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Immunohistochemistry of norepinephrine transporters in the
vagus nerve in a rat model of epilepsy
Sıçanlarda epilepsi modelinde vagus sinirinde norepinefrin taşıyıcılarının
immünohistokimyası
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ABSTRACT

ÖZET

Objective: Epileptic seizures occur as a result of the

Amaç: Epileptik nöbetler elektriksel aktivitenin

excessive and uncontrolled spread of electrical activity.

aşırı ve kontrolsüz şekilde yayılmasının bir sonucu

Studies have reported that epileptic seizures may affect

olarak

the autonomic function. However, the main molecular

epileptik nöbetlerin otonomik işlevi etkileyebileceğini

mechanism has not been elucidated yet. Since the vagus

bildirmiştir. Ancak moleküler mekanizma henüz tam

nerve (VN) carries 75% of all parasympathetic autonomic

olarak

system fibers, it is of great importance in the autonomic

parasempatik sistem liflerinin %75’ini taşıdığından

center associated with epilepsy pathogenesis. Afferent

dolayı epilepsi patogeneziyle ilişkili otonomik merkezde

sensory fibers of the VN have connections to associated

büyük bir öneme sahiptir. Afferent duyusal lifleri beyin

regions in the brainstem, providing norepinephrine

sapındaki ilişkili bölgelerdeki bağlantılar aracılığıyla

(NE) transmission. Therefore, the suppressive effect

sinapslar arası norepinefrin (NE) iletimini sağlamaktadır.

of NE on seizures and the role of NE transporters (NET)

Böylece, NE’nin nöbetler üzerinde baskılayıcı etkisi ve

in neurotransmitter reuptake may occur. Examining

NE taşıyıcılarının (NET) nörotransmitter geri alımındaki

the neurotransmitters and related transporters in

görevi oluşabilir. Otonom sinir sisteminde görev alan

the autonomic nervous system at the molecular level

nörotransmiterler

may help to understand the related mechanism. In

düzeyde incelenmesi ilişkili mekanizmanın anlaşılmasına

this study, we aimed to determine the NET-associated

yardımcı olabilir. Bu çalışmada pentilentetrazol (PTZ)

immunoreactivity in the VN in pentylenetetrazole (PTZ)

epilepsi modelinde NET ile ilişkili immünoreaktivitenin

epilepsy model.

belirlenmesi amaçlanmıştır.

ortaya

çıkmaktadır.

aydınlatılamamıştır.

ve

ilgili

Yapılan

Vagus

siniri

taşıyıcıların

çalışmalar

(VS)

tüm

moleküler

Methods: Epileptic seizures were induced in Wistar

Yöntem: Epileptik nöbetler Wistar sıçanlarında

rats (280-380g) by administering PTZ [first 12 injections

(280-380g) 28 gün boyunca PTZ [ilk 12 enjeksiyon 35 mg/

35 mg/kg, intraperitoneal (I.P.) and last injection

kg, intraperitoneal (I.P.) ve son enjeksiyon 50 mg/kg I.P.]

50 mg/kg I.P.] for 28 days. Subsequently, the VN was

uygulanarak indüklendi. Daha sonra VS torakal ve servikal
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dissected as two parts, in terms of the thoracic and

kesitler açısından iki parça halinde diseke edildi. NET

cervical sections. The NET levels were evaluated by

seviyeleri doku örnekleri üzerinde immünohistokimyasal

immunohistochemical staining on the tissue samples.

boyama ile değerlendirildi.

Results:

Expression of NETs in the thoracic VN

Bulgular: Erkek ve dişi deney gruplarının torakal

region of the male and female experimental groups

vagus bölgesinde NET ifadesinin anlamlı olarak arttı.

significantly increased. In the cervical VN, NET

Servikal

expression was significantly increased in epileptic male

sıçanlarda önemli ölçüde artarken, epileptik dişi

rats, while decreased in epileptic female rats compare

sıçanlarda kontrol gruplarına göre azaldı.

to control groups.
Conclusion:

VS’de

NET

ekspresyonu

epileptik

erkek

Sonuç: Çalışmamız VS’de NET ifadesinin anlamlı
Our study may disclose significant

bölgesel artışlarını ortaya koymuştur. NE regülasyonunda

regional enhancement in the NET immunoreactivity. It

rol alan NET’in parasempatik sinirsel uyarım bozukluğu

is assumed that NET, which plays a role in NE regulation,

ile karakterize olabildiği düşünülmektedir. Gözlemlenen

may be characterized by abnormal neural stimulation.

