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Abstract 
Brain aminergic tone was examined in rats with different genetically deter-
mined generalized epilepsies and in normal rats. Our previously published 
database was analyzed to examine if there were functional correlations be-
tween brain biogenic amines and their metabolic rates within particular cere-
bral regions. Rats with genetically determined absence (AbS) and/or audi-
ogenic seizures (AGS) served as models for human generalized non-convulsive 
and convulsive epilepsies. Tissue concentrations of 5-HT, dopamine (DA) 
and their main metabolites, as well as tryptophan (TRT), histamine (HA) and 
noradrenaline (NA) were assayed in different brain regions and analyzed for 
within-regions correlations in non-stressed conditions. It was found that AbS 
rats had higher indices of DA-ergic metabolism than non-epileptic controls, 
but the severity of AbS correlated with a widespread dopaminergic deficiency, 
as expressed in lowered indices of DA metabolism. AGS exerted no major ef-
fects on tissue neurochemistry. Brain DA-ergic and 5HT-ergic metabolic in-
dices (measured as the ratio of the metabolite to the parent transmitter) were 
closely linked in striatum and pons-medulla of AbS rats. Remarkably, the tis-
sue content of HA in pons-medulla of AbS rats displayed correlations with 
metabolic ratios of 5HT and DA, which was not seen in normal rats. It is hy-
pothesized that enhanced metabolism of DA and 5HT are at least partial 
compensatory antiepileptic mechanisms in the brain, and a disturbance of 
this compensation leads to an aggravation of absence seizures. 
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1. Introduction 

The brain aminergic system performs a multitude of functions, being implicated 
in the control of arousal, mood, cognition, locomotion, etc. This system can 
modulate the excitability of many neuronal networks throughout the brain [1] 
[2] [3] [4], and thus influence the paroxysmal threshold and thus the occurrence 
of epileptic seizures [3] [5] [6] [7]. Recently, a method of correlative analysis was 
applied to inter-individual differences in brain regional aminergic indices e.g. to 
evaluate interactions between the dopaminergic and serotoninergic systems 
within and between cerebral regions [8] [9] [10]. In the present study, we applied 
this approach to our published datasets [11], in order to reveal the interactions 
between regional histamine (HA)-, dopamine (DA)-, norepinephrine (NA)- and 
serotonine (5HT)-ergic systems in normal and epileptic brains utilizing our pre-
vious separate datasets [11] [12] [13]. 

A deficiency of the brain aminergic neurotransmission is known to facilitate 
both convulsive and non-convulsive seizures in experimental animals, whereas 
an experimentally-induced increase of aminergic activity exerts clear anti-epileptic 
effects in rodents [14]-[21]. A delayed increase in the release of catecholamines, 
which follows the induction of electroencephalographic and behavioral seizures 
in rats, is thought to be a compensatory action [19]. Another issue that it is still 
not totally understood is whether the brain aminergic systems undergo func-
tional changes during spontaneous epileptogenesis. This is particularly unclear 
in the case of the non-convulsive epilepsies. We have investigated this by ex-
amining a genetic animal model of childhood absence epilepsy—rats of the 
WAG/Rij rat strain [21] [22] [23]. Virtually all adult rats of this strain develop 
the EEG hallmarks of absence seizures (AbS)—widely generalized spike-wave 
discharges (SWDs), concomitant with behavioral arrest and mild orofacial jerks. 
The inter-individual differences in the propensity towards absence seizures in 
WAG/Rij rats [23] are likely attributable to some unknown internal modulatory 
mechanisms [24]. We hypothesized that an inter-individual difference in the se-
verity of absence seizures would mimic the putative within-individual changes in 
time; i.e. a comparison between subjects with low to high epileptic scores could 
provide valuable information on the mechanisms of aggravation of seizures in 
epileptic individuals. Therefore, we compared aminergic indices in different 
brain regions of WAG/Rij rats differing in their severity of AbS and analyzed 
whether this displayed functional correlations with the different biogenic 
amines. AGS-susceptible individuals of the Wistar and WAG/Rij rat strains [24] 
[25] were also examined in the original studies [11] [12] [13]. It was shown that 
effects of AGS susceptibility on brain amines are minimal at rest but appear to 
be more significant in stressed animals [11] [12] [13]. The effects of mild but 
recurrent AbS were prominent and widespread both at rest and in the stress re-
sponse [11] [12] [13]. In the present study, we concentrated on the functional 
coupling of biogenic amines in the brain of non-stressed animals.  

