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A b s t r a c t

Introduction: To explore the effect of accumbens nucleus shell (ACbSh) lesioning on bitemporal lobe epilepsy.
Material and methods: Adult Wistar rats (male) were enrolled and randomly assigned into the control group and 
epilepsy groups with multiple time-points. Lithium-pilocarpine was used to establish the rat epilepsy model, while 
the control group received an equal amount of saline. Ibotenic acid stereotaxic injection was performed to cause 
accumbens nucleus shell lesioning for specific groups. Cascade software was used for electroencephalogram (EEG) 
examination. Fluoro-Jade C staining was performed to examine neuronal degeneration. 
Results: Latency period of the epilepsy in epilepsy groups was 15.3 ± 1.1 min, and epilepsy intensity was 4.8 ± 0.5 
events/ 12 h. ACbSh lesioning significantly reduced aggressive behavior. Compared with epilepsy groups without 
ACbSh lesioning, ACbSh lesioning significantly decreased epileptic seizures and reduced epileptic duration (p < 0.05). 
EEG showed that there were still sharp waves in the hippocampus and amygdala region after ACbSh lesioning, but 
epileptic discharge in prefrontal cortex was significantly decreased (p < 0.05), while epilepsy groups without ACbSh 
lesioning had more sharp waves in the prefrontal cortex, hippocampus and amygdala region. Fluoro-Jade C staining 
showed that ACbSh lesioning significantly decreased grades of neuronal degeneration (p < 0.05).
Conclusions: Recurrent epilepsy caused neuronal degeneration via ACbSh region-related pathways, and ACbSh 
lesioning could mitigate epilepsy-caused neuronal degeneration by reducing epileptic discharge.
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Introduction

Epilepsy is one of the most common chronic 
neurological diseases in the clinical scenario, and 
repeated outbreaks of epilepsy could cause progres-
sive brain injury, which induces cognitive dysfunc-
tion and mental disorders. Clinical trials showed that 
epilepsy has not only lowered the quality of life, but 
also caused a  great burden on individual life and 
social economy [6,17]. Latest studies indicated that 

the “abnormal neural network” theory had promis-
ing clinical implications on epilepsy treatment [7,21]. 
Under the conduct of error signals, remnant neu-
rons or new-born neurons in damaged brain tissue 
generate non-physiological nervous processes, and 
such abnormal processes established a novel neural 
network in pathological conditions, which acted as 
origins or pathologic pathways of epileptiform dis-
charges [2,19]. 
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Preclinical studies demonstrated that accumbens 
nucleus shell (ACbSh) had been involved in the 
progress of epilepsy. Pilocarpine-induced rat epilep-
sy models showed that hippocampus had severe 
degeneration of neurons, while multiple nucleus in 
thalamus and ACbSh had also suffered from neuro-
nal degeneration [3,23]. However, details were not 
clear as to the association between ACbSh and epi-
lepsy. In addition, ACbSh lesioning has potential effi-
cacy in the addictive circle, suggesting ACbSh could 
be a target for abnormal network.

This study was aimed to explore the associa-
tion between epileptiform discharges and ACbSh 
lesioning with establishment of lithium-pilocarpine 
induced bitemporal lobe epilepsy, and further to 
reveal potential of ACbSh lesioning in epilepsy treat-
ment.

Material and methods

General material

Adult Wistar rats (male) were purchased from the 
animal experiment center of the Southern Medical 
University, weighing 220 ± 20 g. Rats were bred in 
SPF animal laboratory (room temperature 20-24oC, 
Xnormal circadian rhythms). High precision stereo-
taxic instruments were purchased from RWD, China. 
Electroencephalograph Cascade software/system 
was produced by Cadwell, USA. Chloral hydrate was 
purchased from Qinghai province pharmaceutical 
factory, China. Lithium was purchased from Sigma, 
USA. Pilocarpine was also purchased from Sigma, 
USA. All animal treatment and experiments got the 
ethical approval from the local ethics committee 
(Nanfang Hospital, Southern Medical University), 
and were performed according to formal institution-
al standards.

Fluoro-Jade C staining

Reperfusing and grouping

Rats were randomly assigned into the control 
group and epilepsy groups with multiple time-points. 
There are five groups of 10 rats each: 
•	 A group, control group with treatment of normal 

saline;
•	 B group, lithium-pilocarpine induced bitemporal 

lobe epilepsy rat models for 3 hours and sham 
operation;

•	 C group, lithium-pilocarpine induced bitemporal 
lobe epilepsy rat models for 3 days and sham oper-
ation;

•	 D group, lithium-pilocarpine induced bitemporal 
lobe epilepsy rat models for 3 hours and ACbSh 
lesioning operation;

•	 E group, lithium-pilocarpine induced bitemporal 
lobe epilepsy rat models for 3 days and ACbSh 
lesioning operation.

