
Vol:.(1234567890)

Neurochemical Research (2023) 48:210–228
https://doi.org/10.1007/s11064-022-03740-8

1 3

ORIGINAL PAPER

The Glycolysis Inhibitor 2‑Deoxy‑d‑Glucose Exerts Different Neuronal 
Effects at Circuit and Cellular Levels, Partially Reverses Behavioral 
Alterations and does not Prevent NADPH Diaphorase Activity 
Reduction in the Intrahippocampal Kainic Acid Model of Temporal 
Lobe Epilepsy

Vahid Ahli Khatibi1 · Mona Rahdar1 · Mahmoud Rezaei2 · Shima Davoudi1 · Milad Nazari3 · 
Mohammad Mohammadi4 · Mohammad Reza Raoufy2 · Javad Mirnajafi‑Zadeh2 · Narges Hosseinmardi1 · 
Gila Behzadi1 · Mahyar Janahmadi5,1

Received: 2 June 2022 / Revised: 31 July 2022 / Accepted: 27 August 2022 / Published online: 5 September 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Temporal lobe epilepsy is the most drug-resistant type with the highest incidence among the other focal epilepsies. Metabolic 
manipulations are of great interest among others, glycolysis inhibitors like 2-deoxy d-glucose (2-DG) being the most promis-
ing intervention. Here, we sought to investigate the effects of 2-DG treatment on cellular and circuit level electrophysiological 
properties using patch-clamp and local field potentials recordings and behavioral alterations such as depression and anxiety 
behaviors, and changes in nitric oxide signaling in the intrahippocampal kainic acid model. We found that epileptic animals 
were less anxious, more depressed, with more locomotion activity. Interestingly, by masking the effect of increased locomo-
tor activity on the parameters of the zero-maze test, no altered anxiety behavior was noted in epileptic animals. However, 
2-DG could partially reverse the behavioral changes induced by kainic acid. The findings also showed that 2-DG treatment 
partially suppresses cellular level alterations while failing to reverse circuit-level changes resulting from kainic acid injection. 
Analysis of NADPH-diaphorase positive neurons in the CA1 area of the hippocampus revealed that the number of positive 
neurons was significantly reduced in dorsal CA1 of the epileptic animals and 2-DG treatment did not affect the diminishing 
effect of kainic acid on NADPH-d+ neurons in the CA1 area. In the control group receiving 2-DG, however, an augmented 
NADPH-d+ cell number was noted. These data suggest that 2-DG cannot suppress epileptiform activity at the circuit-level 
in this model of epilepsy and therefore, may fail to control the seizures in temporal lobe epilepsy cases.

Keywords  Temporal lobe epilepsy · Kainic acid · 2-DG · Patch-clamp · Local field potentials · Anxiety · Depression · 
NADPH-d+ cells

Introduction

Epilepsy is one of the most complicated neurological dis-
eases that is characterized by neuronal hyperexcitability and 
sudden, simultaneous discharges which appear as seizures. 

Vahid Ahli Khatibi and Mona Rahdar have equal contributed to this 
work.

 *	 Mahyar Janahmadi 
	 Janahmadi@sbmu.ac.ir

1	 Department of Physiology, School of Medicine, Shahid 
Beheshti University of Medical Sciences, Tehran, Iran

2	 Department of Physiology, School of Medicine, Tarbiat 
Modares University, Tehran, Iran

3	 Department of Molecular Biology and Genetics, Aarhus 
University, Aarhus, Denmark

4	 Department of Biomedical Engineering, McGill University, 
Montreal, QC, Canada

5	 Neuroscience Research Center, School of Medicine, Shahid 
Beheshti University of Medical Sciences, Tehran, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-022-03740-8&domain=pdf


211Neurochemical Research (2023) 48:210–228	

1 3

Almost 1% of the general population are diagnosed with 
epilepsy, and about 40% of the cases are pharmacoresistant. 
Temporal lobe epilepsy has the highest incidence among the 
other types of epilepsy and exhibits considerable resistance 
to antiseizure agents [1]. Epilepsy is associated with many 
behavioral disorders, including anxiety and depression, as 
reported in epileptic patients and animal models; therefore, 
introducing novel and potent approaches and compounds 
to control seizures and behavioral comorbidities is of para-
mount importance.

Among many novel strategies, metabolic manipulations 
have widely attracted attention as the ketogenic diet (KD), 
low carbohydrate and high-fat diet is shown to have been 
effective in many drugs resistant cases. KD acts through a 
great many mechanisms among which, the most important 
is to cut out glycolysis and subsequent attenuation of lac-
tate shuttle between neurons and astrocytes [1] and, more 
importantly, decreased cytosolic ATP concentration. Lactate 
dehydrogenase inhibition which results in direct inhibition 
of glycolysis is demonstrated to have suppressed interic-
tal discharges in the intrahippocampal kainic acid model 
of temporal lobe epilepsy, which is one of the most drug-
resistant models [2].

2-deoxy d-glucose (2-DG) is another glycolysis inhibitor 
that has been studied over the last few years for its possible 
therapeutic actions [3–7]. However, interestingly, both its 
proconvulsant and anticonvulsant effects have been observed 
according to the different methods of epilepsy induction in 
animals. For instance, in i.v PTZ, i.v kainic acid and elec-
troshock-induced seizures, 2-DG decreased seizure thresh-
old while in the 6-Hz seizure test it led to seizure threshold 
increment [5]. Furthermore, in pilocarpine-induced epilepsy, 
while elevating seizure latency, 2-DG diminished seizure 
duration and severity [8]. In in-vitro models like high [K]o, 
likewise, 2-DG dwindled interictal epileptiform activity 
[9]. 2-DG is of interest not only for its possible anticonvul-
sive implication but also for its potency in the inhibition 
of cancerous cell growth. Indeed, it is already in clinical 
use for treating SARS-Cov-2 [10] and has had promising 
results in the suppression of cancerous cell growth in clini-
cal trials [11]. Therefore, owing to the major inconsistency 
between the effects of 2-DG in different epilepsy models, 
and more importantly, given that models like i.v kainic acid 
could not be considered as focal temporal lobe epilepsy [12], 
more preclinical studies are required to report the extend of 
2-DG’s potency in suppressing the seizures and behavio-
ral comorbidities in a model that may potentially resemble 
human temporal lobe epilepsy.

The intrahippocampal kainic acid model of temporal lobe 
epilepsy, which is deemed as an appropriate simulator of 
human temporal lobe epilepsy due to hippocampal sclerosis 
seen in this model [13], has long been used to assess the 
therapeutic effects of nominated compounds to control the 

seizures and/or treat epilepsy. Although a previous study 
has reported that comorbid psychiatric symptoms including, 
anxiety and depression behaviors are not significantly differ-
ent between control and epileptic animals in this model [14], 
severe cell loss in the dorsal hippocampus and general ipsi-
lateral hippocampal deformation plants doubt in the mind 
whether follow-up tests would probably bring out different 
results. Previous lesion studies have posited a link between 
dorsal and ventral hippocampus lesions, which are seen in 
this model, and diminished anxiety levels [15]. Addition-
ally, shriveled hippocampus is associated with depression 
behavior [16].

