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The aim of the study was to evaluate the electrophysiological activities of tumor and peritumoral tissues in an experimental 
glioblastoma model and rationalize their use for determining the tumor boundaries.

Materials and Methods. Following methods were used in this study: extracellular electrophysiological activity (field postsynaptic 
potentials) registration; astrocytic glutamate currents patch-clamp registration; magneto-resonant imaging; surgical techniques in vivo. The 
experiments were performed using cell cultures (primary murine astrocyte culture and constant cell line cultures of rat glioma cells 2211), 
acute murine hippocampal slices, and rats with transplanted malignant glioma 101.8.

Results. A number of electrophysiological parameters of neurons and glial cells were evaluated using cell cultures, acute hippocampal 
slices, and the rat brain as a whole. Field postsynaptic potentials in the brain tissue differed between the non-injured areas and the zone of 
glioma development. No field potentials detected in the tumoral area, indicating the lack of excitability in the tumor cells.

Conclusion. Field potentials recorded in the brain tissue in vivo can be used as a novel criterion for determining the glial brain tumors 
boundaries.
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Introduction

Diagnosis and treatment of brain gliomas remains 
one of the most challenging areas of neurooncology. 
The average time of survival in patients with glioma is 
10–24 months; in rare cases, it can reach 5 years [1–
3]. The currently used therapy of malignant gliomas 
involves a number of methods, including microsurgery 
for tumor removal, radiation, and chemotherapy, 

sometimes in combination with photodynamic therapy 
and immunotherapy [4–6].

Surgical resection is the core of all treatment 
regimens, as it allows the surgeon to remove a large 
volume of tumor tissue, reduce intracranial hypertension 
and neurological deficit, and post-operatively determine 
the tumor morphology and phenotype to address the 
issue of further treatment. A major problem of the surgical 
approach is keeping the balance between the maximal 
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tumor removal and the minimal damage to the vital brain 
structures adjacent to the tumor. It is commonly agreed 
that the total removal of tumor cells by surgery is not 
practically feasible because of the invasive nature of 
tumor growth; the tumor can penetrate the surrounding 
tissues up to the radius of several centimeters where 
it continues to grow [2, 7–11]. In these circumstances, 
an accurate diagnosis of the tumor, and especially 
determination of its boundaries is crucially important.

To approach this problem and determine the 
boundaries of glial brain tumors, one has to know 
about the differences between normal and pathological 
glial cells, and about their interaction on the interface 
between the tumor and the intact tissue. Thus, 
differences in the excitatory amino acid transporters 
between glioma cells and normal glia cells have been 
reported [12]. Physiologically, astrocyte transporters are 
essential for normal synaptic transmission: they provide 
a rapid removal of glutamate from the synaptic cleft 
and thus prevent glutamate excess and excitotoxicity. 
The development of glial tumors disrupts the function of 
these transports, which negatively impacts the glial cell 
metabolism and, consequently, interferes with synaptic 
transmission.

The determination of glial tumor boundaries is a novel 
approach to the diagnosis of glioma; the technique 
is based on the brain cells response to electrical 
stimulation, which constitutes the essence of the normal 
neuron functioning. Contrary to that, glial tumor cells 
are electrically inexcitable. This approach is unique for 
neurosurgery, since, unlike other existing methods, it is 
based on a functional and not morphological analysis. 
Such information is vital for neurosurgeons as they need 
more tools to precisely determine the tumor boundaries 
during the operation to avoid intraoperative brain 
damage.

The aim of the study was to evaluate the 
electrophysiological features of malignant brain tumors 
and peritumoral areas by recording their field potentials 
appearing in response to electrical stimulation.

Materials and Methods
An immortalized cell culture of rat glioma cells 2211 

and primary astrocyte cultures obtained from C57BL/6 
neonatal mice (P=2) were used as the material for the in 
vitro studies.

In vivo experiments were carried out using mature 
male Wistar rats with transplanted malignant glioma 
(glioblastoma) 101.8 obtained from the Research 
Institute of Human Morphology (Moscow, Russia) [13]. 
The age of rats at the time of tumor transplantation was 
2.5 months. The experiments were carried out 10–12 
days after the glioma transplantation.

