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		  The aim of this review is to explain and detail the role of audiogenic seizures (ASs) in neurobiological events 
occurring in the central nervous system (CNS) and their importance in experimental models in light of the cur-
rent literature. Audiogenic seizures are a model of generalized tonic-clonic seizures, which are brainstem-gen-
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audiogenic seizures. We also address audiogenic seizure behavior and the relationship between neural plas-
ticity and audiogenic kindling, as well as explaining audiogenic kindling, experimental studies in different drug 
groups, and the genetics involved.

	 MeSH Keywords:	 Epilepsy, Reflex • Models, Animal • Neuropharmacology

	 Full-text PDF:	 http://www.medscirev.com/abstract/index/idArt/899608

Authors’ Contribution: 
Study Design  A

 Data Collection  B
 Statistical Analysis  C
Data Interpretation  D

 Manuscript Preparation  E
 Literature Search  F
Funds Collection  G

1 Department of Pharmacology, Kocaeli University, Medical School, Kocaeli, Turkey
2 Department of Psychological Trauma and Disaster Studies, Medical School, 

The Institute of Health Sciences, Kocaeli University, Umuttepe, Turkey
3 Medical School, Kocaeli University, Kocaeli, Turkey

e-ISSN  2373-2490
© Med Sci Rev, 2016; 3: 

DOI: 10.12659/MSRev.899608

1



Background

Audiogenic seizures (AS) are generalized, self-sustained convul-
sive seizures in which acoustic stimulations evoke wild-running 
tonic flexion and extension [1]. Following intense sound stimu-
lation, generalized seizures occur as AS (loss of consciousness 
accompanied by rhythmic muscle spasms and rigid muscle stiff-
ness) [2]. AS can be induced in susceptible animals by 110 dB 
(high-intensity) acoustic stimulation and can be used as a ro-
dent model of generalized tonic-clonic seizures. AS can result 
from hyper-synchronized firing of neurons and mostly occur 
without structural abnormalities. They vary substantially with 
regard to the age of maximum risk, severity, and duration [3].

AS may be triggered in normal rodents and in adult animals. 
There are genetically-based audiogenic seizures that are inher-
ited in origin; different in-bred mouse strains are used, such 
as DBA/2J and Frings mice. The specific genes responsible for 
the AS susceptibility remain unidentified. Genetically epilep-
sy-prone rats (GEPRs) are a widely studied form to determine 
the susceptibility to AS. GEPR-9s and GEPR-3s are the 2 sub-
strains of the genetically epilepsy-prone rats that can be used 
to differ the severity of convulsive behavior [4].

Neonatal thyroid deficiency model, intense acoustic stimula-
tion model, administration of ototoxic drugs such as kana-
mycin [5], and ethanol withdrawal syndrome (EWS) model [6] 
are different models used to induce AS. AS may also be trig-
gered by developing magnesium deficiency and systemic ad-
ministration of pharmacological agents, including metaphit (a 
phencyclidine analog), which act on glutamate receptors [7].

Another prominent and classical way to trigger AS in rodents is 
to establish “withdrawal syndromes”. AS may be observed after 
the continued administration of alcohol, as well as barbiturates 
and benzodiazepines (depressant drugs). If ethanol is repeatedly 
given for a sufficient duration by self- or experimenter-initiated 
means, the rodent will have convulsive seizures in the withdraw-
al period. During the EWS, “generalized audiogenic seizures” in 
rats may be triggered by intense acoustic stimulation [8].

From another point of view, AS may also be an indicator of 
EWS. The basic pharmacological mechanisms underlying AS 
that are triggered by EWS are unknown. Also, AS can be used 
as a marker to explain the effects of the drugs in experimen-
tal studies. The intensity and latency parameters of AS can be 
recorded in experiments. Significant changes have been found 
in the “intensity” and “latency” of audiogenic seizures due to 
the atypical antipsychotic treatment (e.g., quetiapine, ziprasi-
done, and risperidone) on EWS in rats [9–11].

The main purpose of this review is to explicate and detail the 
role of ASs in neurobiological events occurring in the CNS, 

and its importance in experimental models in light of the cur-
rent literature.

Neurotransmitter Systems that are Involved 
in Audiogenic Seizures

Glutamate, serotonin, dopamine, glycine, GABA, nitric oxide 
(NO), and agmatine are the neurotransmitters that have been 
most studied related to monoaminergic changes in audiogen-
ic seizures. Alterations in striatal dopamine and serotonin lev-
els are necessary but not sufficient to predispose audiogenic 
seizure susceptibility in ethanol-dependent rats. An increase 
in striatal dopamine and a decrease in striatal serotonin were 
found to be associated with ethanol withdrawal seizures in 
ethanol-dependent rats [12].

Glutamate

Glutamate is the main excitatory neurotransmitter in the brain. 
There are 3 types of ionotropic glutamate receptors (ligand-
gated ion channels) named according to their prototypic ag-
onists: NMDA (N-methyl-D-aspartate) receptor, AMPA (a-Ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and kainate 
(KA). Ionotropic glutamate receptors mediate the majority of 
excitatory neurotransmission. These glutamate receptors are 
named after the agonists that activate them: NMDA (N-methyl-
d-aspartate), AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate), and kainic acid. Ionotropic glutamate receptors are 
nonselective cation channels. This means that they allow the 
passage of Na+ and K+, and in some cases small amounts of 
Ca2+. AMPA/kainate and NMDA receptors are formed from the 
association of several protein subunits. The NMDA subfamily of 
glutamate receptors have interesting properties. 1. NMDA recep-
tor ion channels allow the entry of Ca2+ in addition to monova-
lent cations such as Na+ and K+. As a result, EPSPs produced by 
NMDA receptors can increase the concentration of Ca2+ with-
in the postsynaptic neuron; the Ca2+ concentration change can 
then act as a second messenger to activate intracellular sig-
naling cascades. 2. Opening the channel requires the presence 
of a co-agonist (the amino acid glycine), and that extracellular 
Mg2+ blocks the channel at hyperpolarized, but not depolarized, 
voltages. There are at least 5 forms of NMDA receptor subunits 
(NMDA-R1, and NMDA-R2A through NMDA-R2D); different syn-
apses have distinct combinations of these subunits, producing a 
variety of NMDA receptor-mediated postsynaptic responses [13].