Brains were harvested from reperfused Wistar 
rats, and stored in 4% paraformaldehyde. All sam-
ples were fixed at 4oC for 24 hours and transferred 
successively into 20% sucrose solution and 30% 
sucrose solution. 

Staining and measurement

Fluoro-Jade C staining was performed after para-
formaldehyde fixing with a  routine procedure [2].  
Fluoro-Jade C positive cells were assessed with Olym-
pus BX60 fluorescence microscope (Blue filter, exci-
tation wavelength 450-490 nm).

EEG examination

Cascade software was used for electroencephalo-
gram (EEG) examination with a routine procedure [5]. 
Epileptic discharge was assessed for every group, and 
multiple regions of brains in rat models were examined.

Lithium-pilocarpine induced epilepsy 
models

Preoperative management

All rats were normally bred before lithium-pilo-
carpine treatment, and had EEG examination.

Electrodes implantation 

All rats were anesthetized with chloral hydrate 
(intraperitoneal injection, 400 mg/kg). The rat head 
was fixed on the stereotactic device. Regional coor-
dinates were localized according to The Rat Brain 
in Stereotaxic Coordinates – Compact Third Edition 
[2,19]. The operative region was established by the 
dentist’s micro-drill. Electrodes were implanted with 
dental cement.

Induced epilepsy 

Lithium was intraperitoneally injected to rats  
(100 mg/ml), and pilocarpine was intraperitoneally 
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injected (10 mg/ml) after 18-20 h [3]. Epilepsy inten-
sity scoring was performed according to Racine 
graded standard [23].

Accumbens nucleus shell lesioning 
operation

ACbSh was localized according to electrodes 
implantation data. We used a  microelectrode and 
an electrophysiological recording system (Polyview 
Software from Grass, America).

Electrode coordinates: The rats were placed in 
a Cosman-Roberts-Wells stereotactic frame, with the 
base bar parallel to the anterior commissure-poste-
rior commissure line. Bregma and posterior planes 
were exposed after craniofacial anatomic procedure. 
The coordinates were located according to the ste-
reotactic map of the rat brain as follows:
•	 The right prefrontal cortex: 2.5 mm front to Bregma, 

3.5 mm side to middle line. 3 mm below dura mater.
•	 The right nucleus accumbens: 1.6 mm front to 

Bregma, 1.0 mm side to middle line. 7.5 mm below 
dura mater.

•	 The right amygdala: 2.8 mm front to Bregma, 5.0 mm 
side to middle line. 8.6 mm below dura mater.

•	 The right hippocampus: 4.8 mm front to Bregma,  
5.0 mm side to middle line. 6.3 mm below dura 
mater.

The procedure was performed with a  routine 
dental drill, and electrodes were implanted to four 
locations (the right prefrontal cortex, the right nucle-
us accumbens, and the right amygdala) with the 
guidance of the stereotaxic instrument.

Accumbens nucleus shell lesioning

0.2 μl ibotenic acid was injected into ACbSh with 
a micro-injection pump. Ibotenic acid injection should 
be completed in 15 minutes and the needle should 
remain in the lesion site for 5 minutes. Electrodes 
were initiated after ACbSh lesioning, and dental 
cement was used to seal the operation drill site. EEG 
was monitored every other day in the first week after 
operation. Penicillin was administered with intraperi-
toneal injection at the third day after operation.

Statistical analysis

SPSS23.0 was used for statistical analysis. All 
data were expressed with the form of ± s. All data 
were performed with t test, p < 0.05 was considered 
statistical significance.

Results
Lithium-pilocarpine induced epilepsy 
was successfully established

Epilepsy status was assessed and recorded for 
all lithium-pilocarpine treated rats. Analysis data 
showed that the first epilepsy onset latency was 
15.3 ± 1.1 min, and epilepsy intensity was 4.8 ± 0.5 
events/12 h. The first time course was 13.2 ± 1.6 min, 
and the second time course was 77.1 ± 6.4 min. Total 
time course was 90.3 ± 8.0 min. EEG data of multiple 
regions in brain were collected to verify lithium-pi-
locarpine induced epilepsy. Compared with normal 
EEG data in the control group, lithium-pilocarpine 
treated rats had significantly increased epileptic dis-
charge events (Fig. 1).