The basic rules for the maintenance and care of 
experimental animals were in accordance with the Rules 
for the Work using Experimental Animals (Russia, 2010) 
and the International Guiding Principles for Biomedical 

Research Involving Animals (CIOMS and ICLAS, 2012), 
while ethical principles established by the European 
Convention for the Protection of Vertebrate Animals 
used for Experimental and оther Scientific Purposes 
(Strasbourg, 2006) were strictly observed. The approval 
for conducting the animal studies was obtained from 
the Bioethics Committee of the National Research 
Lobachevsky State University of Nizhni Novgorod.

Constant cell line culture. Constant cell line 
cultures of rat glioma cells 2211 were obtained from 
the Russian cell cultures collection of vertebrates at 
the Institute of Cytology of the Russian Academy of 
Science (St. Petersburg, Russia). Cells were cultured in 
the Eagle’s Minimal Essential Medium with 0.32 mg/ml 
glutamine and 10% fetal bovine serum (all the above 
reagents from PanEco, Russia). At the end of the 
exponential growth, the cells were removed from the 
cultural flask with versine (0.02%):trypsin (0.25%) at 3:1 
and then reseeded with the multiplicity of sieving 1:10. 
Experiments were carried out after the third passage.

Primary astrocyte cultures. Primary astrocyte 
cultures were obtained from the cerebral cortex of 
newborn mice (P=2). The surgically extracted brain 
tissue underwent mechanical grinding and enzymatic 
dissociation with a 0.25% trypsin solution (Invitrogen, 
USA). After centrifugation (1000 rpm, 3 min), the cell 
suspension was placed on coverslips (18×18 mm) 
pretreated with the positively charged hydrophilic 
polyethyleneimine (Sigma, USA) for a better cells-
substrate attachment. The cells were then cultured in 
the Dulbecco’s Modified Eagle Medium with the addition 
of 0.32 mg/ml glutamine, 10% fetal bovine serum and 
1 mM pyruvic acid (Sigma, USA) during 30 days.

The primary cultures and the constant cell line 
cultures were maintained in a MCO-18AIC incubator 
(Sanyo, Japan) at 35.5°C and 5% CO2. The cells of both 
types were examined for their morphology using wide-
field light microscopy and an Axio Observer.A1 inverted 
fluorescence microscope (Carl Zeiss, Germany).

Anesthesia. Before the procedure of tumor 
transplantation (and also prior to MRI), each animal 
was anesthetized by intraperitoneal Zoletil 100 injection 
(Virbac Sante Animale, France) at concentration of 
125 mg/kg. The degree of sedation was tested by the 
absence of the pain reflex (limb tweezing response). 
Further, the animal was intramuscularly injected with 
a 2% solution of analgesic and myorelaxant Romethar 
(Interchemie, The Netherlands) at 0.2 ml/kg weight.

Tumor transplantation and timing of the in vivo 
experiment. Tumor cells suspended in Hank’s solution 
at a concentration of 105–106 cell/ml were injected into 
the right parietal region (2 mm lateral of the sagittal 
suture and 2 mm posterior of the coronal suture). In this 
location, craniotomy (2 mm in diameter) was performed 
using a dental drill. Then the dura matter was opened 
and tumor cells injected into the brain at 2–4 mm depth 
using a trocar.

The first symptoms of a neoplastic process 
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manifested clinically by the lack of mobility, appetite, and 
self-cleaning appeared 5–7 days after transplantation.

The clinical picture of glioblastoma was developed by 
days 9 to 11 after cell transplantation. The manifestations 
depended on the nature of tumor growth. Even with a 
limited growth in the parietal zone, but with a spread 
into the cerebral cortex and the brain ventricles, focal 
abnormalities and hemiparesis were observed in 65–
80% of rats.

On 11–13 days after transplantation, the tumor 
reached a size of ~1.5–2.2 cm3, which led to a 
rapid lethal outcome. The optimal period to perform 
electrophysiological recordings in the experiment was 
10–12 days after the transplantation when the tumor 
became mature and reached its maximal size. To verify 
the size and location of the tumor we used MRI.