Glutamatergic mechanisms play crucial roles in AS. It has been 
reported that the glutamate system within the inferior collicu-
lus plays a crucial role in AS activity. Glutamate is implicated 
in the aberrant processing of acoustic information in the in-
ferior colliculus that may lead to development of audiogenic 
seizures. It is already reported that increasing glutamatergic 
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transmission intensifies AS and decreasing glutamate trans-
mission reduces AS severity or abolishes it [1].

NMDA receptors may be involved in the molecular mechanisms 
of seizures of different etiologies. Krushinsky-Molodkina (KM) 
rats exhibit inherited susceptibility to audiogenic seizures and 
auditory stimuli induce generalized tonic-clonic seizures that 
resemble human epilepsy [14].

The intraperitoneal administration of N-methyl-D-aspartate 
(NMDA) elicited epileptic motor seizures in developing rats 
(aged from 7 to 25 days) and in young adult rats. A study of 
NMDA-induced seizures in developing rats showed that manip-
ulating the glutamate system is also effective in producing sei-
zures in other models of generalized tonic-clonic epilepsy [15].

The reduced number of dopamine and glutamate receptors in 
the striatum can be associated with neurological peculiarities 
of KM rat strain (audiogenic seizures and post-ictal catalep-
sy) [16]. There may be an involvement of activation of NMDA 
and calcium-permeable AMPA/kainate receptors in the patho-
genesis of audiogenic seizures [17].

Serotonin

To identify whether serotonergic drugs are an adequate and 
suitable target in controlling audiogenic seizures, the effects of 
drugs on AS, which affects mainly the serotonergic activity on 
the central nervous system, were investigated previously, such 
as olanzapine, escitalopram, venlafaxine, and fluoxetine [9]. 
In previous studies, olanzapine and escitalopram were found 
to be ineffective in controlling audiogenic seizures [18,19]. 
Venlafaxine has been found to reduce the incidence of audio-
genic seizures at the 6th hour of EWS [20].

GABA

GABA is the major inhibitory neurotransmitter of the brain. 
GABA can be directly related to AS activity. The microinjec-
tion of baclofen (a GABA-B receptor agonist) into Ic protects 
against AS, and blockade of the breakdown of endogenous 
GABA by gabaculine (a GABA transaminase inhibitor) increased 
GABA levels and blocked AS susceptibility in the GEPR-9 [21].

It has been previously reported that GABA and glutamate are 
the neurotransmitters that play a critical role in the control of 
audiogenic seizures and seizure initiation in the inferior col-
liculus [21,22]; GABA-mediated inhibition causes excessive 
acoustically-evoked neuronal firing in the formation of au-
diogenic seizures.

Periaqueductal gray (PAG) is a requisite nucleus in the neuronal 
network for audiogenic seizures and GABA-A, opioid peptide, 

and NMDA receptors in the PAG modulate AS propagation [23]. 
IL-6 mice show a range of biochemical and behavioral chang-
es correlated with a higher AS susceptibility [24].

Glycine

Glycine acts as a co-agonist together with glutamate and is an 
absolute requirement for NMDA channel activation [25]. Glycine 
plays an important role as a major inhibitory neurotransmit-
ter in the central nervous system, mainly in the spinal cord 
and brainstem, where it acts via the strychnine-sensitive gly-
cine receptor (GlyR) chloride channels to control spinal reflex-
es and locomotor behavior [26]. Thus, glycine can affect both 
excitatory and inhibitory neurotransmission. The concentra-
tion of glycine within synapses is effectively regulated by a rap-
id reuptake mechanism consisting primarily of glycine trans-
porters (GlyT). Two types of GlyTs have been identified – GlyT 
type 1 (GlyT1) and GlyT type 2 (GlyT2) – which differ in their 
pharmacological properties and anatomical distribution [27].

Inhibition of GlyT1 by sarcosine and subsequent accumulation 
of glycine were discussed as a mechanism not only for seizure 
inhibition but also for tonic activation of GlyRs in the hippo-
campus [28], suggesting that GlyT1 inhibitors may be helpful 
in treatment of disorders associated with neuronal hyper-excit-
ability, such as epilepsy. Recent studies showed that sarcosine 
may act not only as a GlyT1 inhibitor, but also may directly act 
as a co-agonist of NMDA receptors at the glycine-binding site.

Glycine receptors are well established as playing important 
roles in controlling motor functions and sensory signaling in 
vision and audition [29]. Changes resulting from seizure-ex-
perience consisted of increases in aspartate, glutamate, and 
glycine compared to seizure-naive groups in inferior colliculus 
and in motor-sensory and frontal cortices [30].

The mechanism of the anticonvulsant effect of glycine is similar 
to that of some of the anticonvulsant drugs such as Dilantin; 
this mechanism is not effective in all seizure models [31].

Intragastric glycine protected DBA/2 mice (young audiogenic 
seizure-susceptible mice) against all 3 phases of sound-induced 
convulsions (wild-running, clonic, and tonic seizure). With in-
crease of glycine, the cerebral levels of glutamine and serine 
also increased, but that of glutamic acid decreased. The en-
dogenous glutamic and glycine levels were slightly higher in 
the brains of the audiogenic seizure-susceptible DBA/2 mice 
than in the resistant BALB/Cy strain [32].

It has been reported that the oral administration of glycine 
and polyamine receptor antagonists blocks ethanol withdraw-
al seizures [33] and glycine potentiates the action of some 
anticonvulsant drugs in some seizure models [31]. Glycine B 
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antagonists reported to attenuate the expression of the with-
drawal syndrome. Audiogenic seizures associated with alco-
hol withdrawal after 7-day treatment in rats are inhibited by 
L-701,324 at 5 mg/kg [33]. MDL-100,458 and MDL-102,288 are 
equipotent as glycine B antagonists in vitro but exhibit strik-
ingly different in vivo profiles for audiogenic seizures in DBA/2 
mice and for separation-induced ultrasonic vocalizations in rat 
pups (a model of anxiolytic activity) [34].