NET ifadesindeki değişiklikler epilepsi ile ilişkili otonom

The findings provide proof-of-concept that alterations

sinir sistemi işlev bozukluklarını etkileyebileceğine dair

in NET expression may affect the ANS dysfunctions

kanıtlar sunabilir.

associated with epilepsy.
Anahtar
Key

Words:

Epilepsy, PTZ, autonomic nervous

Kelimeler: Epilepsi, PTZ, otonom sinir

sistemi, norepinefrin

system, norepinephrine

INTRODUCTION
Epilepsy is a neurological symptom complex. This
disease includes multiple risk factors and genetic

autonomic

targets

in

terms

of

sympathetic/

parasympathetic effects in seizure suppression (10).

predisposition. Seizures may occur in more than 70

After triggering, VN fibers may accelerate the

million people (1, 2). Epileptic seizures generally

neural activity in the locus coeruleus (LC), which is

can affect autonomic functions. Therefore, triggers

the regulatory center of the noradrenergic system

in central and autonomic networks may contribute

in the brainstem (11). The noradrenergic pathway is

to pathologies in the cardiovascular system. Chronic

one of the main neuro-modulatory systems that play

and repeated activation of the autonomic nervous

an essential role in attention, arousal, and cognition

system (ANS) in patients with epilepsy can trigger

(12, 13). The LC releases the neurotransmitter

fatal arrhythmias (3-5). To eludicate of the ANS

norepinephrine (NE) in various anatomically and

related molecular mechanism is of great importance

functionally diverse brain regions (13). Depending on

to clarify epilepsy pathogenesis.

the seizure type or the area of the brain affected,

Sympathetic,

enteric

reduced NE expressions and decreased adrenergic

systems, maintain nervous control of all body parts

receptor density is reported. Therefore, it has been

except skeletal muscle (6). The vagus nerve (VN)

observed that pharmacological agents that increase

provides a large part of the ANS-mediated nerve

extracellular NE levels have anticonvulsant effects

conduction (7-9). VN and brainstem are considered

(14).
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The NE transporter (NET) is responsible for
the reuptake of sodium chloride (Na+/Cl-) bound
extracellular NE into the presynaptic neurons. NET also
provides a reuptake of extracellular dopamine (DA)
(15, 16). The uptake of these two neurotransmitters
into the presynaptic neuron is of great importance in
regulating the concentrations in the synaptic cleft.
In this study, we aimed to determine the NETassociated immunoreactivity in the VN of the
experimental epilepsy model.

behavior was observed 30 minutes after injection and
calculated according to the Racine scoring protocol.
One week after the last PTZ injection, animals were
given high dose PTZ (50 mg/kg, I.P.) to demonstrate
improved seizure sensitivity in both female and male
PTZ groups. Phase 4 or 5 was expected to be seen to
observe the ignition pattern (17).
2. Racine Scoring System
Racine scoring (RS) was used to assess seizure
severity in rodent experimental epilepsy models (18).

MATERIAL and METHOD

RS, which categorizes the stages of seizures,

A total of 28 adult male and female Wistar albino
rats weighing between 280-400 g were randomly

Stage 0: No answer,
Stage 1: Twitching in the ear and face,

divided into 4 groups. The rats were placed in cages

Stage 2: Myoclonic jerks in the body,

at controlled temperatures (24 ° C ± 2 ° C) and kept

Stage 3: Standing up on hind legs,

on a 12-hour light-dark cycle. Free access to water
and standard food was provided to animals. All efforts
were made to minimize suffering by anesthetizing rats
with ketamine/xylazine [90/10 mg/kg, intraperitoneal
(I.P.), respectively]. The experimental protocol of
this study was approved by Kayseri Erciyes University

Stage 4: Tonic-clonic seizures with the animal
falling to the ground,
Stage 5: Recurrent (generalized) severe tonicclonic seizures.
3. Immunohistochemical Analysis

Animal Ethics Committee (ethics committee decision

NET immunoreactivity was detected in thoracic

no: 2019/027). All procedures were followed under

and cervical nerve samples of the experimental groups

the recommendations in the National Institutes of

using the Avidin-Biotin peroxidase method (Figure 1).