Magnetic resonance imaging. The anesthetized 
animal was put into a small cage and then placed in 
a superconducting magnetic resonance tomograph 
of the tunnel type Agilent DD2 NMR 400WB (Agilent 
Technologies, USA) with an operating frequency of 
400 MHz and a static magnetic field of 9.4 T.

To obtain the structural T2-weighted images, the 
FSEMS (fast spin echo multi-slice) pulse sequence was 
used. The cycle time is 3000 ms, the echo time is from 
40 ms, the size of the matrix is 256×192, the number of 
slices is 10, the slice thickness is 1 mm, and the field of 
view is 40×40 mm.

Extracellular recording of electrophysiological 
activity. The animal was anesthetized with 5% 
isoflurane inhalation. Craniotomy was performed using 
a drill Unibur-MK (Sapphire, Russia) from the upper 
sagittal sinus to the upper temporal line, from the upper 
jaw to the transverse sinus. To avoid heating of the dura 
mater, the bur was irrigated with cold saline every 10 s.

The electrophysiological activity (field excitatory 
postsynaptic potentials, fEPSP) were recorded using an 
Olympus BX51WI light microscope (Olympus, Japan) 
equipped with automated manipulators, recording and 
stimulating electrodes, and an amplifier (MultiClamp 
700B, Axon Instruments, USA). The stimulating 

electrode was a bipolar steel electrode (FHC Inc., 
USA) placed at different areas of the trepanation 
window, depending on the task. The recording electrode 
was a microelectrode with a resistance of 4–7 MΩ 
produced from a glass capillary (Harvard Part No.30-
0053) using a P-97 puller (Sutter Instruments, USA). 
For the fEPSP recording the electrode was filled with 
an intracellular solution composed of: 119 mM NaCl; 
2.5 mM KCl; 1.3 mM MgSO4; 1 mM NaH2PO4; 26.2 mM 
NaHCO3; 2 mM CaCl2; and 10 mM D-glucose (pH 7.4, 
osmolarity — 298 mOsm). The field potentials were 
recorded in different areas of the trepanation window in 
the zero current mode (I=0) depending on the task.

The obtained electrophysiological data were analyzed 
using the following software: WinWCP 4.7 (http://winscp.
net), Clampfit (Axon Instruments Inc., USA), and Origin 
Pro 2016 (OriginLab, USA).

Results
At the first stage, we studied the glutamate transporter 

currents in glial cells using acute hippocampal slices 
and cultured glioma cells. Glutamate currents occur 
during the synaptic transmission; these currents are 
viewed as a major contributor into the functional activity 
of astrocytes in the brain [14–15]. Excitation of the 
astrocyte transporter current was triggered by a local 
application of glutamate through a patch pipette. In this 
experiment, we found no difference in the glutamate 
transport current kinetics between astrocytes in the 
acute hippocampal slices and cultured glioma cells 
(Figure 1).

Despite the significant metabolic changes that 
occur during cell malignant transformation, there 
was no difference in changes in one of the main 
electrophysiological parameters of astrocytes, which 
makes it impossible to use this parameter as a criterion 
of the glial tumors boundaries.

Therefore, at the next stage, we tested field potentials 
as a possible diagnostic parameter. Field potentials 
represent the total electric potential that arises in a group 
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Figure 1. Representative electrophysiological recordings of transporter currents in astrocyte:
(a) glutamate-induced excitation; (b) acute hippocampal slices; (c) cultured glioma cells

3 ms
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Figure 2. Field potentials in astrocyte culture

Figure 3. Representative brain MRI 
images of Wistar rats:
(a) rat from the control group with no 
brain tumor; (b) rat with a brain tumor 
(day 11 after tumor inoculation) а b

of neurons (population spike) or a group of excitatory 
synapses (field excitatory postsynaptic potential, 
fEPSP) activated by electrical stimulation of neighboring 
neuronal dendrites.