The tissue contents of the neurotransmitter in the rats with absence and/or 
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audiogenic epilepsy have been already published by our group [11] [12] [13]. 
However, the tissue content itself represents mainly the neurotransmitter stored 
at high concentrations in different vesicular compartments inside neurons [26] 
[27] [28] [29]. Brain aminergic systems represent a potential target for a com-
plex therapy of epilepsy and comorbid disorders, such as anxiety, depression and 
others [3] [4]. To develop aminergic strategies of treatment, it is needed to better 
understand functional interaction of these neuromodulatory systems. It is quite 
possible that the epileptic brain would have a seizure-type specific pattern for 
such interaction. The assessment of functional coupling between the brain ami-
nergic systems should also involve metabolic rates [7] [8] [9], which are reflected 
in the ratios of metabolite(s) to parent neurotransmitter/precursor, measured 
simultaneously in the same brain regions [7] [8] [9] [10]. Therefore, we applied 
the correlative approach, introduced by De Deurwaerdère and colleagues [7] [8] 
[9], to our dataset on brain biogenic amines in rats with genetically determined 
generalized epilepsies [11] [12] [13]. The present analysis renders it possible to 
asses if the activity of aminergic systems might act as antiepileptic compensatory 
mechanisms. 

2. Methods 

Animals: A total of 20 rats were examined. Male rats of the WAG/Rij (N = 10) 
and Wistar (N = 10) strains, 5 - 6 months old, were used in the experiment. Au-
diogenic susceptibility was pre-examined by two sound tests, separated by 7 - 9 
days. The sound test was the same as that described earlier [24] [25]: complex 
sound with a frequency range of 13 - 85 kHz, maximum in 20 - 40 kHz and 
mean intensity 50 - 60 dB, was automatically presented for 90 seconds in an ex-
perimental chamber (90 × 90 cm). The rats involved in the present study dis-
played mild seizures, wild running (score 1) or wild running followed by jump-
ing (score 2). A failure to experience an AGS was scored as 0 [24]. The final 
score that was assigned to an animal was the average of the scores in the two 
successive tests. Five rats of each strain which exhibited AGS in two successive 
tests were selected; as well as five other rats per strain, which did not show any 
sign of AGS. Thus, four experimental groups were formed: Wistar rats with au-
diogenic seizures (Wistar-AGS), Wistar control rats served as non-epileptic 
controls (Wistar), WAG/Rij rats without AGS (WAG/Rij), and WAG/Rij rats 
with audiogenic seizures (WAG/Rij-AGS). The latter group had a double or 
mixed epileptic pathology. 

All rats were housed at 3 - 5 animals per cage, under natural light-dark condi-
tions (about 10 hours of light in the daytime) and with ad libitum access to 
standard pellet food and water. All experiments were performed in accordance 
with the institutional and national guidelines of animal care. All efforts were 
made to reduce suffering of the animals and to minimize the number of experi-
mental subjects involved. 

Surgery: Ten days after the second test for AGS susceptibility, the epidural 
cortical electrodes (stainless steel screws) were implanted in each rat under 
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chloral hydrate narcosis (4% solution, 10 ml/kg i.p.) and local anesthesia (pro-
caine 2% solution). 

ECoG registrations: After a two-week post-surgery recovery period, the ECoG’s 
of the rats were recorded in two sessions of 45 - 60 minutes, conducted between 
16.00 and 19.00 p.m. Criteria of SWDs were as previously published [30]. Indi-
vidual indices of spike-wave activity (SWI) were calculated as a mean percentage 
of the time occupied by SWDs. 