Health (USA) and the Guidelines for the Care and

After the deparaffinization of the sections taken

Use of Laboratory Animals adopted by the Helsinki

at 5 µm thickness, citrate buffer was used to open

Declaration.

the epitopes (pH: 6.0). Subsequently, 3% hydrogen

1. PTZ-Kindling Model

peroxide in methanol was taken into the solution to

Female and male control groups (n=7) were
injected equally and a total of 0.5 cc intraperitoneal
(I. P.) saline was given every two days.
Seizures

were

induced

in

prevent endogenous peroxidase activity. Apply Ultra V
block solution to prevent unspecific staining. Sections
were incubated overnight at 40 °C with Anti-NET
Antibody (Alomone lab: AMT-002). The sections were

female

and

counterstained with Gill Hematoxylin by applying

male experimental groups (n=7) with periodic

biotinylated secondary streptavidin-HRP (TP-125-HL;

administration of PTZ (35 mg/kg, I. P.) for one month.

Thermo Scientific) and DAB chromogens, respectively.

PTZ (P6500, Sigma, St. Louis, MO, USA), a GABAA

It was dehydrated through increasing alcohol series

receptor antagonist used in the model, was dissolved

and closed with a sealer called entellan. Sections were

in 0.9% NaCl solution and adjusted to 35 mg/kg dose.

examined with an Olympus BX53 light microscope.

The solution was injected into rats three days a

The evaluation of immunoreactivity levels was made

week for a month for a total of 12 doses, and seizure

with the Image J program.
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Figure 1. Diagram summarizing the methodology steps used in the study. After the PTZ induction model, vagus dissection
was performed. NET changes were observed with immunohistochemical examinations.
PTZ, Pentylenetetrazole; NET, Norepinephrine transporter

4. Statistical analysis

male rats had their first seizure in 308 ± 95 s. No

Considering the norepinephrine variable, power
analysis

results

with

alpha=0.05,

power=80%.

Accordingly, it was calculated that there should be at
least 7 subjects in each group. In addition, the data
obtained were statistically compared with each other
in the SPSS statistical package program.

RESULTS
1. Scores of PTZ Kindling Epilepsy Model
After the PTZ kindling, epileptic seizures were

significant changes were observed in the body weights
of the rats during the PTZ injection procedure.
2. Immunohistochemical Findings
NET significantly increased in both male and
female experimental groups in thoracic VN tissue
(p <0.05). In the cervical VN region, NET expression
decreased in the experimental groups in female rats,
while it increased in the experimental groups in male
rats (p <0.05) (Figure 2).

DISCUSSION

gradually induced. Generalized tonic-clonic seizures,
corresponding to phase 5 of the Racine’s scaling

In this paper, the role of autonomic VN involvement

system score, were observed in both male and female

in epilepsy was investigated in terms of the NET,

rats at the 13th injection. Latency to first seizure was

which plays a key role in central nervous system.

calculated for both groups. PTZ-kindled female rats

In the thoracic VN of epileptic rats, a significant

had their first seizure in 266 ± 66 s, while PTZ-kindled

increase in NET immunoreactivity was observed. On
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Figure 2. Immunoreactivity results of NET in the VN. In both groups, increased immunoreactivity in thoracic VN was
observed. Pictures were taken at a magnification of ×40. Scale bar: 20 μm
(A). The histogram graph showing the fold change in immunoreactivity for NET in the VN. The data are expressed as the
mean ±SEM.
(B). One-way ANOVA variance analysis and Sidak’s multiple comparison test were applied.
* p <0.05. NET, Norepinephrine transporter; SEM, Standard error; ANOVA, Analysis of variance

the other hand, NET expression was reduced in the

Several studies conducted that endogenous NE

cervical VN in male PTZ rats, while it increased in

has an anticonvulsant role in epilepsy. Additionally,

female PTZ rats. We hypothesized that NET, which is

NE reduction has been characterized by increased

characterized by regional increases in the VN, may

neuron damage in limbic regions and susceptibility to

trigger the reuptake of synaptic NE to the presynaptic

epileptic seizures (19, 20).

region, producing excitation that occurs in epilepsy.
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Convulsive activity is partially regulated by

fibers might be increased in epilepsy. Additionally, we

inhibiting neuronal processes, and catecholamines,

assume that NE reuptake may cause neuronal damage

DA, and NE act as central seizure suppressors.

by mediating excitotoxicity in sympathetic ganglia.