Dopamine

It is already known that dopamine plays an important role in 
the protection against audiogenic seizures in mice [35]. It has 
been reported that in the sensitive mice, developmental dif-
ferences in mechanisms of monoamine storage and/or syn-
thesis may exist that could contribute to deficient amounts 
of physiologically releasable transmitter [36]. The brain do-
pamine system is involved in the abnormal pattern of mono-
amines in the “audiogenic” brain [12,37]. The audiogenic sei-
zures provoked in rats by the withdrawal of chronic ethanol 
consumption were associated with an increase in striatal do-
pamine and a reduction in striatal serotonin. In Krushinsky-
Molodkina (KM) rats, the basal striatal dopamine level mea-
sured by in vivo microdialysis was 25% higher than that in 
non-epileptic Wistar rats. A single amphetamine injection (1 
mg/kg body weight, intraperitoneally) caused a significant in-
crease in the dopamine basal level of up to 250–260% in an-
imals of both genotypes. The increase in the dopamine level 
after a single injection of raclopride (antagonist of D2 and D3 
receptors) was also similar in amplitude in rats of both geno-
types (up to about 210%). As mentioned above, these chang-
es occurred in KM rats after much longer time intervals (after 
more than 100 min vs. 20–25 min in Wistar rats). It was sug-
gested that this peculiar timing of changes in dopamine in-
crease could be connected with dysfunction of 1 or more reg-
ulatory genes [37].

In audiogenic seizure-susceptible (AGS) mice, evidence sug-
gests a role for dopamine as well as GABA and possibly sero-
tonin [38]. Pharmacological studies demonstrated a recipro-
cal relationship between both noradrenergic and serotonergic 
transmission and audiogenic seizure severity and susceptibili-
ty in genetically epilepsy-prone rats (GEPR).

The deficit of brain monoamines as one of the concomitant 
neurochemical features of AS proneness has been identified 
as the “reciprocal relationship” between both noradrenergic 
and serotonergic transmissions and the severity of audiogen-
ic seizure was found [39]. The reduced number of dopamine 
and glutamate receptors in the striatum can be associated 
with neurological peculiarities of the Krushinsky-Molodkina 
rat strain (audiogenic seizures and post-ictal catalepsy) [16].

A brief exposure to an aversive sound produces 5HT activation 
in the corticothalamic loop and the hypothalamus. The epileptic 
rats displayed a higher 5HTergic activation of the thalamus by 
the sound stress as compared to the non-epileptic rats, where-
as the latter animals exhibited a larger cortical response [40].

Nitric oxide (NO)

There is extensive data to support the possible relationship 
between nitric oxide and audiogenic seizures. It has been re-
ported that NG-nitro arginine methyl ester (L-NAME) and 7-ni-
troindazole (7-NI) significantly decreased audiogenic seizures 
in rats [41].

Experiments on the models of epileptiform seizure and hem-
orrhagic stroke (KM rats) showed that selective inhibitors of 
inducible and neuronal NO synthases (aminoguanidine and 
7-nitroindazole) significantly decrease the mortality rate, re-
duce the severity of motor disorders, and prevent the develop-
ment of intracranial hemorrhages under conditions of audio-
genic stress [42]. The role of nitric oxide and lipid peroxidation 
were evaluated in genetically epilepsy-prone (GEP) rats and 
DBA/2 mice (with genetically determined audiogenic epilepsy). 
In rats and mice, acoustic stimulation led to locomotor activa-
tion followed by clonic-tonic seizures. It has been shown that 
the contents of nitric oxide and lipid peroxidation products at 
the peak of seizures markedly surpassed the control level [43].

Agmatine

Agmatine is synthesized in the brain and stored in synaptic 
vesicles in regionally selective neurons. It is accumulated by 
uptake, released by depolarization, and inactivated by agma-
tinase. The role of agmatine on the EWS has been investigat-
ed in rats [44]. Agmatine is a novel neurotransmitter that may 
be related with AS. Agmatine is an amine that is formed by 
the decarboxylation of L-arginine by the enzyme arginine de-
carboxylase (ADC) and hydrolyzed by the enzyme agmatinase 
to putrescine [45]. The biological role of agmatine on audio-
genic seizures needs to be further investigated.

Brain Structures Involved in the Development 
of Audiogenic Seizures

The main structures involved in audiogenic seizure develop-
ment are the brain stem structures. Lesions of the inferior col-
liculi (bilaterally) and lateral lemniscus and the connections 
between these structures blocked audiogenic seizure expres-
sion in rats and mice.

Superior colliculus (SC) deep layers are involved in the expres-
sion of acute and kindled audiogenic seizure. The cerebral 
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cortex is an important brain structure essential for audiogenic 
kindling development [46]. It has been reported that the path-
way between the central amygdala and ventrolateral periaq-
ueductal gray is implicated in the network of audiogenic sei-
zures in GEPRs [47].

The effects of intense audiogenic stimulation (AGS) on rats 
treated with the antibiotic imipenem and dipeptidase inhibi-
tor cilastatin (Imi/Cil) were investigated. Imi/Cil-induced and 
Imi/Cil-audio-induced seizures differed behaviorally and elec-
troencephalographically. It has been suggested that different 
neuronal pathways are responsible for these 2 types of sei-
zures: neuronal networks in the cortex are involved in Imi/Cil-
induced seizures, whereas audiogenic seizures use networks 
residing primarily in the brainstem [48].

Audiogenic Seizure Behavior

Audiogenic seizure behavior can be divided into 3 phases: 
wild-running, clonus, and tonus. Audiogenic seizure (AGS) in-
volve a phase of wild-running ending in convulsions of ton-
ic-clonic/tonic. The WAR strain [49], the GEPR strain [50], and 
the AGSR strain [51] were used to produce audiogenic sei-
zure-susceptible rats.