Considering previous observations, the present study 
aimed to further explore the potency of 2-DG in revers-
ing the electrophysiological (at the circuit and cellular lev-
els), behavioral, and histochemical consequences of intra-
hippocampal kainic acid injection in mice which bears a 
striking resemblance to human temporal lobe epilepsy; we 
hypothesized that 2-DG can suppress behavioral (if present), 
electrophysiological and histochemical alterations following 
temporal epilepsy induction.

To test this hypothesis, Local Field Potentials (LFP) and 
patch-clamp recordings were used to assess the circuit and 
cellular level effects of 2-DG respectively. Interictal epilep-
tiform activity is a known characteristic of intrahippocampal 
kainic acid model of temporal lobe epilepsy and suppression 
of such activity has been widely used to assess the efficiency 
of different antiseizure candidates [17]. Burst activity, as 
well as hyperexcitability of survived neurons in intrahip-
pocampal kainic acid model of temporal lobe epilepsy, is 
noted [18, 19]; we evaluated passive membrane properties 
and spontaneous activity of the survived dorsal CA1 pyrami-
dal neurons and how 2-DG affected intrahippocampal kainic 
acid model of temporal lobe epilepsy induced alterations. 
Moreover, we addressed how behavioral comorbidities like 
anxiety and depression, if present, were affected by 2-DG 
injection. Zero-maze test was used to evaluate the anxiety 
status of the animals; an open field test was performed to 
assess locomotion status as well as fear/anxiety behavior. 
Sucrose preference test which is an indicator of anhedo-
nia, the core symptom of depression [20, 21], was done to 
evaluate depression in the animals. Furthermore, since the 
nitrergic system is involved in the regulation of excitatory 
and inhibitory neurotransmission, and becomes imbalanced 
during epileptogenesis [22, 23], we also evaluate alterations 
in the NOergic neurotransmission by using NADPH-diaph-
orase staining.

As Duveau and colleagues reported in 2016 [17], most of 
the neuropathological and electrophysiological features that 
are seen in human MTLE can be reproduced in the kainic 
acid mouse model of TLE. Therefore, this animal model 
of TLE is deemed to be a potent simulator of human tem-
poral lobe epilepsy owing to severe cell loss and sclerosis 
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noted in the hippocampus and, more importantly, chronic 
spontaneous seizures following kainic acid injection. Here, 
unilateral injection of kainite into mouse hippocampus was 
used to evaluate the beneficial effects of 2-DG against TLE, 
which is already in clinical use for suppression of cancerous 
cell growth and covid-19 treatment. 2-DG has also been in 
various stages of preclinical and clinical development for 
epilepsy for several years. The present work tried to extend 
the preclinical profile of 2-DG to better understand how this 
agent can exert beneficial effects. If potent, hence, inhibition 
of glycolysis by 2-DG could be considered as a therapeutic 
intervention for the treatment of epileptic patients with drug 
resistance.

Materials & Methods

Animals

This study was carried out on 64 adult male NMRI mice 
(weighing 30–35 g; Pasteur institute, Tehran). The animals 
were housed with free access to standard pellet diet and tap 
drinking water ad libitum. They were kept in a temperature-
controlled (23 ± 2 °C) animal house free from any source 
of chemical or noise pollution under the 12:12 h light: dark 
cycle. All animals received human care and gentle han-
dling throughout the study, as it has been shown that proper 
techniques and frequency of handling were used to reduce 
stress and anxiety [24, 25]. Mice were single housed after 
the surgery; although social housing is deemed to be the 
optimal way of housing, previous studies showed that sin-
gle housing does not significantly affect behavioral tests in 
mice [26]. Hence, we single-housed the mice in order not 
to arouse aggression, especially in epileptic animals. All 
experimental procedures and animal care were conducted 
in accordance with the National Institute of Health Guide for 
the Care and Use of Laboratory Animals and approved by 
the Biomedical Research Ethics Committee of the National 
Institute for Medical Research Development (Approval ID: 
IR.NIMAD.REC.1399.259) and the Ethics Committee of 
Shahid Beheshti University of Medical Sciences (Authoriza-
tion Code: IR.SBMU.MSP.REC.1400.630).

Study Design

The present study intended to investigate the behavioral, 
electrophysiological and histochemical consequences of 
glycolysis inhibition on the intrahippocampal kainic acid 
model of temporal lobe epilepsy. Three separate groups 
of experiments were conducted to assess the effects of 

glycolysis inhibition by 2-DG on: (1) Kainic acid-induced 
hyperexcitability in CA1 pyramidal neurons using patch-
clamp recording, (2) Local field potential (LFP) recordings 
to measure epileptiform activity, and (3) Behavioral tests 
to assess the locomotor activity, anxiety and depression 
behaviors. To assess histological alterations, however, the 
animals were randomly chosen from the animals which 
had undergone behavioral tests.

Kainic acid was stereotaxically microinjected into the 
dorsal hippocampus of the left hemisphere (day 0, for 
more details, see the epilepsy induction section) and 2-DG 
(300 mg/kg, i.p) was injected 3 weeks after IHKA injec-
tion for 7 days (Fig. 1) and the last injection was given 
90 min before starting the experiments. This time was 
chosen based on the study done by Koenig et al., 2019, 
who reported that 90 min after 2-DG injection, induction 
of ketosis is observed [27].

The dose of 2-DG was chosen based on previous stud-
ies that report the anticonvulsant and antiepileptic action 
of 2-DG [5, 9].

The animals randomly were divided into the following 
five groups: Control group, a group in which the mice 
underwent stereotaxic surgery and received intrahip-
pocampal saline (40 nL) injection ( as a solvent for kainic 
acid) on the 0th day; Control + 2-DG group, a group that 
mice received intrahippocampal saline (40 nL) on the 0th 
day and i.p injection of 300 mg/kg 2-DG from the 20th to 
28th day, once a day; Epileptic group, a group in which the 
mice received an intrahippocampal injection of kainic acid 
on the 0th day; Epileptic + 2-DG group: a group in which 
epileptic mice treated i.p with 2-DG at the dose of 300 mg/
kg from the 20th to 28th day, once a day; epileptic + saline 
group: a group that epileptic mice received 300 mg/kg i.p 
saline from the 21st to 27th day, once a day.

The order of the behavioral tests was as follows: zero 
maze, open field and sucrose preference test on the 20th, 
21st, and 22nd days respectively in control and epileptic 
groups; in epileptic + 2-DG and control + 2-DG groups, 
however, the tests were performed on the 26th, 27th, and 
28th days respectively (Fig. 1A). Since in the behavioral 
study, we did not find a significant difference between con-
trol groups and control + 2-DG groups (for more details 
see results), and according to the animal ethics guidelines 
to minimize the number of animals used, this group was 
omitted in LFP and patch-clamp recordings. Due to the 
fact that saline and handling did not lead to a significant 
alteration in LFP groups, we omitted epileptic + saline 
groups from patch-clamp recordings (Fig. 1C). It should 
be noted that according to previous studies in our labora-
tory, saline and surgery do not lead to considerable varia-
tion between the groups; hence, the study does not contain 
intact and sham groups [28].
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Epilepsy Induction

Temporal lobe epilepsy was induced as previously 
described by Sada et al. [2]. Briefly, mice were anesthe-
tized by intraperitoneal injection of ketamine (100 mg/
kg) and xylazine (10 mg/kg) and fixed in the stereotaxic 
frame. Then, 0.8 nmol kainic acid was dissolved in 40 nL 
normal saline and directly injected into the left dorsal hip-
pocampus (− 1.6 mm to the Bregma, 1.6 from the midline, 
and 1.2 mm deep from the dura mater) according to the 
atlas of Paxinos and Franklin (2001). Due to the non-con-
vulsive status epilepticus, verification of model induction 
was endorsed by frequent interictal epileptiform activity 
(sharp-wave complexes) (see below for details) as well 
as severe cell loss in the dorsal CA1 pyramidal cell layer 
(see Nissl Staining) (Fig. 2C, D). After the experiments, 
the anesthetized animals were decapitated and the brains 
were dissected out for injection site verification (Fig. 2A).