Ibotenic acid injection caused ACbSh 
injury

HE staining was performed to assess ACbSh inju-
ry. Compared with normal ACbSh region, ibotenic 

Fig. 1. Electroencephalogram (EEG) data to verify 
lithium-pilocarpine induced epilepsy. A) EEG data 
in the first time course. B) EEG data in the first 
second course. C) EEG data in the control group.
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acid injection indeed caused ACbSh injury, verified 
by cell lysis, hyaline change, neuronal degeneration, 
shrunken nucleolus and cellular edema (Fig. 2). This 
suggested that ACbSh lesioning was successfully 
performed.

Accumbens nucleus shell lesioning 
decreased epileptic discharge events

Further EEG examination was performed to 
assess efficacy of ACbSh lesioning on epileptic dis-
charge. Compared with lithium-pilocarpine treated 
rats without ACbSh lesioning, ACbSh lesioning sig-

nificantly alleviated epileptic discharge symptoms, 
verified in the prefrontal cortex, hippocampus and 
amygdala regions (Fig. 3).

Accumbens nucleus shell lesioning 
improved epileptic behavior 

Compared with lithium-pilocarpine treated rats 
without ACbSh lesioning, ACbSh lesioning signifi-
cantly reduced epilepsy-induced aggressive behav-
ior events and epilepsy onsets. In addition, ACbSh 
lesioning shortened epilepsy duration (Table I,  
p < 0.05).

Fig. 2. Hematoxylin and eosin (HE) staining for ibotenic acid injection in accumbens nucleus shell (ACbSh). 
A) Normal ACbSh region (200×). B) ACbSh region (200×). C) ACbSh region in rats with ibotenic acid injection 
(200×). D) ACbSh region in rats with ibotenic acid injection (200×). 
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Table I. Epileptic behaviour changes analysis for ACbSh lesioning 

Grouping Onsets/12 h Epilepsy duration (seconds)/onsets

ACbSh lesioning groups 1.50 ± 1.38 36.50 ± 11.48

Sham operation groups 4.33 ± 1.03 272.17 ± 118.35

t 4.026 4.855

p 0.0032 0.0147
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Accumbens nucleus shell lesioning 
alleviated neuronal degeneration

Fluoro-Jade C staining showed that compared 
with epilepsy rats without ACbSh lesioning, rats 
with ACbSh lesioning had a lower grade of neuronal 
degeneration, and such effect was independent of 
epilepsy duration (Fig. 4). Moreover, ACbSh lesioning 
alleviated neuronal degeneration in multiple regions 
(Fig. 5), suggesting that ACbSh lesioning had prom-
ising efficacy on epilepsy.

Discussion

Our study demonstrated that ACbSh lesioning 
could mitigate epilepsy-induced neuronal degener-
ation by reducing epileptic discharge, and could be 
a potential therapy for recurrent epilepsy treatment. 
Moreover, we found that ACbSh region-related path-
ways were associated with epilepsy progress.

Fig. 3. Electroencephalogram (EEG) data for effi-
cacy of accumbens nucleus shell (ACbSh) lesion-
ing on epileptic discharge events. A) EEG data in 
lithium-pilocarpine treated rats without ACbSh 
lesioning. B) EEG data in lithium-pilocarpine 
treated rats with ACbSh lesioning.
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Fig. 4. Fluoro-Jade C staining for groups with different epilepsy duration. A) Denatured neurons staining in 
rats without accumbens nucleus shell (ACbSh) lesioning (3 hours’ epilepsy duration). B) Denatured neurons 
staining in rats with ACbSh lesioning (3 hours’ epilepsy duration). C) Denatured neurons staining in rats 
without ACbSh lesioning (3 days’ epilepsy duration). D) Denatured neurons staining in rats with ACbSh 
lesioning (3 days’ epilepsy duration) (plotting scale 400×).
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Functional neurosurgery was recently considered 
as a potential therapy for epilepsy-induced disorder, 
and ACbSh region was proved with promising effi-
cacy for neurological function. For example, ACbSh 
region activation was associated with drug depen-
dence [8,15,23]. Efferent fibers of ACbSh region were 
spiny neurons, mainly conducting to multiple regions 

of midbrain and basal ganglia. Similar to other cor-
pus striatum, ACbSh was also involved in discharge 
of brain tissue, but it is unclear whether ACbSh 
influenced development of epilepsy [4,25]. Physiol-
ogy studies showed that there were many function-
al domains in ACbSh, which played different roles 
in human neuron activity [11,20]. Inside putamen 

