sem Student’s t-test or Two-way 
ANOVA with appropriate post hoc tests were used as de-
tailed. Statistical analyses were conducted using GraphPad 
Prism 6 software (USA).

Results

Progressive Decay of Visual Response During 
Tumor Progression

We monitored the cortical activity of the visual cortex 
along with glioma progression (Figure 1A) and observed 
that glioma-bearing animals showed a decreased visual 
responsiveness to both alternating gratings and flash 
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Figure 2.  Enhancement of δ band and α rhythm degradation during tumor growth. Normalized relative power in glioma-bearing and sham mice 
of the standard neurophysiological spectral bands (A) and of δ band in detail (B). The histograms show the difference in relative power of the dif-
ferent spectral bands of the 2 last recording sessions with respect to the baseline (first 3 days of recordings). The mean ± sem is shown for each 
group. (Student’s t-test, **P < .007).

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noad035/7048460 by guest on 01 June 2023

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad035#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad035#supplementary-data


5Tantillo et al.: Molecular alterations in peritumoral neurons
N

eu
ro-

O
n

colog
y

stimuli (Figure 1D and E) with respect to control mice. 
During each recording session, the amplitude and the la-
tency of the first 2 main components of VEP (ie, N1 and 
P1 peaks) were analyzed (Figure 1B and C). As a result, 
we found an initial progressive increase in VEP amplitude 
called stimulus-dependent response potentiation (SRP) 
in both experimental groups, likely indicative of the po-
tentiation of thalamo-cortical synapses due to repetitive 
visual stimulation.26 However, in glioma-bearing mice, 
this increase was followed by a rapid decay and deterio-
ration of visual responses that started from day 16 after 
tumor implantation. Twenty-three days after the cell trans-
plant, a strongly dampened response was detected in 
glioma-bearing mice. On the contrary, control animals 
showed reliable VEP responsivity in all the recording ses-
sions (Figure 1D and E). We found no difference between 
experimental groups in the latency of VEP components, 
N1 and P1 for both types of visual stimuli (Supplementary 
Figure 1). This suggests that this parameter is not affected 
by tumor progression.

Spectral Analysis of LFPs: Enhancement of δ 
Band During Tumor Growth

To detect whether glioma progression affects ongoing 
brain oscillations, we analyzed the LFPs recorded during 
blank stimuli (0% contrast). We focused our attention on 
the alterations that occurred in the main neurophysiolog-
ical spectral bands δ, θ, α, and β27 (Figure 2A). The pro-
gression of glioma mass caused a significant increase of 
the δ band power density with respect to control animals, 
typical of focal epilepsy,28,29 and a trend for α band de-
terioration. Moreover, we detected changes in the com-
position of peritumoral slow-wave power (Figure 2B). 
In particular, glioma-bearing mice showed an increase 
especially in the “faster” δ band (2-4 Hz) during tumor 
progression, which might reflect a reduced inhibitory ac-
tivity in the peritumoral region near the tumor mass.28

Molecular Alterations in Excitatory Peritumoral 
Neurons

We then analyzed the molecular features of peritumoral 
neural tissues. After the monitoring of visual cortex ac-
tivity through VEP analysis, animals were sacrificed, brains 
were cut and processed for laser-capture microdissection 
(LCM) to investigate specific gene-expression alterations 
induced by tumor growth in excitatory pyramidal neurons 
of layer II-III. Layer II-III was selected since it retains sig-
nificant potential for plasticity even in adulthood.30 For 
each sample, we first checked the specificity of dissected 
neurons by analyzing 2 cell-type specific markers included 
in the panel: vGlut1 (Slc17a7 gene), as marker of excitatory 
neurons, and vGat (Slc32a1 gene), for inhibitory ones.31 
Collected neurons highly expressed Slc17a7 gene and, 
at the same time, a negligible expression of Slc32a1 was 
detected (Figure 3C). This result clearly indicated that col-
lected cells were mainly excitatory neurons. Then, the layer 
specificity of the LCM was checked by analyzing the ex-
pression of specific cortical layer markers (Figure 3D and 

E). The dissected neurons showed a high expression of 
Cux1, expressed in layers II-III, with respect to the markers 
of the deeper layers, confirming the layer specificity of the 
LCM (Figure 3E).

Among all genes (Figure 4A), 2 targets were signifi-
cantly altered during glioma progression: The Gabra1 
gene, encoding for the GABA-A receptor subunit α1, and 
the gene encoding for the pre-synaptic protein SNAP25. 
Both genes appeared down-regulated in peritumoral ex-
citatory neurons of layers II-III in glioma-bearing mice 
(Figure 4B). It is worth noticing that, whether the 2-way 
repeated measure ANOVA found a significant difference 
among gene expression (P < .001, F = 4.998), post hoc anal-
ysis (with Bonferroni multiple-comparison correction) re-
vealed a statistically significant difference between groups 
only within the expression of Snap25 (P = .003, F = 24.41). 
Although Gabra1 expression indicates only a tendency for 
downregulation in glioma animals, immunofluorescence 
experiments in the peritumoral tissue clearly confirmed 
the reduction of both SNAP25 and GABA-A receptor sub-
unit α1 proteins (Figure 4C and E).