Behavioral Tests

Open Field Test

To measure the locomotor activity, animals were placed in 
the center of an open field (35 × 35 × 35 cm) after half an 
hour of habituation to the experimental room. In the fol-
lowing ten minutes, moved distance and velocity were ana-
lyzed by EthoVision XT 11 software. To assess thigmotaxis, 
which is the tendency of an animal to stay near the walls of 
the open field, a center (15 × 15 × 15) was defined and time 
spent in the center was analyzed. The arena was cleaned with 
ethanol 85% between the trials.

Zero‑Maze Test

Anxiety behavior was evaluated by using zero-maze appa-
ratus [29]. The apparatus (60 cm in diameter, 5 cm wide 

Fig. 1   Time line indicating the 
study design. IHKA Intrahip-
pocampal injection, 2-DG 
2-Deoxy d-glucose, LFP Local 
field potentials, WCP Whole-
cell patch-clamp
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circular corridor, 16 cm high walls and 60 cm high from the 
floor) was made of wood and painted dark black. After half 
an hour of habituation to the experiment room, each animal 
was placed in an open arm-closed arm intersection, facing 
the closed arm. During the following 5 min, the animal was 
videotaped and analyzed offline afterwards. Five parameters 
were assessed, as described before by Shepherd [30] includ-
ing the time spent in the open arms, the number of entries to 
the open arm, the latency of the first open arm entry, head 
dipping frequency, and body stretching frequency. Between 
the trials, the apparatus was cleaned using 70% ethanol.

Sucrose Preference Test

Rodents are shown to prefer sweet water rather than tap 
water. Suffering from depression, however, they tend to con-
sume less sweet water in comparison with tap water in nor-
mal conditions [21]. To perform the test, the animals were 
given access to two tap water bottles for 24 h as habituation 
in their home cage. During the next 24 h, both bottles were 
taken and replaced with two new bottles, one containing 3% 
sucrose solution while the other filled with tap water. As the 
diameter of the drinking hole had been noted to influence on 
the amount of water consumed by the animal [31], the holes 
were all equalized in size using a 2 mm drill. The proportion 
of sweet/tap water consumption was calculated afterwards.

Local Field Potentials (LFP) Recordings

Mice underwent stereotaxic surgery to record local field 
potentials. They were anesthetized with an intraperitoneal 
injection of ketamine (100 mg/kg) and xylazine (10 mg/
kg). The ear bars were placed delicately prior to muzzle 
fixation. Lidocaine 2% was injected under the scalp skin 

5 min before making an approximately 2 cm incision in 
the skin. Following Bregma-Lambda adjustment to a plane 
level, three holes were made by a fine drill. To prepare elec-
trodes, two stainless steel wires (127 μm in diameter, A.M. 
system Inc., USA) were intertwined to give the electrode 
suitable strength and flexibility. The electrode, then, was 
soldered to a connector and placed in the dorsal hippocam-
pus (− 2.1 mm AP, 1.5 mm ML, 1.2 mm DV). Six screws 
(one as the reference electrode above the cerebellum) were 
screwed to the scalp. Lastly, dental cement was used to fix 
the electrodes. The LFP signals were continuously recorded 
for 13 h at 1 kHz sample rate and low-pass filtered at 250 Hz 
while the animals were freely moving. Interictal epileptiform 
discharges were defined as sharp-waves, having more than 
twofold amplitude compared with baseline, as well as hav-
ing a frequency between 1 and 20 Hz. The discharges were 
detected and analyzed by MATLAB 2016 software. At the 
end of the experiments, brains were removed to verify the 
proper placement of the electrode (Fig. 2B).

Patch‑Clamp Recording

To investigate the possible cellular-level effects of epi-
lepsy induction by kainic acid on the electrophysiologi-
cal properties of hippocampal CA1 pyramidal neurons, 
and whether 2-DG can reverse these possible altera-
tions, whole-cell patch-clamp recording was performed 
as follows. Briefly, the animals were deeply anaesthe-
tized with ether and then decapitated. The brains were 
removed immediately and placed in ice-cold artificial 
CSF (ACSF) containing (in mM): 206 sucrose, 2.8 KCl, 
1 CaCl2, 1 MgCl2, 2 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, 
10 d-glucose, and saturated with 95% O2 and 5% CO2 (pH 
7.3–7.4; 300 mOsm). Transverse slices (300 μm) were 

Fig. 2   Verification of injection 
site, electrode site, and cell loss 
following kainic acid injection. 
A the injection site of kainic 
acid or saline. B electrode 
location in LFP group animals. 
C normal dorsal hippocampus 
(control); D severe cell loss in 
CA1 and, to less extent, in CA3 
as well as swollen dentate gyrus 
in kainic acid-treated hippocam-
pus compared to the control hip-
pocampus. Scale bar: 300 µm
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cut by using a vibroslicer (7000 smz-2, Campden Instru-
ments Ltd, UK). Slices were placed in a holding chamber 
containing ACSF composed of (in mM) 125 NaCl, 2.5 
KCl, 1.5 CaCl2, 1.25 NaH2PO4, 25NaHCO3, 10 d-glucose, 
pH 7.4, 300 mOsm for at least 60 min at 32–35 °C. The 
slices were kept at room temperature (23–25 °C) before 
transferring to the recording chamber. After incubation 
for at least 1 h, each slice was individually transferred to 
a submerged recording chamber on the stage of an upright 
microscope (BX51WI, Olympus); they were continuously 
superfused with oxygenated ACSF at a rate of 2–3 ml/
min at 23–25 °C afterwards. Patch pipettes [borosilicate 
glass capillary (1.5 mm O.D., 0.86 mm I.D)] were pulled 
with a PC10 two-stage vertical puller (Narishige, Japan). 
The pipettes’ resistance was 3–6 MΩ when filled with 
an internal solution containing (in mM): 135 potassium 
gluconate, 10 KCl, 10 HEPES, 1 MgCl2, 2 Na2ATP and 
0.4 Na2GTP. The pH of the internal solution was set to 7.3 
by KOH, and the osmolarity was adjusted to 290 mOsm. 
Whole-cell patch-clamp recordings were performed 
using Multiclamp 700B amplifier equipped with Digidata 
1322A data acquisition board, and pClamp nine software 
(Axon, Molecular Devices, CA, USA). All recordings 
were done from CA1 pyramidal neurons in current-clamp 
mode. The recordings were filtered at 5 kHz, sampled 
at 10 kHz and stored on a personal computer for offline 
analysis. The data were analyzed offline by using clamp-
fit version 11.2 (Molecular devices) and MATLAB 2016 
software.