The field potential is characterized by the amplitude 
and the slope reflecting the number of activated neurons 
and dendrites. It is known that astrocytes are electrically 
non-excitable and they do not generate action potentials 
[16]. We assumed though that upon oncotransformation, 
astrocytes could acquire the ability to generate action 
potentials, for example, fEPSP. To test this hypothesis, 
we attempted to measure field potentials in cultured 
astrocytes. No measurable fEPSP could be detected in 
the astrocyte culture in response to an electrical stimulus 
(Figure 2).

The next step of the study was an in vivo 
experimentation on Wistar rats with transplanted glioma 
101.8. We verified the size and location of glioma in 
the brain using MRI (Figure 3). Then, fEPSP of various 
brain areas were registered in those rats with glioma 
101.8. In these experiments, we placed the stimulating 
and recording electrodes at different locations keeping 
the same distance of 4 mm between them. Using this 
setup, we were able to identify the areas that gave a 
physiological response to electrical stimulation (intact 

tissue) and the areas with no response (glioma). 
Differences in the fEPSP between the normal and 
malignant brain tissues were detected (Figure 4).

When the response comes from the tumor zone or 
from the immediate tumor vicinity (the peritumoral zone), 
the signal amplitude is lower than normal (Figure 4 
(a), (b)), which may be due to the damaged signal-
conducting myelin fibers or to destroyed brain cortex.

The extracellular electrical stimulation of the nervous 
tissue (Figure 4 (a), (b), (c)) is able to affect both nearby 
cells and rather remote ones, since the electric field 
generated by the stimulating pulse propagates through 
the intercellular medium or through the partially preserved 
nerve fibers. Although during its propagation this electric 
field attenuates, at relatively high amplitudes it can still 
create a local depolarization of neuron membranes, 
which can trigger the generation of action potentials. This 
may be the mechanism underlying the rise of the fEPSP 
(up to 1 mV) on the electrode located in the intact tissue 
when the stimulating electrode is placed in the area of 
glioma development (see Figure 4 (c)).

Normally, the amplitude of a fEPSP correlates with the 
amplitude of a stimulating signal; accordingly, we noted 
an increase in the response with an increase in the 
stimulus when both electrodes were located in the intact 
brain tissue (Figure 5). Contrary to that, no response 
was detected under the similar stimulation when both 
the stimulating and recording electrodes were placed in 
the tumor zone (Figure 6).

At the next stage of the study, we measured the 
electrophysiological parameters in the brain area where 
the tumor had been removed, i.e. under the conditions 
simulating the neurosurgical procedure of tumor 
removal. Since glial tumors grow along the white matter 
fibers, our experimentation focused on recording the 
fEPSP in the subcortical structures of the brain. With the 
stimulation electrode in the tumor “bed”, we were able 
to detect a low level fEPSP with the amplitude much 
smaller than that recorded in the intact cortical tissue. 
The result indicates the presence of excitable and 
responsive cells in the tumor “bed” after surgical removal 
of the tumor (Figure 7).

Electrophysiological Brain Activity as a Criterion for Determining Glioma Boundaries
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Figure 4. Layout of stimulating and 
recording electrodes in the rat brain 
and appropriate field potentials 
recordings:
(a) both electrodes are located in the 
tumor; (b) the recording electrode 
is located in the tumor, and the 
stimulating one — in the non-damaged 
tissue; (c) the stimulating electrode is 
located in the tumor, and the recording 
one — in the non-damaged tissue; 
(d) both electrodes are located in the 
non-damaged tissue
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Figure 5. fEPSP recording in the 
non-injured area of the brain:
(a) electrode layout; (b) fEPSP 
stimulated by 300 μA current, 0.2 mV 
amplitude response; (c) fEPSP 
stimulated by 1 mA current, 1.2 mV 
amplitude response; (d) fEPSP 
stimulated by 10 mA current, 5 mV 
amplitude response
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Figure 6. Representative example of 
fEPSP recording in the inoculated 
glioblastoma 101.8:
(a) electrode layout; (b) no response 
to 300 μA stimulus; (c) no response to 
1 mA stimulus; (d) no response to 10 mA 
stimulus
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Figure 7. Representative example of fEPSP recording in the tumor bed after removal of glioblastoma 101.8:
(a) electrode layout; (b) response to 10 mA stimulus, 0.2 mV amplitude response; (c) response to 30 mA stimulus, 0.5 mV 
amplitude response