In the wild-running phase, at some time after acoustic stimu-
lation begins, rats run uncontrollably at full speed in the test-
ing chamber [1]. Threshold and duration of wild-running had 
been studied to distinguish between the normal and audio-
genic seizure-susceptible animals [51].

There is experimental data on the effects of neuromodulators 
such as carisbamate (RWJ-333369) in 2 models of genetically 
determined generalized epilepsy (the GAERS and the audio-
genic Wistar AS). Carisbamate increased the latency to the 
first running episode and induced the occurrence of a second 
running episode in 3 of 8 rats in Wistar AS [52].

It has been reported that the antiepileptic drug levetiracetam 
dose-dependently lengthened the latency and reduced the 
duration of audiogenic seizures in both non-kindled and kin-
dled rats. The “latency and duration of audiogenic seizures” 
and the “duration of running, tonic, post-tonic-clonic phases” 
were measured [53].

Clonic convulsions are characterized by flexion of the dorsal 
surface, neck, forelimbs, and hindlimbs and occurs after the 
wild-running phase, accompanied by full body muscle spasms 
and rocking motions [1].

In a tonic seizure, the body assumes an arched shape. Tonus 
involves sustained rigid extension of the dorsal surface, neck, 

forelimbs, and hindlimbs, in contrast to the fleeting tonus of 
a tonic-clonic seizure [1]. The post-ictal period includes immo-
bility and vocalization [54,55].

Neuronal Plasticity and Audiogenic Kindling

Mechanisms of neuronal plasticity involved in audiogenic kin-
dling have been investigated by several researchers [56]. The 
brain undergoes changes in its basic structure and function 
(e.g., neural plasticity with an increased susceptibility in neu-
ronal synchronization and network circuit alterations). Some 
of these changes are transient, while others are permanent.

The neuronal network for audiogenic seizures was explained by 
Faingold (Jaspers Basic Mechanisms of Epilepsies, 4th edition) 
as: (1) the inferior colliculus as the initiation site (GABA mech-
anisms), because GABA is the major inhibitory neurotransmit-
ter in the inferior colliculus, mediating several different normal 
forms of acoustically-evoked inhibition in IC; (2) the superior col-
liculus; (3) periaqueductal gray, (4) substantia nigra; and (5) the 
brainstem reticular formation in the audiogenic seizure network.

It has been reported that repeated generalized audiogenic sei-
zures induce plastic changes in acoustically-evoked neuronal 
firing in the amygdala [57]. It has also been suggested that au-
diogenic kindling induces plastic changes in the neuronal firing 
patterns in periaqueductal gray [56]. Also, synaptic plasticity 
in the pathway from the medial geniculate body to the later-
al amygdala is induced by audiogenic seizure repetition [57].

Repetition of Audiogenic Seizures (AGS 
Kindling)

Audiogenic seizures are a model for generalized tonic-clonic 
brainstem-generated seizures.

Audiogenic kindling can activate limbic networks in an epi-
leptogenic way. Audiogenic seizure epilepsy models do not 
show epileptiform EEG activity in the cortex during seizures. 
AGS kindling in several strains of AGS-susceptible rats does 
result in the appearance of epileptiform cortical EEG [58]. It 
has been reported that amygdala neurons may play a critical 
role in AGS kindling in GEPR-3s [59].

It has been reported that permanent audiogenic kindling-in-
duced limbic epileptogenicity is mainly associated to gluzin-
ergic terminal reorganization in the amygdala but not in the 
hippocampus, and with no hippocampal cell loss [60]. Cortical 
epileptiform activity and additional seizure behaviors are seen 
in repetitive generalized audiogenic seizures (AGS kindling) in 
AGS-susceptible rodents [61].
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Experimental Studies with Different Drug 
Groups and Audiogenic Seizures

Atypical antipsychotic drugs

Previous experimental studies (audiogenic seizures induced by 
the EWS in rodents) showed the effects of atypical antipsychot-
ic drugs on ethanol withdrawal audiogenic seizures. Clozapine 
[62] did not produce any significant effect on audiogenic sei-
zures. Olanzapine was found to be ineffective in controlling the 
intensity and latency of audiogenic seizures [18]. In contrast 
to previous studies with clozapine and olanzapine, marked in-
hibition of audiogenic seizures was observed by risperidone, 
quetiapine, and ziprasidone treatments on EWS in rats [11].

Antiepileptic drugs

Levetiracetam (LVT) has showed an anticonvulsant effect on 
all the parameters of audiogenic epileptiform seizures (AES) 
in Krushinsky-Molodkina (KM) rats [63]. Pro-epileptic effects 
of the cannabinoid receptor antagonist SR141716 have been 
shown in a model of audiogenic epilepsy [64]. The remote ef-
fects of neonatal injections of caffeine and piracetam on au-
diogenic seizure susceptibility in neonatal DBA/2J, 101/HY and 
CBA/Lac/Sto mice genotypes has been reported [65].

Antidepressant drugs

Venlafaxine has been shown to reduce the incidence of au-
diogenic seizures at the 6th hour of ethanol withdrawal. 
Venlafaxine (20 mg/kg) has been shown to significantly prolong 
the latency of the seizures [20]. Both short-term and long-term 
tianeptine treatment produced some significant inhibitory ef-
fects on audiogenic seizures during the EWS [66]. Serotonergic 
drugs (fluoxetine, tianeptine, hypericum perforatum, escital-
opram, and venlafaxine; especially fluoxetine and tianeptine) 
[9] have been found to be effective therapeutic agents for au-
diogenic seizures in ethanol withdrawal.

Escitalopram was found ineffective on AS during the EWS [20]. 
Hypericum perforatum (HPE) produced some significant in-
hibitory effects on audiogenic seizures during the withdrawal 
period [67]. Beneficial effects of fluoxetine, tianeptine, HPE, 
escitalopram, and venlafaxine on ethanol withdrawal signs, in-
cluding audiogenic seizures, were observed [9].