The passive electrical properties of the CA1 pyrami-
dal neurons were measured by applying hyperpolarizing 
current pulses (− 50 to − 400 pA, 800 ms). The resting 
membrane potential was recorded after the initial break-in 
of the cell membrane. To obtain input resistance, the cur-
rent–voltage curve was drawn and its slope was measured 
as the resistance using the first four sweeps (0 to − 150 
pA). The membrane time constant (tau) was evaluated by 
the exponential fitting of capacitive voltage relaxation. 
Further, membrane capacitance was obtained by dividing 
the time constant by the input resistance.

Spontaneous activity was recorded and analyzed in a 
60 s epoch. The firing regularity was quantified by the 
coefficient of variation (CV) of the ISI (inter-spike inter-
val) which was calculated as the ratio of the standard 
deviation to the mean of ISI. The amplitude of AHP was 
measured from the threshold to the peak of the hyperpo-
larization following the action potential. To investigate 
the impact of kainic acid and 2-DG injection on rebound 
APs, a hyperpolarizing ramp current (1000 ms, − 300 pA 
with a slope of 0.345 pA/ms) followed by a depolarizing 
current pulse (100 pA for 300 ms) was applied. Burst 
activity was assessed in 125 s epochs.

Histochemical Assessment

Nissl Staining

To show the brain injury induced by intrahippocampal injec-
tion of kainic acid, Nissl staining was performed. Following 
anesthesia (100 mg/kg ketamine and 10 mg/kg xylazine), 
transcardial perfusion was performed with saline and 4% 
paraformaldehyde, 1.33% picric acid in 0.1 M phosphate 
buffer (pH 7.4). Then, the mice were decapitated and brains 
were removed and post-fixed in the same fixative. To ver-
ify injection and electrode sites, the brains were cryopro-
tected in 20% sucrose buffer at 4 °C overnight. Coronal 
Sects. (20 μm) containing the hippocampus were serially 
cut using a cryostat (Leica CM1850, Germany). However, 
to evaluate cell loss, the brain blocks were processed and 
embedded in paraffin and 8 µm sections were obtained 
using rotary microtome apparatus (Cut5062, Germany) 
and mounted on gelatin-coated slides. Nissl staining (0.1% 
Cresyl violet) was performed afterwards. To assess morpho-
logical properties of the CA1 pyramidal neurons (diameter 
of the soma), the long axis length of the soma was measured 
in the neurons containing a visible nucleus, nucleolus, and 
primary dendritic cone (from the neck of the dendritic cone 
to the opposite pole of the soma) using a computer-based 
image analysis system (Olympus BX60, DP12, Olysia Soft 
Imaging System, Japan).

NADPH Diaphorase Staining

The mice were anesthetized (100  mg/kg ketamine and 
10 mg/kg xylazine, i.p) on the day 21st (epileptic and con-
trol groups) or 29th (epileptic + 2-DG group) (Fig. 1A) and 
were perfused transcardially with a cold fixative containing 
4% paraformaldehyde and 1.33% picric acid in 0.1 M phos-
phate buffer (PB, pH 7.4) following 0.9% saline perfusion. 
The brains were then dissected out from the skull, post-fixed 
overnight in the same fixative at 4 °C and cryoprotected by 
being immersed in 20% sucrose until they sank. The brains 
were freeze-sectioned coronally at 50 µm thickness, between 
the AP 1.2 and 2.4 mm posterior to the Bregma (Paxinos 
and Franklin, 2001) using a cryostat (Leica CM1850, Ger-
many). NADPH-d staining was performed by incubating 
free-floating sections in the light-protected 0.1 M PB (pH 
7.4) solution, containing 1 mg/ml nicotinamide adenine 
dinucleotide phosphate diaphorase (β-NADPH-d), 0.1 mg/
ml nitroblue tetrazolium (NBT), and 0.3% Triton X-100 (all 
reagents were obtained from Sigma, St. Louis, MO, USA) 
at 37 °C for 1–2 h. The sections, then, were mounted on the 
gelatin-coated slides and cover-slipped with Entellan. Seven 
sections from the anterior–posterior axis of hippocampal 
CA1 area per animal were examined under light microscopy 
to localize NADPH-d+ neurons. The NADPH reactive cells 
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were photomicrographed by the same Olympus microscope 
as mentioned above and manually counted.

Statistical Analysis

SPSS 26 (IBM SPSS Statistics. Armonk, NY: IBM Corp) 
and GraphPad Prism 8 software (GraphPad, La Jolla, CA, 
USA, respectively) were employed to compare the data 
between groups and significance levels. One-way ANOVA 
and student’s t-test were used to make a comparison between 
independent variables while the ANCOVA test was utilized 
to mask the effect of locomotion on anxiety behavior (see 
results and discussion). Pearson’s test (or Spearman’s test 
when a non-parametric test was needed) was employed to 
assess the correlation between the variables. Numerical 
data were expressed as mean ± standard error of the mean 
(SEM) and a value of P < 0.05 was considered statistically 
significant.

Results

Behavioral Tests

Epileptic Animals Showed Increased Locomotor Activity, 
but 2‑DG Treatment was not able to Reverse Kainic 
Acid‑Induced Enhancement in Locomotor Activity 
in the Epileptic Group

The epileptic and epileptic + 2DG animals travelled a signifi-
cant longer distance (N = 8 in each group; P < 0.05 for both) 
than the control group (N = 8; Fig. 3A). Note, that there was 
no significant difference between control and control + 2-DG 
groups. Moreover, thigmotaxis was not significantly differ-
ent between the four groups indicating no substantial change 
in fear-motivated and anxiety behavior of the epileptic ani-
mals (Fig. 3A, C). Furthermore, the average velocity of the 
movement during exploration in the open field was signifi-
cantly higher in both epileptic and epileptic + 2DG than in 
control (P < 0.05 for both; Fig. 3B) indicating more locomo-
tor activity in epileptic and epileptic + 2-DG animals, and 
2-DG treatment could not reverse the changes.

Epileptic Animals Expressed Reduced Anxiety Behavior, 
2‑DG Only Slightly Reversing the Changes

Less anxiety-like behavior in the epileptic animals compared 
to control group was extrapolated from more time spent in 
the open arms (P < 0.01; Fig. 3C), more open arm entry 
(P < 0.01; Fig. 3D), smaller latency of first entry to open 
arm (P < 0.01; Fig. 3E), and more head dipping frequency 
(P < 0.05; Fig. 3F). Nevertheless, body stretching frequency, 
which is deemed to reflect anxiety level the most [30] was 

not significantly different between the groups (Fig. 3G). 
Even though 2-DG seems to have slightly reversed the 
alterations (number of open arm entry and latency of first 
open arm entry), the drug group cannot resemble the control 
group. 2-DG had a similar effect on control + 2DG animals 
as it had on the epileptic animals (Fig. 3).