Although current evidence provides implications for

NE, acetylcholine (ACh), and serotonin provide

the antiepileptic role of DA at the receptor level, NE

astrocyte-mediated extracellular K+ regulation. It

has been revealed as the primary seizure suppressor

has been reported that NE and serotonin-mediated

(21). Recent studies revealed that NE plays an

K+ flow reduces as a result of Kir4.1 channel blockade

important role in modulation seizures by diminishing

(31). Considering all data, we estimate that NE may

stimulation of limbic areas such as the amygdala and

prevent abnormal depolarization by providing K+ flow

hippocampus (22, 23). Considering NE innervation,

into the cell.

the anterior piriform cortex was examined in rats
to examine susceptibility to seizures. Damage to
the LC terminals was accomplished by the selective
neurotoxin bromobenzyl amine (60 mg/kg I.P.). In
intact rats, a marked increase in NE release in the
contralateral piriform cortex was accompanied by
sporadic seizures. The observations disclosed that
epileptic rats developed neuronal loss in various
limbic regions (24). The fact that NE shows a decrease
in epilepsy due to damage to the brain regions
suggests that it may lead to neuroinflammation.

The effects of the VN in the autonomic system can
vary depending on gender as a result of the difference
in receptors and ion channels. A study examining ACh
receptors on the vagus nerve in epilepsy, revealed
that the increase in ACh was greater in female rats
(32). Studies examining the effect of sympathetic
activity on blood pressure through catecholamines
disclosed that NE-related voltage-dependent K+ (KV)
channels are expressed at various rates between
genders depending on hormonal and developmental
effects. Accordingly, catecholamine release due

In vitro studies have shown that excitotoxicity

to increased channel activity in female rats was

occurs in neurons as a result of electrical VN

significantly reduced (33). Furthermore, Kir channel

stimulation (VNS) for 12-14 hours (25, 26). Besides,

expressions and cardiac morphology have been

VNS is known to be a method used in epilepsy and

reported to vary depending on gender (34, 35). In our

preventing autonomic system disorders (27). VNS

study, NET expression was decreased in females and

activates the parasympathetic components of the

decreased in male experimental rats in the cervical

VN to achieve therapeutic effects. However, in

VN. The results demonstrated that NE may affect

addition to the parasympathetic nerves, the cervical

pathologies, such as neuronal damage concerning

and thoracic VN regions contain components that

the number of sex-based receptors. However,

form sympathetic nerve fibers (28, 29). Due to the

gender-based change in ion channels and receptor

connection between stellate ganglion (SG) and VN,

interactions of neurotransmitters has not been fully

stimulation of the sympathetic component with

elucidated.

NE may activate the ganglion cells in SG at high

This study provided evidence that NET change

rates. Current data have shown that VNS may have

in the VN, which acts as a “bridge” between the

antiadrenergic effects in acute studies and suppress

brain and heart, may be associated with autonomic

SG nerve activity during chronic trials (30).

dysfunction accompanying epilepsy.

In our study, the increase of NE-related receptors

In conclusion, despite extensive development

in the thoracic VN region and a decrease in the cervical

in pre-clinical and clinical research, the precise

VN in male rats showed that noradrenergic reuptake

mechanism of the noradrenergic system in VN origin

mechanisms in sympathetic and parasympathetic

for epilepsy is not fully known. In this study, we
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hypothesized that NET increase in the thoracic VN and

a result of epileptic discharges. Thus, new treatment

decrease in the cervical VN in male rats may occur as

methods should be investigated, especially for drug-

a result of the imbalance of NE reuptake mechanisms

resistant cases, by enlightening the entire molecular

in sympathetic-parasympathetic fiber connections as

mechanism centered on the VN.
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