HMG-CoA reductase inhibitors (Statins)

Statins, in addition to their beneficial cardiovascular effects, 
may be able to affect brain areas that might participate in reg-
ulation of seizure susceptibility. The effects of lovastatin, simv-
astatin, atorvastatin, fluvastatin, and pravastatin in DBA/2 mice 
(an ideal genetic model for generalized tonic-clonic seizures) 

have been investigated, and the co-administration of these 
compounds with some antiepileptic drugs were studied to 
identify possible positive pharmacological interactions. It has 
been found that simvastatin only was active against both the 
tonic and clonic phase of audiogenic seizures. Other statins 
tested were found to be partially effective against the tonic 
phase, with the following order of potency: lovastatin >fluv-
astatin >atorvastatin; pravastatin was completely ineffective 
up to the dose of 150 mg/kg [68].

Cannabidivarin (CBDV)

CBDV has been reported to be an effective anticonvulsant in a 
broad range of seizure models. CBDV was effective in 3 mod-
els of generalized seizure: maximal electroshock, audiogen-
ic, and PTZ-induced seizures in rats. CBDV (200 mg·kg–1) com-
pletely prevented tonic-clonic convulsions in the audiogenic 
seizure model [69].

Genetic studies

There are 3 main rat strains that are genetically susceptible to 
audiogenic seizures: GEPR, WAR (Wistar audiogenic rat), and 
DBA. There are also GEPR-3 and GEPR-9 strains. Wild-running, 
tonic convulsions, tonic hindlimb extension, and post-ictal 
depression of consciousness are seen in AS in GEPR-9s [6]. 
Genetically epilepsy-prone rats (GEPR-9s) are a well-studied 
genetic model of generalized convulsive epilepsy [70].

GEPR-9s exhibit a greater than normal susceptibility to sei-
zures induced by convulsant drugs and metabolic conditions, 
and they are also susceptible to sound-induced seizures or AS. 
DBA/1 mice exhibit susceptibility to audiogenic seizures fol-
lowed by sudden death associated with respiratory arrest [71].

The strong genetic component of audiogenic seizures was 
highlighted by Misawa et al., who identified a monogenic lo-
cus causing juvenile audiogenic seizures in mice. They re-
ported that cloning the gene for audiogenic seizures in black 
Swiss mice may provide important insight into the fundamen-
tal mechanisms for developmentally regulated human epilep-
sy syndromes [72].

Electroencephalographic profiles of the audiogenic seizures of 
the hamster strain GASH: Sal are parallel to EEG patterns of 
other animal models of generalized tonic-clonic seizures [73]. 
It is reported that the antiepileptic drugs hamster (GASH: Sal) 
is a reliable model for genetic audiogenic seizures [74].

The susceptibility subject to audiogenic seizures is still an open 
question and it has been found that Vlgr1 knockout mice show 
audiogenic seizure susceptibility [3]. It is known that audiogen-
ic seizures are reflex seizures that are provoked by loud noises 
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and can be induced in rodents by acoustic priming, accomplished 
by exposing animals to strong auditory stimuli at an early de-
velopmental stage. DBA/2 and Frings strains of mice are sus-
ceptible to audiogenic seizures without priming, and in those 
strains seizures may be provoked by auditory stimuli [75]. A 
mouse with mutated 5-hydroxytryptamine type 2C receptor (5-
HT2C) also exhibits susceptibility to audiogenic seizures [76]. 
Mass-1 was also found to be related to audiogenic seizures [77].

The lde/lde rat is a new model of genetic audiogenic seizure 
and the central conducting pathway of audition in these ani-
mals may be involved in the occurrence of seizures [78]. In a 
previous study, it was reported that the mice lacking seleno-
protein p and selenocysteine lyase exhibit severe neurological 
dysfunction, neurodegeneration, and audiogenic seizures [79].

Conclusions

Acute audiogenic seizure pathways include inferior colliculus, 
superior colliculus, substantia nigra, reticular formation, and 
other brainstem areas such as periaqueductal gray. In kindled 
audiogenic seizures, however, in addition to those brainstem 
structures critical for acute audiogenic seizures, the amygda-
la, hippocampus, and neocortex are some of the more critical 
substrates of limbic recruitment [80]. GEPRs represent an im-
portant animal model to evaluate pharmacological treatments 
and other therapies associated with seizure propensity [81].

Thus, the information from neurochemical studies, although 
fragmentary, demonstrates the definite shifts in the function 
of the main neurotransmission systems in audiogenic seizure-
prone rats. However, these data do show which brain chemical 
cascade and/or gene expression peculiarities are the primary 
events that cause audiogenic epilepsy or which ones develop 
as the secondary processes as the consequences of the pri-
mary defect. The neuronal signaling pathways delineated at 
present are very complicated and the precise role of their def-
inite links (and definite compounds that could be identified) 
is still not known [82].

In summary, the evidence reviewed here shows the role of the 
main neurotransmission systems in different brain structures 
in audiogenic behavior and kindling.

Finally, determining how these neurotransmitter circuits are 
involved in the modulation of seizures and whether they can 
be activated by a seizure itself may help to understand the 
mechanisms regulating the occurrence of seizures, as well as 
helping to develop future therapies using the physiologic basis 
of neurotransmitter circuits and the pathophysiologic basis of 
audiogenic seizures. Further investigations using neurochemi-
cal approaches are necessary to understand the mechanisms 
of audiogenic seizures and to develop a new therapy.