Increased Locomotor Activity Seems to be the Main Player 
in the Zero‑Maze Test

ANCOVA (analysis of covariance) revealed that the locomo-
tion state of the animals affects the zero-maze parameters 
as a covariate. Pearson’s test (or Spearman’s test) demon-
strated a significant correlation between moved distance in 
the open field and all the zero-maze parameters except for 
body stretching frequency; there was no interaction between 
the group and locomotor variables, hence, a necessary pre-
requisite of ANCOVA test was met. Masking locomotion’s 
effect by the ANCOVA test, animals in the control, epileptic, 
and epileptic + 2-DG showed no significant difference in the 
parameters of anxiety behavior but head dipping frequency 
(Table1).

Epileptic Animals Appeared to Present with Depression‑like 
Behavior, 2‑DG Partially Leading to more Sweet Water 
Consumption

The ratio of sweet water to tap water consumption was lower 
in the epileptic animals, being partially reversed in the epi-
leptic group receiving 2-DG (P < 0.05; Fig. 3H). It is worth 
noting that depression-like behavior deduced from the result 
of this test suggests an all-or-none pattern. It is to say, each 
epileptic animal was either depressed (tap water consump-
tion was much higher than sweet water consumption) or not 
depressed (sweet water consumption was much higher than 
tap water consumption). 2-DG had no considerable effect in 
the control + 2-DG group (Fig. 3H).

Electrophysiology

2‑DG Failed to Suppress Interictal Sharp‑Wave Complexes

A preferential enhancement of glycolysis in the activated 
brain during diseases, like epilepsy, has been reported [4] 
and based on this, the antiseizure effect of glycolysis inhi-
bition has been proposed [5, 7, 9, 23]. Therefore, we next 
examined the electrophysiological consequences of 2-DG 
treatment, which inhibits glycolysis competitively and pre-
vents ATP production, in a kainic acid model of temporal 
lobe epilepsy.

13 h of continuous LFP recording was conducted from 
the dorsal hippocampus of the epileptic animals. Sharp-
waves were frequently seen in the epileptic group while were 



217Neurochemical Research (2023) 48:210–228	

1 3

never observed in control animals (Fig. 4A, B). Analysis of 
these sharp-wave complexes revealed no significant differ-
ence in the ratio of total sharp-wave complex time (Fig. 4C), 
the ratio of mean sharp wave duration (Fig. 4D), and sharp 
wave frequency (Fig. 4E) between the epileptic + 2-DG 

(N = 5) and epileptic + saline (N = 5) groups. The ratios 
were obtained by division of the quantities taken on the 
21st and 28th days in each group (28th/21st). Although the 
parameters are reported for the whole 13 h, the sharp-wave 
complexes were scrutinized in one-hour epochs during the 

Fig. 3   Decreased anxiety behavior as well as increased depression 
behavior in epileptic animals. A heat maps presenting thigmotaxis 
in the groups, B indicates increased travelled distance in epileptic 
(N = 8) and epileptic + 2-DG (N = 8) groups respectively compared to 
the control (N = 8) animals. C spent time in the center zone, which 
was not significantly different between the groups. D increased veloc-
ity of locomotion in epileptic and epileptic + 2-DG groups. Note that 
2-DG was unable to reverse altered locomotion induced by kainic 
acid injection. E increased spent time in the open arms in epileptic 
and epileptic + 2-DG groups compared to control group. F A sig-
nificant increase in the number of open arm entries in epileptic ani-

mals; 2-DG partially reversed the alterations. G latency of first open 
arm entry was substantially lower in epileptic animals compared to 
the control group. The epileptic + 2-DG group showed lower latency 
as well but did not reach the significance level. H head dipping fre-
quency was higher in epileptic and epileptic + 2-DG animals in com-
parison with control groups. I body stretching frequency was not 
significantly different between the groups. J Sucrose preference is 
shown to be diminished in epileptic animals, 2-DG partially reversing 
it. Notably, 2-DG led to a slight alteration in the test results in con-
trol + 2-DG (N = 6) group compared to the control animals. The bars 
represent the mean ± SEM. *P < 0.05, **P < 0.01



218	 Neurochemical Research (2023) 48:210–228

1 3

whole 13 h and no notable suppression was noted (data not 
shown). LFP results suggest that 2-DG is not able to sup-
press epileptiform activity at the circuit-level.

Glycolysis Inhibition by 2‑DG Cannot Completely Reverse 
Epilepsy‑Induced Cellular Electrophysiological Changes 
in the CA1 Pyramidal Neurons

Table 1   Correlation between locomotion status and zero-maze 
parameters and the effect of masking locomotion’s interference in 
zero-maze results. There was a significant correlation between loco-
motion status and the zero-maze parameters except for body stretch-
ing frequency (the first row). ANCOVA test results revealed that there 
was no significant difference in the zero-maze parameters between 

control, epileptic, and epileptic + 2-DG animals after masking loco-
motion’s interference (second row) while ANOVA test results had 
shown a significant decrease in anxiety status of the animals (last 
row; and Fig. 2). Head dipping frequency, however, was significantly 
different between the groups even after masking locomotion’s effect. 
*P < 0.05, **P < 0.01

Open-arm time Number of open-arm 
entry

Latency of first open-
arm entry

Head dipping fre-
quency

Body 
stretching 
frequency

Correlation r = 0.588** r = 0.511* r = 0.39* r = 0.635** r = 0.224
ANCOVA test p-value 0.16 0.15 0.08 0.04 –
ANOVA test p-value 0.019 0.03 0.033 0.006 –

Fig. 4   Interictal epileptiform activity and 2-DG’s circuit-level effect. 
A and B 10-min epochs from control and epileptic animals respec-
tively, indicating interictal epileptiform discharges (sharp-wave com-
plexes) (five complexes are seen in this epoch). These complexes 
were never seen in control animals. The ratios of total sharp-wave 
complex time C, sharp wave frequency (frequency of the discharges 
within a complex) D, and sharp-wave duration (mean duration of 
each complex) E were not significantly different between epilep-
tic + 2-DG and epileptic + saline groups during 13  h of recording. 

Epileptic animals (N = 5) were recorded on the day 21th (3  weeks 
after epilepsy induction), then received 2-DG for a week and recorded 
on the day 28th again (epileptic + 2-DG group). epileptic + saline 
group (N = 5) was added to figure out whether the increment in epi-
leptiform activity following 2-DG injection was a result of 2-DG 
or progression of the pathology. The ratios were obtained by divid-
ing the data acquired on day 28th by the data on day 21th. Data are 
shown as mean ± SEM
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By applying hyperpolarizing currents (Fig. 5A) patch-clamp 
findings showed that resting membrane potential remained 
unchanged either following induction of epilepsy or inhibi-
tion of glycolysis in the epileptic group (N = 6) and epilep-
tic + 2-DG group (N = 7), when compared to control group 
(N = 8; Fig. 5B). The membrane resistance was also not 

affected by intrahippocampal kainic acid injection and 2-DG 
treatment (Fig. 5C). However, the time constant was shorter 
in both epileptic and epileptic + 2-DG groups (P < 0.01 
and P < 0.001, respectively; Fig. 5D) compared to control 
group. Furthermore, the membrane capacitance was sig-
nificantly decreased in these groups (P < 0.01 and P < 0.05, 