Decapitation and dissection: During the 3 - 4 weeks before the final experi-
ment, the animals were occasionally brought to the room where they would be 
sacrificed, so that they would become habituated to the environment: each rat 
had 4 - 5 habituation sessions, randomly scheduled within this period. During 
this period, also behavioural tests were performed in the animals (the open field 
and light-dark choice tests). The results of the behavioural experiments were re-
ported elsewhere [31]. 

The rats were decapitated 10 to 14 days after the last ECoG-session in the 
same room to which they had been habituated to the experimental conditions; 
the order of decapitation was counterbalanced. The brains were dissected from 
the skull, vascular tissue was carefully removed and brain regions were dissected 
on ice. Tissue samples of the frontal and parieto-occipital cortices were cut with 
a thin metal wire. Next, the amygdala, striatum, thalamus, hypothalamus and 
pons-medulla oblongata were dissected according to [30]. The samples were in-
dividually placed into plastic tubes and frozen on top of dry ice. Subsequently, 
the samples were stored at −70˚C until HPLC assay. 

All thawed samples were first homogenized in ice-cold 0.4 M perchloric acid 
and the homogenates were centrifuged at 100,000 g for 45 minutes at 4˚C; su-
pernatants were frozen until the assay. 

Monoamine assay: NA, DA and its main metabolites homovanillic acid (HVA) 
and 3,4-dihydroxyphenylacetic acid (DOPAC) were assayed from brain samples 
by HPLC coupled with an electrochemical (coulometric) detector [32]. The 
concentrations of tryptophan (TRT) as well as serotonin (5-hydroxytrptamine, 
5-HT) and its metabolite, 5-hydroxyindoleacetic acid (5-HIAA) were also as-
sayed electrochemically in the same HPLC run as the catecholamines. 

Histamine assay: Supernatants were used for HPLC assay, with post-column 
derivatization and fluorescence detection, as described by Yamatodani et al. [33]. 

Statistics: The datasets for each brain region were processed by ANOVA gen-
eral linear model (GLM) with “strain” and “AGS” as the between-subject factors, 
SWI was taken as a continuous predictor. Single missing values were replaced 
with the corresponding group means, to allow a complete statistical analysis of oth-
er variables. This procedure does not affect the group means and between-group 
differences. 

The rats of the same strain were pooled into one group if there was no significant 
difference nor a tendency to differ between AGS-prone animals and AGS-resistant 
rats. Those parameters, which demonstrated a significant difference between 
AGS-susceptible and AGS-resistant groups, were excluded from the subsequent 
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correlative analysis. The correlations between neurochemical values measured 
were estimated by the Spearman method of rank order correlation. Fisher exact 
2 × 2 test was used in order to determine whether the numbers of regional cor-
relations differed significantly between the two strains.  

All data are given as mean ± SEM, p = 0.05 was accepted as a minimal level of 
significance, p < 0.1 was considered as a tendency. 

3. Results 
3.1. Paroxysmal Activity 

AGS was scored as described earlier [24] [25]. Mean AGS scores were rather 
similar for Wistar-AGS and WAG/Rij-AGS rats (1.4 and 1.1, respectively). The 
AbS was scored as SWI indices (3.3 ± 0.77 and 3.3 ± 1.08 for WAG/Rij and 
WAG/Rij-AGS rats, respectively). No paroxysmal activity was registered in 
ECoG of Wistar rats. 

3.2. AGS 

No specific effect was seen in the AGS-susceptibility when the animals were at 
rest on the monoaminergic parameters assayed in the present study (Table 1). 
Tendencies towards an AGS*strain interaction were detected in frontal cortex 
for NA, in thalamus for HA, in hypothalamus for HVA and HVA/DA ratio, in 
pons-medulla for 5HT/TRT ratio. These tendencies have been reported earlier 
[11] [12] [13]. The regional parameters mentioned above were excluded from 
the correlative analysis. 

The effect of AbS was dependent on the strain of rats being examined, since 
only WAG/Rij rats were susceptible to AbS in our study. 