References:

	 1.	 Ross KC, Coleman JR: Developmental and genetic audiogenic seizure mod-
els: Behavior and biological substrates. Neurosci Biobehav Rev, 2000; 24: 
639–53

	 2.	Veres M, Payne S, Fernandes P et al: Improved technique for induction and 
monitoring of audiogenic seizure in deer mice. Lab Anim, 2013; 42: 166–69

	 3.	 Yagi H, Takamura Y, Yoneda T et al: Vlgr1 knockout mice Show audiogenic 
seizure susceptibility. J Neurochem, 2005; 92: 191–202

	 4.	 Faingold CL: Neuronal networks in the genetically epilepsy-prone rat. Adv 
Neurol, 1999; 79: 311–21

	 5.	 Yasuda S, Ishida N, Higashiyama A et al: Characterization of audiogenic-
like seizures in naive rats evoked by activation of AMPA and NMDA recep-
tors in the inferior colliculus. Exp Neurol, 2000; 164: 396–406

	 6.	 Faingold CL: Role of GABA abnormalities in the inferior colliculus patho-
physiology-audiogenic seizures. Hear Res, 2002; 168: 223–37

	 7.	 Stanojlović O, Zivanović D, Susić V: N-Methyl-D-aspartic acid- and metaphit-
induced audiogenic seizures in rat model of seizures. Pharmacol Res, 2000; 
42: 247–53

	 8.	 Feng HJ, Yang L, Faingold CL: Role of the amygdala in ethanol withdrawal 
seizures. Brain Res, 2007; 1141: 65–73

	 9.	Uzbay IT: Serotonergic anti-depressants and ethanol withdrawal syndrome: 
A review. Alcohol Alcohol, 2008; 43: 15–24

	10.	Uzbay TI: Atypical antipsychotic drugs and ethanol withdrawal syndrome: 
a review. Alcohol Alcohol, 2012; 47: 33–41

	11.	 Celikyurt IK, Kayir H, Ulak G et al: Effects of risperidone, quetiapine and zipra-
sidone on ethanol withdrawal syndrome in rats. Prog Neuropsychopharmacol 
Biol Psychiatry, 2011; 35: 528–36

	12.	 Yu L, Fisher H, Wagner GC: Monoaminergic changes associated with au-
diogenic seizures in ethanol-dependent rats. Prog Neuropsychopharmacol 
Biol Psychiatry, 2000; 24: 1379–92

	13.	Dingledine R, Borges K, Bowie D, Traynelis SF: The glutamate receptor ion 
channels. Pharmacol Rev, 1999; 51(1): 7–61

	14.	 Kim KKh, Zaĭtsev AV, Lavrent’eva VV et al: The effect of ionotropic glutamate 
receptor antagonist on pentylenetetrazole-indused seizures in Krushinsky-
Molodkina rats. Ross Fiziol Zh Im I M Sechenova, 2012; 98: 1520–29

	15.	Mares P, Velísek L: N-methyl-D-aspartate (NMDA)-induced seizures in de-
veloping rats. Brain Res Dev Brain Res, 1992; 65: 185–89

	16.	 Firstova JJ, Abaimov DA, Surina NM et al: Binding of specific ligand by D2- 
and NMDA-receptors of striatum cells in two rat strains predisposed and 
resistant to audiogenic seizures. Bull Exp Biol Med, 2012; 154: 196–98

	17.	 Lukomskaia NIa, Vataev SI, Zhabko EP, Magazanik LG: Effects of ionotropic 
glutamate receptor channel blockers on the development of audiogenic sei-
zures in Krushinski-Molodkina rats. Ross Fiziol Zh Im I M Sechenova, 2012; 
98: 449–60

	18.	Unsalan N, Saglam E, Kayir H, Uzbay T: Effects of olanzapine on ethanol 
withdrawal syndrome in rats. Eur J Pharmacol, 2008; 579: 208–14

	19.	 Sağlam E, Kayir H, Celik T, Uzbay T: Effects of escitalopram on ethanol with-
drawal syndrome in rats. Prog Neuropsychopharmacol Biol Psychiatry, 2006; 
30: 1027–32

	20.	 Saglam E, Uzbay IT, Kayir H et al: Effects of venlafaxine on ethanol with-
drawal syndrome in rats. Fundam Clin Pharmacol, 2004; 18: 693–98

	21.	 Faingold CL, Marcinczyk MJ, Casebeer DJ et al: GABA in the inferior collic-
ulus plays a critical role in control of audiogenic seizures. Brain Res, 1994; 
640: 40–47

7

Komsuoglu Celikyurt I et al.: 
Audiogenic seizures: A review
© Med Sci Rev, 2016; 3: 



	 22.	 Faingold CL, Naritoku DK, Copley CA et al: Glutamate in the inferior collicu-
lus plays a critical role in audiogenic seizure initiation. Epilepsy Res, 1992; 
13: 95–105

	23.	N’Gouemo P, Faingold CL: The periaqueductal grey is a critical site in the 
neuronal network for audiogenic seizures: Modulation by GABA(A), NMDA 
and opioid receptors. Epilepsy Res, 1999; 35: 39–46

	24.	De Luca G, Di Giorgio RM, Macaione S et al: Susceptibility to audiogenic 
seizure and neurotransmitter amino acid levels in different brain areas of 
IL-6-deficient mice. Pharmacol Biochem Behav, 2004; 78: 75–81

	25.	Danysz W, Parsons CG: Glycine and N-methyl-aspartate receptors: 
Physiological significance and possible therapeutic applications. Pharmacol 
Rev, 1998, 50, 597–664

	26.	 Legendre P: The glycinergic inhibitory synapse. Cell Mol Life Sci, 2001; 58: 
760–93

	27.	 Lechner SM: Glutamate-based therapeutic approaches: Inhibitors of gly-
cine transport. Curr Opin Pharmacol, 2006; 6: 75–81

	28.	Zhang LH, Gong N, Fei D et al: Glycine uptake regulates hippocam-
pal network activity via glycine receptor-mediated tonic inhibition. 
Neuropsychopharmacology, 2008; 33: 701–11

	29.	Kirsch J: Glycinergic transmission. Cell Tissue Res, 2006; 326(2): 535–40

	30.	 Lasley SM: Roles of neurotransmitter amino acids in seizure severity and 
experience in the genetically epilepsy-prone rat. Brain Res, 1991; 560(1–
2): 63–70

	31.	 Toth E, Lajtha A: Glycine potentiates the action of some anticonvulsant 
drugs in some seizure models. Neurochem Res, 1984; 9(12): 1711–18

	32.	 Toth E, Lajtha A, Sarhan S, Seiler N: Anticonvulsant effects of some inhib-
itory neurotransmitter amino acids. Neurochem Res, 1983; 8(3): 291–302

	33.	Kotlinska J, Liljequist S: Oral administration of glycine and polyamine recep-
tor antagonists blocks ethanol withdrawal seizures. Psychopharmacology 
(Berl), 1996; 127(3): 238–44