Fig. 5   The electrophysiological consequences of Kainic acid and 
2-DG treatment on the Passive properties of dorsal CA1 pyramidal 
cell membranes. A hyperpolarizing currents to measure membrane 
resistance, capacitance and tau in control (upper) (N = 8), epileptic 
(middle) (N = 6) and epileptic + 2DG (N = 7) groups. resting mem-
brane potential B as well as membrane resistance C, were simi-
lar between the three groups. Membrane tau D and capacitance E, 
however, were significantly lower in epileptic and epileptic + 2-DG 

groups compared to control animals. The pyramidal layers of CA1 are 
shown in control F, Epileptic G, and epileptic + 2-DG H groups. Note 
that only a small proportion of CA1 pyramidal neurons have survived 
following kainic acid injection (also see Fig. 1). I Demonstrates the 
diminished size of the survived cells in epileptic and epileptic + 2-DG 
groups. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001. Scale bar: 50 µm
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respectively; Fig. 5E) when compared to the control neurons. 
Changes in membrane capacitance were associated with a 
significantly smaller cell size of survived pyramidal neurons 
(Figs. 5F–H) both in the epileptic (N = 4, P < 0.05) and in the 
epileptic plus 2-DG group (N = 4, P < 0.05; Fig. 5I). As it 
can be seen in Nissl-stained sections, induction of epilepsy 
also led to a remarkable cell loss in the epileptic group and 
inhibition of glycolysis did not stop the loss of neurons in 
the epileptic group receiving 2-DG (Fig. 2D).

Whole-cell current-clamp recordings revealed that neu-
rons from epileptic mice (N = 3) showed enhanced neuronal 
excitability when compared to control cells (Fig. 6A) and 
exhibited a significant higher firing frequency (P < 0.05; 
Fig. 6C) but treatment with 2-DG(N = 5) following induc-
tion of epilepsy reduced the neuronal excitability and firing 
frequency (Figs. 6A, C).

Furthermore, although the amplitude of action potential 
was not affected by epilepsy induction when compared with 
the control group, inhibition of glycolysis in the epileptic 
mice that received 2-DG resulted in a significant increase in 
the AP amplitude (N = 4, P = 0.033; Fig. 6D, B). Induction 
of epilepsy following intrahippocampal injection of kainic 
acid led to a slightly slower depolarization phase of the 
action potential, as evidenced a non-significant increase in 
the rising tau compared to control cells, but 2-DG treatment 
resulted in a significantly faster time constant of the rising 
phase of the action potential, as compared both to the con-
trol and epileptic groups (P < 0.05; Fig. 6E). We also found 
that either induction of epilepsy or 2-DG treatment had no 
significant effect on the AP half-width (Fig. 6F). Neverthe-
less, due to afterdepolarization (ADP), which is only noted 
in the epileptic + 2-DG group (Fig. 5b), the duration of AP 
(measured at threshold voltage) was significantly increased 
both in epileptic and epileptic + 2-DG groups compared to 
control group (P < 0.05; Fig. 6G). The amplitude of AHP did 
not differ significantly between the groups (Fig. 6H). Inhibi-
tion of glycolysis, but not induction of epilepsy alone, was 
accompanied by a significant increase in the coefficient of 
variation of interspike interval (ISI) when compared to either 
control (P < 0.05) or epileptic (P < 0.05; Fig. 6I) groups. This 
may indicate the irregularity of the firing pattern of the CA1 
pyramidal neurons in epileptic mice that received 2-DG.

The latency of onset of the first post-inhibitory rebound 
spike, following a hyperpolarizing ramp current, was sig-
nificantly shorter in the epileptic neurons than in the con-
trol ones (P < 0.01); likewise, it was significantly lower in 
the epileptic + 2-DG group compared to the control group 
(P < 0.05, Fig. 6J, K).

To further assess the impact of 2-DG treatment on the 
firing pattern, we analyzed quantitative burst activity. Burst 
activity in hippocampal pyramidal neurons has already been 
demonstrated in epileptic cells [32]. Here, neurons obtained 
from all the epileptic animals showed severe burst activity 

(Fig. 7A); in the epileptic + 2-DG group, however, neurons 
from 2 of the 5 animals showed no burst activity; the other 
three animals showed attenuated burst activity compared 
with the epileptic animals (Fig. 7B). Even though the differ-
ence between the parameters did not reach to the significance 
level, the number of bursts decreased by 61% (Fig. 7C), the 
mean duration of each burst diminished by 207% (Fig. 7D), 
the mean AP number in each burst decreased by 71% 
(Fig. 7E), and the mean pause between the bursts dwindled 
by 41% (Fig. 7F). Patch-clamp results, hence, suggest that 
2-DG could notably reverse the alterations that ensued from 
epilepsy induction at the cellular level. Moreover, it led to 
alterations in AP properties that did not assemble the control 
animals.

Histology

Kainic Acid Led to Severe Pyramidal and NADPH‑d Positive 
Cell Loss in the Dorsal CA1 Pyramidal Layer

Nissl staining showed that the integrity of the dorsal CA1 
pyramidal cell layer was disrupted and remarkable cell loss, 
especially in CA1, was evident following intrahippocampal 
kainic acid administration (Fig. 2C, D). In parallel, NADPH 
histochemical staining for nitrergic neurons revealed that the 
number of NADPH-d+ cells in the pyramidal layer of dorsal 
CA1was significantly decreased (P < 0.05) in  the epileptic  
(N = 3 mice, 21 sections) animals when compared with the 
control group (N = 4 mice, 28 sections) and epileptic (N = 3 
mice, 21 sections) groups (Fig. 8A, a, B, b, C, c, D, d, E).

2‑DG Treatment Increased NADPH‑d+ Neurons in the Dorsal 
Hippocampus of Control Animals While Failing to Alter their 
Number in the Kainic Acid‑Treated Animals

In the control + 2-DG group, elevated NADPH-d+ was 
observed compared with the control group (20.71 ± 1.01 
in the control + 2DG group (N = 4 mice, 28 sections); 
p-value < 0.001; Fig. 8E). In the epileptic group receiv-
ing 2-DG, however, no significant alteration in the num-
ber of NADPH-d-stained neurons (N = 4 mice, 28 sections; 
p-value = 0.73; Fig. 8E) was noted compared with the epi-
leptic group. In contrast, in the contralateral dorsal hip-
pocampus of epileptic and the epileptic + 2-DG group, the 
NADPH-d+ cell number was approximately threefold more 
in comparison with the ipsilateral side (P < 0.05; Fig. 8F, 
G); Note that the number of NADPH-d+ neurons in the 
contralateral hippocampus of these groups was even mildly 
more compared to control group. There was no notable dif-
ference between the ipsilateral and contralateral hippocam-
pus in the control group (data not shown).
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Discussion

In the present study, we aimed to ascertain the extent to 
which glycolysis inhibition by 2-DG affects cellular func-
tion, electrophysiological measures, and epilepsy-related 
behavioral deficits using the mouse intrahippocampal kainic 
acid model. The unilateral intrahippocampal kainic acid 
model is a relevant animal model of medial temporal lobe 
epilepsy and provides a useful platform to investigate the 
mechanisms of epilepsy and the effectiveness of therapies 
for temporal lobe epilepsy, including inhibition of glycolysis 
by 2-DG. Its anticonvulsant efficacy in several rodent models 
of epilepsy, such as chemoconvulsant [33, 34] and electro-
convulsive [35] seizure models has been demonstrated.