Interference With GABA-A Receptor Signaling 
Precipitates Seizures in Both GL261 and CT-2A 
Bearing Animals

The loss of expression of either SNAP25 or GABA-A a1 has 
been previously linked to epilepsy as well as to enhanced 
propensity for evoked seizures.32 We reasoned that interfer-
ence with these signaling pathways may unmask seizure 
susceptibility in glioma-bearing mice. Here we focused 
on the GABAα1receptor subunit which offers several pos-
sibilities for pharmacological manipulation. LFPs record-
ings were performed in freely moving mice33 to measure 
seizure activity originating from the tumor-adjacent zone. 
We were unable to detect spontaneous seizure events in 
GL261. Next, we employed methyl-6,7-dimethoxy-4-ethyl-
beta-carboline-3-carboxylate (DMCM), an inverse benzo-
diazepine agonist that inhibits GABA currents by binding 
to the α subunits of the GABA-A receptor. We used a 
subconvulsant dose of DMCM (1.5  mg/kg; Volke et al., 
2003) that we have characterized previously.34 DMCM or 
vehicle were given i.p. at a late stage of the disease (ie, day 
23) in GL261 animals, when changes in GABAα1receptor 
expression are apparent. We found that GL261-bearing an-
imals developed seizures 10ʹ-30ʹ after DMCM administra-
tion, whereas control mice did not display any alterations 
of the LFP recordings after the drug administration (Figure 
5A–D). As expected, no changes in excitability were found 
after saline administration in both experimental groups 
(Figure 5C and D).

These results were further implemented and confirmed 
adopting also the CT-2A glioma model, known to be more 
invasive than the GL261. Thus, in CT-2A-bearing mice we 
longitudinal monitored hyperexcitability by using electro-
physiology and behavioral observations (Figure 6A). The 
electrophysiological assays here adopted were aimed at 
evaluating the number of trains (Figure 6B) and seizures 
(Figure 6C) before and after saline or DMCM. Strikingly, 
we found that DMCM injection significantly augments 
the number of trains and seizures in CT-2A animals. In 
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parallel, using the Racine scale,35,36 we evaluated the 
presence of behavioral and/or tonic-clonic seizures and, 
consistently, we observed that, in comparison with con-
trols, CT-2A-bearing mice showed a more epileptic phe-
notype that worsen after DMCM injection (Figure 6C). To 
evaluate the level of GABA-α1 and SNAP25 protein ex-
pression between the CT-2A and GL261 model, we per-
formed immunohistochemistry experiments using the 
same procedure adopted before. Consistently, we found 
a strong reduction in the level of those 2 markers (Figure 
6D). Altogether, these data prove that: (1) in both models, 
GL261 and CT-2A, an acute downregulation of GABA-A 
receptor signaling precipitates seizures, and (2) common 
molecular alterations are present in both GL261 and CT-2A 
mouse models and that, modulating GABA-A signaling, 
those glioma mice are more susceptible to developing 
seizures.

Discussion

The results described in this paper aim to provide novel 
evidence on the complex scenario of neuron-glioma inter-
actions. Through longitudinal recordings of visually evoked 
potentials, we monitored glioma-induced neural dysfunc-
tions in control animals and mice bearing gliomas in the 

occipital cortex. We detected a dampening of the ampli-
tude but not of the latency of visual responsivity in glioma-
bearing animals along with tumor progression (Figure 1, 
Supplementary Figure 1). Moreover, in the same area, we 
recorded abnormal brain oscillations (Figure 2), with an 
enhancement of brain activity in lower frequency bands. 
The increased slow-wave activity was previously associ-
ated with poorer cognitive functions in low-grade glioma 
patients (working memory, information processing, and 
executive functioning;37). These glioma-driven changes in 
spectral bands could be linked to the disruption of func-
tional connectivity with regions connected to the site of the 
tumor,37 as reported in MRI studies in humans.38 Increased 
delta waves have been previously shown in different focal 
brain lesions and in a variety of neural disorders character-
ized by altered functional connectivity,39 such as focal epi-
lepsy.28,40 The increase in the δ band is mainly determined 
by the enhancement of 2-4 Hz oscillations, a hallmark 
shared with focal epilepsy patients28 (Figure 2).

Overall, our data suggest that electrophysiological 
parameters such as sensory-driven responses and EEG 
spectral power may be used for the monitoring of glioma 
subjects, with a potential prognostic value.