	34.	Kehne JH, Baron BM, Harrison BL et al: MDL 100,458 and MDL 102,288: 
two potent and selective glycine receptor antagonists with different func-
tional profiles. Eur J Pharmacol, 1995; 284: 109–18

	35.	Boggan WO, Seiden LS: Dopa reversal of reserpine enhancement of audio-
genic seizure susceptibility in mice.Physiol Behav, 1971; 6: 215–17

	36.	Kellogg C: Audiogenic seizures: Relation to age and mechanisms of mono-
amine neurotransmission. Brain Res, 1976; 106: 87–103

	37.	 Sorokin AI, Kudrin VS, Klodt PM et al: The interstrain differences in the ef-
fects of D-amphetamine and raclopride on dorsal striatum dopaminergic 
system in KM and Wistar rats (microdialysis study). Genetika, 2004; 40: 
846–49

	38.	 Laird HE 2nd, Dailey JW, Jobe PC: Neurotransmitter abnormalities in genet-
ically epileptic rodents. Fed Proc, 1984; 43(10): 2505–9

	39.	 Jobe PC, Dailey JW, Reigel CE: Noradrenergic and serotonergic determinants 
of seizure susceptibility and severity in genetically epilepsy-prone rats. Life 
Sci,1986; 39: 775–82

	40.	 Midzyanovskaya IS, Kuznetsova GD, van Luijtelaar EL et al: The brain 5HTergic 
response to an acute sound stress in rats with generalized (absence and 
audiogenic) epilepsy. Brain Res Bull, 2006; 69(6): 631–38

	41.	Uzbay IT, Erden BF, Tapanyigit EE, Kayaalp SO: Nitric oxide synthase inhi-
bition attenuates signs of ethanol withdrawal in rats. Life Sci, 1997; 61: 
2197–209

	42.	Krushinskii AL, Kuzenkov VS, D’yakonova VE, Reutov VP: Effect of inhibi-
tors of inducible and neuronal NO synthases on the development of audio-
genic stress-induced damage in Krushinsky-Molodkina rats. Bull Exp Biol 
Med, 2010; 150: 32–35

	43.	Bashkatova VG, Mikoyan VD, Malikova LA, Raevskii KS: Role of nitric ox-
ide and lipid peroxidation in pathophysiological mechanisms of audiogen-
ic seizures in GEP rats and DBA/2 mice. Bull Exp Biol Med, 2003; 136: 7–10

	44.	Uzbay IT, Yeşilyurt O, Celik T et al: Effects of agmatine on ethanol with-
drawal syndrome in rats. Behav Brain Res, 2000; 107: 153–59

	45.	Reis DJ, Regunathan S: Is agmatine a novel neurotransmitter in brain? 
Trends Pharmacol Sci, 2000; 21: 187–93

	46.	Doretto MC, Cortes-de-Oliveira JA, Rossetti F, Garcia-Cairasco N: Role of the 
superior colliculus in the expression of acute and kindled audiogenic sei-
zures in Wistar audiogenic rats. Epilepsia, 2009; 50: 2563–74

	47.	 Tupal S, Faingold CL: The amygdala to periaqueductal gray pathway: Plastic 
changes induced by audiogenic kindling and reversal by gabapentin. Brain 
Res, 2012; 1475: 71–79

	48.	 Zivanovic D, Stanojlovic O, Stojanovic J, Susic V: Induction of audiogenic sei-
zures in imipenem/cilastatin-treated rats. Epilepsy Behav, 2004; 5: 151–58

	49.	Doretto MC, Fonseca CG, Lôbo RB et al: Quantitative study of the response 
to genetic selection of the Wistar audiogenic rat strain (WAR). Behav Genet, 
2003; 33: 33–42

	50.	 Faingold CL: The genetically epilepsy-prone rat. Gen Pharmacol, 1988; 19: 
331–38

	51.	Bagri A, Sandner G, Di Scala G: Aversive effects elicited by electrical stim-
ulation of the inferior colliculus in normal and audiogenic seizure suscep-
tible rats. Neurosci Lett, 2005; 379: 180–84

	52.	 François J, Boehrer A, Nehlig A: Effects of carisbamate (RWJ-333369) in two 
models of genetically determined generalized epilepsy, the GAERS and the 
audiogenic Wistar AS. Epilepsia, 2008; 49: 393–99

	53.	Vinogradova LV, van Rijn CM: Anticonvulsive and antiepileptogenic effects 
of levetiracetam in the audiogenic kindling model. Epilepsia, 2008; 49: 
1160–68

	54.	Garcia-Cairasco N, Doretto MC, Prado RP et al: New insights into behav-
ioral evaluation of audiogenic seizures. A comparison of two ethological 
methods. Behav Brain Res, 1992; 48: 49–56

	55.	 Terra VC, Garcia-Cairasco N: Neuroethological evaluation of audiogenic 
seizures and audiogenic-like seizures induced by microinjection of bicu-
culline into the inferior colliculus. II. Effects of nigral clobazam microinjec-
tions. Behav Brain Res, 1992; 52: 19–28

	56.	 Tupal S, Faingold CL: Audiogenic kindling induces plastic changes in the neu-
ronal firing patterns in periaqueductal gray. Brain Res, 2011; 1377: 60–66

	57.	 Feng HJ, Faingold CL: Synaptic plasticity in the pathway from the medial 
geniculate body to the lateral amygdala is induced by seizure repetition. 
Brain Res, 2002; 946: 198–205

	58.	Dutra Moraes MF, Galvis-Alonso OY, Garcia-Cairasco N: Audiogenic kindling 
in the Wistar rat: A potential model for recruitment of limbic structures. 
Epilepsy Res, 2000; 39: 251–59

	59.	Raisinghani M, Faingold CL: Neurons in the amygdala play an important 
role in the neuronal network mediating a clonic form of audiogenic seizures 
both before and after audiogenic kindling. Brain Res, 2005; 1032: 131–40