In this study, we used behavioral, electrophysiological 
and histochemical approaches to elucidate the impact of 
2-DG treatment on alterations induced by intrahippocampal 
microinjection of kainic acid. Here, all experiments exclu-
sively were conducted on male mice for the following rea-
sons. First, there is agreement among studies that males have 
a higher incidence of epilepsy and they are more vulnerable 
to epilepsy acquisition than females in human populations 
[36, 37], and second, the difference in the fluctuation of the 
hormone levels between females during the ovarian cycles 
might differentially cause variability in the data [38, 39], 
thus making interpretation of comparison more difficult.

Our behavioral results showed a decrease in the anxiety 
behavior measured by the zero-maze test, but not the open 
field test, as well as an increase in the locomotor activity 

and depression behavior in the epileptic animals. It has been 
elucidated that there is a link between hippocampal sclerosis 
and depression-like behavior in epileptic models [15, 16]. In 
our model of temporal lobe epilepsy, hippocampal sclerosis 
is a well-known remark, as evidenced by a significant cell 
loss in the CA1 area of the hippocampus. This is consistent 
with the finding reported by [40, 41]. Although a previous 
study showed no depression behavior in the mice model 
of intrahippocampal kainic acid using tail suspension and 
forced swimming tests [14], here, we report a significant 
depression behavior in the NMRI mice model of epilepsy-
induced by intrahippocampal injection of kainic acid, as 
evidenced by a significant reduction in the preference for 
the 3% sucrose solution compared to control mice. This find-
ing is consistent with previous studies in epileptic mice [31, 
42]. The sucrose preference test was used as a measure of 
anhedonia, which is the core symptom of depression and it 
is a behavior that is commonly observed in patients with the 
major depressive disorder [43].

Moreover, hippocampal lesions reduce anxiety behav-
ior in rodents. Even so, a considerable controversy is faced 
when it comes to differentiating behavioral disorders, includ-
ing anxiety, between the dorsal and/or ventral hippocampus 
of lesioned animals [44, 45]. Locomotor activity, however, 
is affected by such lesions especially dorsal hippocampus 
lesions [46]. Increased locomotor activity has already been 
reported in the intrahippocampal kainic acid model of tem-
poral lobe epilepsy [14]; the same study also reported no 
altered anxiety behavior in kainic acid-treated mice in the 
elevated plus-maze test.

Nonetheless, here, we explicitly show that both loco-
motor activity and anxiety behavior are altered in the epi-
leptic group, as evidenced by increased locomotor activ-
ity and decreased anxiety behavior. Although cell loss is 
noted in the ventral hippocampus besides the dorsal part 
(kainic acid injection site), sclerosis is mostly seen in the 
dorsal hippocampus [47]. This fact raises a hypothesis about 
whether increased locomotion due to dorsal hippocampal 
sclerosis has affected the zero-maze parameters. To test this 
hypothesis, we first attempted to see if there was a correla-
tion between the locomotion state and each parameter of 
the zero-maze test. Interestingly, all the parameters except 
for body stretching frequency were significantly corre-
lated to the locomotion state of the animals. Hence, using 
the ANCOVA test, we masked locomotion’s effect on the 
parameters and the results were staggering; except for head 
dipping frequency, the other three parameters (open-arm 
time, number of open-arm entry, and latency of first open 
arm entry) did not reach to significance level between the 
three groups while ANOVA test results were indicating 
quite the opposite. All in all, at least to some extent, sig-
nificantly reduced anxiety- like behavior in the kainic acid-
treated animals compared with the control animals, was a 

Fig. 6   Spontaneous activity and action potential properties of dorsal 
CA1 pyramidal neurons. A 15 s epochs from the spontaneous activ-
ity of control (upper) (N = 5), epileptic (middle) (N = 3), and epilep-
tic + 2-DG (N = 5) groups. Note the high frequency of action poten-
tial firing in the epileptic group, being highly reversed by 2-DG. B 
superimposed APs from the three groups clearly indicating the 
alterations (see below). Note the afterdepolarization (ADP) only in 
epileptic + 2-DG group (b). Dramatically increased frequency of AP 
firing C in a 60  s epoch in epileptic animals compared to the con-
trol group; 2-DG, however, reversed the changes substantially. D 
AP amplitude augmented significantly compared to both epileptic 
and control groups. AP rising tau was significantly lower in epilep-
tic + 2-DG group compared to control animals. Although not reaching 
to significance level, it was lower in epileptic group compared to epi-
leptic + 2-DG group as well E. Even though AP half-width was much 
similar in the three groups F, AP duration was significantly higher 
in 2-DG treated epileptic animals G owing to ADP noted only in the 
epileptic + 2-DG group. H Afterhyperpolariziation, although being 
lower in the epileptic and epileptic + 2-DG groups, did not reach to 
significance level between the three groups. I 2-DG led to increased 
irregularity compared to the epileptic and control groups. J latency of 
rebound APs is significantly smaller in epileptic and epileptic + 2-DG 
groups compared to control animals. K Superimposed rebound APs 
following a hyperpolarizing ramp current. APs occurred after injec-
tion of + 100 pA current following the ramp current (dashed line); 
the APs are shown with a different time scale to show the latency of 
APs following the injections. The bars represent the mean ± SEM. 
*P < 0.05, **P < 0.01

◂



223Neurochemical Research (2023) 48:210–228	

1 3

result of augmented locomotor activity. Consistently, body 
stretching is deemed to be the most emotionally-driven pos-
ture of the animal in the zero-maze apparatus [30]; here we 
indicated that body stretching frequency is not affected by 
locomotion state and is not significantly different between 
the three groups. Masking interventional effect of increased 
locomotion on zero-maze results, unchanged anxiety behav-
ior in epileptic animals was noted; this was consistent with 
unchanged anxiety extrapolated from thigmotaxis assess-
ment. Maia et al. have shown that rats treated with kainic 
acid were hyperactive in the open-field test and exhibited 

less anxiety-like behaviors [48]. They have also reported that 
kainic acid treatment was associated with severe cell loss in 
hippocampus. These findings are in line with our results.

In the present study, we showed that 2-DG at the cellular 
level almost suppressed the electrophysiological alterations 
induced by intrahippocampal injection of kainic acid, which 
produces one of the most drug-resistant epilepsy models 
with a striking resemblance to human epilepsy because of 
sclerosis seen in the hippocampus of the treated animals. 
However, at the neuronal circuit level, 2-DG seems to fail 
to suppress the sharp-wave complexes. This incident begs 