Fig. 5. Fluoro-Jade C staining for groups with different regions. A) Prefrontal cortex neurons staining in 
rats without accumbens nucleus shell (ACbSh) lesioning. B) Prefrontal cortex neurons staining in rats with 
ACbSh lesioning. C) Hippocampus neurons staining in rats without ACbSh lesioning. D) Hippocampus neu-
rons staining in rats with ACbSh lesioning. E) Amygdala neurons staining in rats without ACbSh lesioning. 
F) Amygdala neurons staining in rats with ACbSh lesioning (plotting scale 400×). 
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of ACbSh mainly induces cognition of new things, 
foraging behavior, reward activity and drug depen-
dence. Nucleus of accumbens was possibly associ-
ated with spatial learning, conditioned reflex and 
impulsive choice. Accordingly, ACbSh was regarded 
as a novel drug target for nerve diseases.

Bitemporal lobe epilepsy was a severe nerve dis-
ease which temporally has no optimal treatment, 
thus our study was aimed to explore whether ACbSh 
could be associated with bitemporal lobe epilepsy 
via establishing a  rat epilepsy model. The previous 
study indicated that abnormal expression of c-fos 
firstly occurred in ACbSh, piriform cortex, prefrontal 
lobe and corpus striatum in pentetrazol repeated 
kindling induced epilepsy model [22,24,26]. It is also 
reported that dopamine receptor agonists injection 
in ACbSh inhibited absence epilepsy onset [1,13]. 
Intracranial electrode clinical trial demonstrated that 
epileptic discharge in medial temporal lobe epilepsy 
patients firstly was conducted from medial temporal 
lobe to medial frontal cortex, while electrical stim-
ulation of ACbSh could reduce seizure frequency 
[9,18]. Our study firstly revealed that ACbSh lesion-
ing was a  more efficient treatment for bitemporal 
lobe epilepsy treatment, verified by shorter epilep-
sy duration and reduced epileptic discharge events. 
Moreover, we found that ACbSh lesioning mitigated 
epilepsy symptoms in multiple regions of the brain, 
and such effect is independent of epilepsy duration. 
Intriguingly, previous studies have revealed that 
some drug might have induced the inhibiting role 
for ACbSh [10,16], which provided another vision on 
application prospect of ACbSh lesioning, but these 
drugs were still under pre-clinical stages [5].

We further explored the detailed mechanisms of 
ACbSh lesioning in epilepsy. EEG showed that epi-
lepsy onset events and duration was improved after 
the ibotenic acid injection, but hippocampus and 
amygdaloid nucleus still had sharp waves, suggest-
ing that ACbSh did not directly take part in epilep-
tic discharge conduction but had some regulatory 
effect on epileptic events. Fluoro-Jade C staining 
showed that ACbSh lesioning significantly alleviated 
neuronal degeneration in multiple regions, includ-
ing prefrontal cortex, hippocampus and amygdala. 
This suggested that ACbSh region-related pathways 
were associated with epilepsy progress, and further 
experiments were needed to explore details and 
potential targets in ACbSh.

Although we did not explore details of the pro-
tein marker of neuronal degeneration for ACbSh, 
previous reports suggested that dopaminergic neu-
ronal degeneration played a pivotal role for ACbSh. 
Moreover, dopamine neuronal loss was a novel con-
cept for targeting treatment for neuronal degenera-
tion, while dopamine is rich in the ACbSh region [12]. 
Accordingly, we hypothesized that ACbSh lesioning 
attenuated production of dopamine, which further 
controlled dopamine-induced neuronal degenera-
tion. Intriguingly, accumbens nucleus shell lesioning 
was proved with promising efficacy in abstinence 
addiction therapy [14]. In addition, the dopamine 
system was involved in the addictive circle, which 
shared the same mechanism with epilepsy-caused 
neuronal degeneration. However, our study demon-
strated that ACbSh lesioning also reduced epileptic 
discharge, which was not reported in abstinence 
addiction therapy. 

Conclusions

Recurrent epilepsy caused neuronal degenera-
tion via ACbSh region-related pathways, and ACbSh 
lesioning could mitigate epilepsy-caused neuronal 
degeneration by reducing epileptic discharge.
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