Damages at the level of tissue and neural connectivity 
could cause an imbalance between inhibition and ex-
citation, mechanism that plays a pivotal role in tumor-
associated epilepsy in patients. These epileptogenic 
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mechanisms together with molecular features of 
peritumoral neurons are essential in determining the 
onset of seizures.41 We then examined molecular changes 
in excitatory neurons which accompany their altered 
physiological responses. Since the activity of pyramidal 
neurons affects tumor progression,13,15,41–43 it is important 
to identify changes in specific pathways which may be 
suggested as novel therapeutic targets. We analyzed the 
expression of a specific panel of genes (Supplementary 
Table 1) in layer II-III pyramidal neurons, which retain 
synaptic plasticity throughout adulthood.44 They were 
collected through LCM within the peritumoral region af-
fected by glioma24 and compared with healthy neurons 
recovered from the primary visual cortex of control an-
imals (Figure 3). Among all the analyzed genes, we 
found a significant decrease in expression for SNAP25 

and GABRA1, which respectively encode for the pro-
tein SNAP25 of the SNARE complex and the GABA-A 
receptor subunit α1, the main inhibitory subunit in the 
visual cortex,45 suggesting an impaired communication 
between pre- and post-synaptic neurons (Figure 3). These 
data were confirmed by immunohistochemical analyses 
performed in the peritumoral tissue of control and glioma 
mice of 2 different murine glioma models (Figures 4 and 
6). The downregulation of SNAP25 could be implicated in 
the establishment of a pro-epileptic phenotype, as con-
firmed by SNAP25 heterozygous (SNAP25+/−) mice32 and 
human epileptic patients.46

Despite the well-known role of GABA in epilepsy and 
in tumor-associated epilepsy,9,41,47,48 we here identified 
a specific downregulation of GABAα1 receptor subunit 
that, in animal models, reduces inhibitory drive onto 
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excitatory circuits, which thus increases their firing rate. 
As indicated by patch-clamp experiments, peritumoral 
excitatory neurons of layer II/III show a lowered excit-
ability threshold7 and a significant decrement of spon-
taneous inhibitory synaptic transmission.8 A variety of 
epileptic syndromes have been linked to genetic muta-
tions of GABA-A receptors, including α1.49 Moreover, the 
reduction of GABAergic neural density around tumor 
mass could concur in a further dysregulation of excita-
tion.47 Thus, downregulation of GABAα1 could represent 
a key event in the cascade of impairments that lead to 
the imbalance between excitatory and inhibitory net-
works caused by glioma growth.

To functionally prove the involvement of GABA-A re-
ceptor in susceptibility to seizures, we longitudinally 
recorded LFPs from the tumor-adjacent zone in freely 

moving mice in 2 different GBM animal models (ie, 
GL261 and CT-2A). In GL261 model, we were unable 
to detect spontaneous seizures during glioma growth 
in the visual cortex. This may be ascribed to at least a 
couple of factors: GL261 gliomas typically grow as a 
large solid mass with limited infiltration into the sur-
rounding tissue, which likely reduces epileptogenicity 
(Supplementary Figure 2). Second, we employed short 
periods of recording (1-2 hours daily), and therefore 
seizures, if infrequent, may be missed. Based on these 
premises, we attempted to trigger ictal events by fur-
ther reducing GABA-A receptor signaling with a sub-
convulsive dose of DMCM,25,34 a benzodiazepine inverse 
agonist (Figure 5). The reduction of GABA currents by the 
drug induces epileptiform events only in GL261-bearing 
mice at a very late stage of the disease (ie, day 27 after 
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tumor induction), suggesting that peritumoral tissues 
are more prone to provoke seizures.

We then tested DMCM administration on a more 
infiltrative and aggressive murine model, created 
by the injection of CT-2A cells in the visual cortex. In 
line with the more infiltrative features of this model 
(Supplementary Figure 2), CT-2A mice showed hallmarks 
of hyperexcitability in the visual cortex at an early stage 
of the glioma progression (ie, starting from day 11 after 
tumor induction; Figure 6B and C). Remarkably, in the 
CT-2A model, we also found that seizures spread from 
the visual cortex to other parts of the brain, resulting in 
pre- and convulsive behaviors (Figure 6D). Similarly to 
the GL261 model, CT-2A hyperexcitability worsen after 
hampering GABA-A receptor signaling (Figure 6B–D) and 
the downregulation of both SNAP25 and GABA α1 pro-
teins were also observed (Figure 6E–H).

Since epilepsy is the most common comorbidity in pa-
tients with gliomas and its control is currently unsatisfac-
tory,50 our findings are of particular importance because 
they reveal novel molecular players in pyramidal neurons 
which may be targeted for preventing neuronal dysfunc-
tion and hyperexcitability,11,16,43 potentially leading to the 
development of innovative drugs that might be amelior-
ating patients’ quality of life.

Supplementary Material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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