Fig. 7   Burst activity suppres-
sion by 2-DG. A and B 15 s 
epochs from epileptic and 
epileptic + 2-DG animals. In 
2 out of 5 epileptic + 2-DG 
animals burst activity was 
never seen. Mean burst number, 
mean AP number in each burst, 
mean burst time, and mean 
pause between two bursts did 
not reach to the significance 
level between the two groups 
in 125-second epochs C–F. 
Nevertheless, the percentages 
of alterations were substantial 
(− 61%, − 207%, − 71%, + 41% 
respectively) indicating remark-
able burst activity suppression 
by 2-DG (N = 3 in epileptic and 
epileptic + 2-DG groups)
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Fig. 8   Distribution of NADPH diaphorase positive neurons in 
pyramidal cell layer of dorsal CA1 in control A, a, control + 2-DG 
B, b, epileptic C, c, and epileptic + 2-DG D, d groups. 2-DG led to 
a significant increase in the number of NADPH-d+ neurons in the 
control + 2-DG group (N = 4) compared to the control (N = 4) group 
while failed to reverse severe NADPH-d+ decrement induced by epi-
lepsy induction (N = 3 and 4 in the epileptic and epileptic + 2-DG 
groups, respectively) E. In the contralateral dorsal hippocampus, 

however, NADPH-d+ cells were significantly higher compared to 
the ipsilateral dorsal hippocampus both in epileptic F and epilep-
tic + 2-DG G groups. Note that the number of NADPH-d+ neurons 
is slightly higher in the contralateral CA1 of epileptic and epilep-
tic + 2DG animals compared to the control animals. The NADPH-
d+ cells are shown by the arrows. Data are shown as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001. Scale bars: A 300 µm, B 100 µm
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the question of whether neuronal electrophysiological altera-
tions induced by kainic acid injection are responsible for this 
incompetency of 2-DG. In this regard, Forte et al. [49] illu-
minated that 2-DG exerts its anticonvulsant effects through 
different mechanisms at the cellular and circuit levels; at 
the cellular level, KATP channels seem to play the major role 
while at the circuit level, suppression of epileptiform activ-
ity depends on GABA-A receptor activation. This activation 
is mediated by increased pentose phosphate pathway (ppp) 
as glycolysis enzyme phospho-fructo kinase is inhibited by 
2-DG, and subsequently, upstream substrates are shifted to 
ppp.

Even though inhibited IPSPs are postulated to be the 
primary mechanism of hyperexcitability in surviving CA1 
pyramidal neurons [17, 50], analysis of passive properties 
of CA1 neurons showed decreased membrane capacitance 
which leads to membrane tau decrement and hyperexcit-
ability. This capacitance decrease is likely to occur due to 
diminished cell size seen in the intrahippocampal kainic 
acid-treated animals as we demonstrated here. However, 
consistent with the previous reports, 2-DG did not alter the 
passive membrane properties of CA1 pyramidal neurons 
[7]. Furthermore, alterations in the active properties of CA1 
pyramidal neurons in the epileptic mice were associated with 
a decrease in the rebound AP latency following a hyper-
polarizing current which is evidence of neuronal hyperex-
citability [51]. However, here, we revealed that 2-DG can 
substantially reduce the firing rate in epileptic animals. Since 
inhibition of glycolysis is associated with ATP deprivation, 
there is posited to be a link between firing rate alteration 
following 2-DG injection and subsequent KATP channel 
[52]. One probable explanation for the reduction in neu-
ronal excitability induced by the 2-DG treatment could be 
the prolonged AP duration and subsequent relative refrac-
tory period increment, which is likely to be a key player 
in burst activity suppression and decreased AP frequency 
throughout the recording.

Moreover, our findings showed a decrease in the AP ris-
ing tau as well as an increase in the amplitude and duration 
of APs in the 2-DG- treated epileptic mice. Since inhibi-
tion of glycolysis by 2-DG could be associated with attenu-
ation of ATP level in the neurons, this, in turn, may affect 
the function of ion channels and/or Na+-K+ ATPase that 
are involved in AP production and thereby changes the AP 
waveform. Since there is a tight coupling between Na+-K+ 
pump and glycolysis [53], its functional disruption causes 
severe alteration in neuronal activity [54–56]. Furthermore, 
inhibition of glycolysis by 2-DG has also been reported to 
suppress synaptic transmission in the CA1 region of hip-
pocampus [57].

Next, we assessed whether induction of epilep-
tic activity and glycolysis inhibition modify the 

NADPH-diaphorase activity, as a histochemical marker 
of the nitric oxide synthase (NOS), since there are several 
reports confirming the role of the nitric oxide system in 
the pathophysiology of mood disorders, including depres-
sion [58, 59], and epilepsy [60–62]. A reduced number of 
NADPH-d+ cells in the dorsal hippocampus of i.p and i.c.v 
kainic-acid treated animals has already been reported [22, 
63]. Here we show that NADPH-d+ cells are smaller in 
number in the ipsilateral dorsal hippocampus CA1 in the 
intrahippocampal kainic acid model of epilepsy. Consist-
ent with previous reports [64] however, in the contralateral 
dorsal CA1 of epileptic animals (and also epileptic + 2-DG 
group), NADPH-d+ cells were slightly more frequent than 
in the control animals. This could be a compensatory 
mechanism attempting to augment NO signaling in the 
contralateral hippocampus after decreased NADPH-d+ cell 
number in the kainic acid-treated side. Although 2-DG was 
unable to increase NADPH-d+ cell number in the drug 
animals, it led to an increase in the number of NADPH-
d+ in control-2-DG received rats. It could be speculated 
that increased NADPH concentration in the interneurons 
owing to pentose phosphate pathway (PPP) potentiation 
following glycolysis inhibition by 2-DG leads to such 
augmentation. To explain more, increased NADPH will 
bring about increased reduction of nitro blue tetrazolium 
to diformazan (the visible dye) inside the neurons con-
taining NADPH diaphorase which were not NADPH-d+ 
when PPP and, subsequently NADPH concentration was 
low. Interestingly, NADPH-d+ neurons in the hippocam-
pus are demonstrated to release GABA too, indicating that 
NO acts as a paracrine/retrograde co-transmitter [65]. If 
so, loss of these GABAergic neurons could be a cause 
of disappeared IPSPs following the kainic acid injection, 
mentioned above. Additionally, it is recently argued that 
NADPH diaphorase activity in aldehyde-fixed tissue is not 
enzymatic rather, it is mediated by NO-containing factors 
which promote the reduction of nitro blue tetrazolium to 
diformazan [66].

In conclusion, while, at the cellular level, 2-DG treat-
ment significantly reverses the electrophysiological altera-
tions following epilepsy induction by intrahippocampal 
kainic acid injection, it seems to be incompetent in sup-
pressing circuit-level changes (as shown by interictal 
epileptiform activity). In behavioral part of our study, 
on the other hand, only partial improvement was noted 
which could be a direct impression of hypometabolism 
induced by 2-DG. Moreover, while glycolysis inhibition 
by 2-DG was associated with an increase in the number of 
NADPH-d+ cells in the control group, its application was 
unable to alter the NADPH-diaphorase activity, as did not 
change the number of NADPH-d+ neurons in the epileptic 
animals, which may imply a severe NADPH-d+ cell loss.
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Limitation of the Present Study

It should be noted that due to severe cell loss in CA1, find-
ing healthy neurons was a daunting task as the remaining 
neurons were rather fragile. Consequently, the sample size 
is rather small (see below). Even so, for the first time, as 
far as we know, in the intrahippocampal kainic acid model, 
we report the passive properties of the cell membrane and 
action potential (AP) properties of the dorsal CA1 pyramidal 
neurons, using the whole-cell patch-clamp recording. Fur-
thermore, since in the present study we have not done volt-
age-clamp recordings of ion channels, the discussion on the 
cellular basis of altered neuronal excitability is speculative.
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