Discussion

As a result of the present studies, it was found that 
the electrophysiological activity — as measured by 
electrically stimulated fEPSP — significantly differed 
between the intact and oncotransformed brain tissues. 
Thus, no response to electrical stimulation was 
detected in the oncotransformed tissue, while the intact 
tissue produced a field potential with the amplitude 
that increased with an increasing stimulating signal. 
In addition, field potentials also arose in response 
to the tumor “bed” stimulation in the subcortical 
structures of the brain. The present results suggest 
that the differences in the fEPSP between normal 
and oncotransformed brain tissues can be used as a 
diagnostic criterion for intraoperative determination of 
the boundaries of glial brain tumors. Our experimentation 
showed that the location of the recording and stimulating 
electrodes was of key importance. In the rat brains 
with transplanted glioma 101.8, the generation of field 

potentials was tested using four possible electrode 
locations. In our setup, the stimulating and recording 
electrodes were placed either in the same zone or in 
two different zones (intact tissue and/or glioma). When 
the recording electrode is located in the intact tissue, 
the field potential responsive to an increasing stimulus 
arises regardless of where the stimulating electrode is 
placed. If the recording electrode is located in the area of 
tumor development, which has no electrically excitable 
nerve cells, no field potentials arise. In the “bed” of the 
removed tumor situated in the subcortical structures, 
field potentials are generated in the neighboring nerve 
fibers or their remains. In these cases, the amplitudes 
of the recorded signals are lower than those from 
the cortical areas of normal brains. Yet contrary to the 
areas of tumor development, the fEPSP from the tumor 
“bed” are detectable. This may indicate the existence 
of functionally active nerve cells able to form new 
dendrites in the brain after surgical tumor removal. The 
main factors limiting the radical (95–98%) resection of 
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malignant gliomas are the insufficient visualization of 
the tumor boundaries because of its infiltrative growth 
and the need to preserve functionally significant brain 
structures. With the traditional removal of the tumor 
under the guidance of white light microscopy, the 
maximal level of resection can be reached only in 23–
50% of cases [9, 17]. These unresolved issues stimulate 
a search for novel approaches to intraoperative 
diagnosis of the boundaries of malignant brain tumors.

Currently, there are a number of methods that assist 
in achieving the maximal degree of resection with a 
minimal risk of functional complications; among them, 
intraoperative CT and/or MRI [5, 18–21], ultrasound 
scanning [22–24], neuro-navigation systems [25–
27], fluorescent diagnostics [28–36], intraoperative 
neurophysiological monitoring, awake craniotomy and 
various combinations of the above. These methods 
are based on several principles: a) the use of contrast 
substances accumulating in the tumor vasculature 
(CT, MRI); b) the detection of metabolic changes in 
tissues (MR spectroscopy, DVI, fluorescent probes, 
laser spectroscopy); c) the changes in tissue density 
(ultrasound diagnosis). The above methods do not 
include the navigation systems, where the tissue 
transformation is diagnosed within the preoperative 
patient examination [1, 37]. At present, a research into 
the use of confocal microscopy and optical coherence 
tomography for intraoperative brain imaging is under 
way [38–42].

However, each of these approaches has its own 
limitations; therefore, the current search for new 
technologies of intraoperative diagnosis of tumor 
boundaries is important. Our study demonstrates 
the feasibility of the proposed method based on the 
measurement of field potentials in a brain tumor and its 
vicinity.

Conclusion
In neurosurgery, there is a pressing need to identify 

the brain tumors boundaries to prevent an accidental 
damage to vital brain structures during surgery. In the 
present study, we propose a new diagnostic criterion for 
determining the glial brain tumors boundaries by recording 
the field potentials triggered by electrical stimulation. This 
criterion is unique for neurosurgery, because it is based 
on the evaluation of the brain tissue function rather than 
its morphology. The proposed diagnostic system with 
two mutually arranged electrodes may soon find the 
intraoperative use, thanks to its high accuracy, which can 
theoretically reach submillimeter values.
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