	60.	Galvis-Alonso OY, Cortes De Oliveira JA, Garcia-Cairasco N: Limbic epilep-
togenicity, cell loss and axonal reorganization induced by audiogenic and 
amygdala kindling in wistar audiogenic rats (WAR strain). Neuroscience, 
2004; 125: 787–802

	61.	Naritoku DK, Mecozzi LB, Aiello MT, Faingold CL: Repetition of audiogen-
ic seizures in genetically epilepsy-prone rats induces cortical epileptiform 
activity and additional seizure behaviors. Exp Neurol, 1992; 115: 317–24

	62.	Kayir H, Uzbay T: Effects of clozapine on ethanol withdrawal syndrome in 
rats. Alcohol Alcohol, 2008; 43: 619–25

	63.	Malikova LA, Fedotova IB, Poletaeva II, Raevskiĭ KS: Anticonvulsant effects of 
levetiracetam on audiogenic epileptiform siezures in Krushinsky-Molodkina 
rats. Eksp Klin Farmakol, 2007; 70: 3–5

	64.	Vinogradova LV, Shatskova AB, van Rijn CM: Pro-epileptic effects of the can-
nabinoid receptor antagonist SR141716 in a model of audiogenic epilepsy. 
Epilepsy Res, 2011; 96: 250–56

	65.	Markina NV, Perepelkina OV, Poletaeva II: The remote effects of neonatal 
injections of caffeine and piracetam on audiogenic seizure susceptibility 
in mice of three genotypes. Zh Vyssh Nerv Deiat Im I P Pavlova, 2008; 58: 
368–75

	66.	Uzbay T, Kayir H, Celik T, Yüksel N: Acute and chronic tianeptine treatments 
attenuate ethanol withdrawal syndrome in rats. Prog Neuropsychopharmacol 
Biol Psychiatry, 2006; 30: 478–85

	67.	 Coskun I, Tayfun Uzbay I et al: Attenuation of ethanol withdrawal syndrome 
by extract of Hypericum perforatum in Wistar rats. Fundam Clin Pharmacol, 
2006; 20: 481–88

	68.	Russo E, Donato di Paola E et al: Pharmacodynamic potentiation of anti-
epileptic drugs’ effects by some HMG-CoA reductase inhibitors against au-
diogenic seizures in DBA/2 mice. Pharmacol Res, 2013; 70: 1–12

	69.	Hill AJ, Mercier MS, Hill TD et al: Cannabidivarin is anticonvulsant in mouse 
and rat. Br J Pharmacol, 2012; 167: 1629–42

	70.	 Jobe PC, Browning RA: Mammalian models of genetic Epilepsy character-
ized by sensory-evoked seizures and generalized seizure suscetibility. In: 
Models of Seizures and Epilepsy. Pitkanen A, Schwartzkroin PA, Moshe SL 
(eds.), Amsterdam: Academic Press, 2006; 261–71

	71.	 Faingold CL, Randall M, Tupal S: DBA/1 mice exhibit chronic susceptibility 
to audiogenic seizures followed by sudden death associated with respira-
tory arrest. Epilepsy Behav, 2010; 17: 436–40

8

Komsuoglu Celikyurt I et al.: 
Audiogenic seizures: A review

© Med Sci Rev, 2016; 3: 



	 72.	Misawa H, Sherr EH, Lee DJ et al: Identification of a monogenic locus (jams1) 
causing juvenile audiogenic seizures in mice. J Neurosci, 2002; 22: 10088–93

	73.	Carballosa-Gonzalez MM, Muñoz LJ, López-Alburquerque T et al: EEG char-
acterization of audiogenic seizures in the hamster strain GASH: Sal. Epilepsy 
Res, 2013; 106: 318–25

	74.	Barrera-Bailón B, Oliveira JA, López DE, Muñoz LJ et al: Pharmacological 
and neuroethological studies of three antiepileptic drugs in the Genetic 
Audiogenic Seizure Hamster (GASH: Sal). Epilepsy Behav, 2013; 28: 413–25

	75.	Chapman AA, Croucher MJ, Meldrum BS: Evaluation of anticonvulsant 
drugs in DBA/2 mice with sound-induced seizures. Arzneim Forsch/Drug 
Res, 1984; 34: 1261–64

	76.	Brennan TJ, Seeley WW, Kilgard M et al: Sound-induced seizures in sero-
tonin 5-HT2c receptor mutant mice. Nat Genet, 1997; 16: 387–90

	77.	 Skradski SL, Clark AM, Jiang H et al: A novel gene causing a mendelian au-
diogenic mouse epilepsy. Neuron, 2001; 31: 537–44

	78.	 Poletaeva II, Fedotova I, Sourina NM, Kostina ZA: Audiogenic seizures – 
biological phenomenon and experimental model of human epilepsies. In: 
Clinical and Genetic Aspects of Epilepsy. Afawi Z (ed.), InTech: Rijeka, Croatia, 
2011; 115–47

	79.	Byrns CN, Pitts MW, Gilman CA et al: Mice lacking selenoprotein P and se-
lenocysteine lyase exhibit severe neurological dysfunction, neurodegener-
ation, and audiogenic seizures. J Biol Chem, 2014; 289: 9662–74

	80.	Garcia-Cairasco N: A critical review on the participation of inferior colliculus 
in acoustic-motor and acoustic-limbic networks involved in the expression 
of acute and kindled audiogenic seizures. Hear Res, 2002; 168: 208–22

	81.	De Sarro G, Russo E, Citraro R, Meldrum BS: Genetically epilepsy-prone rats 
(GEPRs) and DBA/2 mice: Two animal models of audiogenic reflex epilep-
sy for the evaluation of new generation AEDs. Epilepsy Behav, 2015 [Epub 
ahead of print]

	82.	 Poletaeva II, Surina NM, Kostina ZA et al: The Krushinsky Molodkina rat 
strain: The study of audiogenic epilepsy for 65 years. Epilepsy Behav, 2015 
[Epub ahead of print]

9

Komsuoglu Celikyurt I et al.: 
Audiogenic seizures: A review
© Med Sci Rev, 2016; 3: 