Frontal cortex: A significant strain effect was found for all metabolic ratios of 
DA, they were elevated, or tended towards an elevation in WAG/Rij groups as 
compared to Wistar rats ({F(1,19) = 4.40, p < 0.05}, {F(1,19) = 4.63, p < 0.05}, 
and {F(1,19) = 4.57, p < 0.05 for DOPAC/DA, (DOPAC + HVA)/DA and 
NA/DA, respectively}, p = 0.06 for HVA/DA. 

Parietal cortex: Metabolic indices of dopamine were elevated (strain effect, 
{F(1,18) = 5.04, p < 0.05} for (DOPAC + HVA)/DA, ({F(1,18) = 4.69, p < 0.05 
for NA/DA} in WAG/Rij groups, as well as that of serotonin (strain effect 
{F(1,18) = 6.81, p < 0.05} for 5HIAA/5HT). Tissue HA tended to be lower in 
WAG/Rij rats {strain effect, F(1,18) = 3.99, p = 0.06}. 

Striatum: Tissue HA was lower in WAG/Rij groups {strain effect F(1,19) = 
19.78, p < 0.001} compared to Wistar groups.  

Hypothalamus: Tissue HA and TRT was higher in WAG/Rij rats compared to 
Wistar rats (strain effect {F(1,19) = 7.42, p < 0.05} and {F(1,19) = 4.42, p < 0.05}, 
respectively).  

Amygdala: TRT was elevated in WAG/Rij rats as compared to Wistar ones 
{strain effect F(1,19) = 5.37, p < 0,05}, as well as NA/DA ratio {F(1,19) = 4.47, p 
< 0.05}. 
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Table 1. Overview of tissue content of monoamines and some metabolites in cortical (a) and subcortical (b) regions of Wistar and 
WAG/Rij rats. The content of each monoamine and metabolite is expressed in ng/mg ± SEM. The metabolic ratios for DA or 
5-HT systems have been reported as the ratios of the tissue content of DOPAC, HVA or (DOPAC + HVA) to and DA; or 5HT to 
TRT, 5-HIAA to 5-HT, respectively. Strain difference and/or effect of AGS are highlighted and signed below the corresponded 
columns. 

(a) 

frontal ctx NA DA DOPAC HVA 5HT 5HIAA TRT HA 

Wistar 1.50 ± 0.18 0.43 ± 0.23 0.38 ± 0.15 0.15 ± 0.03 1.81 ± 0.21 3.03 ± 0.78 2.48 ± 0.37 0.29 ± 0.06 

WAG/Rij 2.15 ± 0.13 0.64 ± 0.32 0.46 ± 0.15 0.20 ± 0.07 2.01 ± 0.39 4.16 ± 0.95 2.80 ± 0.49 0.22 ± 0.04 

Wistar-AGS 2.09 ± 0.21 0.83 ± 0.31 0.60 ± 0.19 0.19 ± 0.05 2.40 ± 0.33 3.78 ± 0.95 2.95 ± 0.17 0.20 ± 0.02 

WAG/Rij-AGS 1.99 ± 0.21 0.44 ± 0.15 0.38 ± 0.07 0.14 ± 0.03 2.07 ± 0.34 3.29 ± 0.79 2.57 ± 0.39 0.22 ± 0.07 

parietal ctx 
strain* 

AGS-tend      
strain*AGS 

 

Wistar 0.47 ± 0.19 0.06 ± 0.03 0.03 ± 0.01 0.01 ± 0.01 0.39 ± 0.23 1.67 ± 1.42 3.08 ± 0.15 0.25 ± 0.02 

WAG/Rij 0.65 ± 0.35 0.11 ± 0.08 0.03 ± 0.02 0.02 ± 0.01 0.41 ± 0.30 1.95 ± 1.68 3.09 ± 0.12 0.21 ± 0.02 

Wistar-AGS 0.44 ± 0.24 0.10 ± 0.06 0.04 ± 0.03 0.02 ± 0.01 0.45 ± 0.29 1.53 ± 1.20 3.14 ± 0.30 0.28 ± 0.02 

WAG/Rij-AGS 0.57 ± 0.15 0.14 ± 0.06 0.01 ± 0.01 0.02 ± 0.01 0.29 ± 0.12 1.43 ± 1.14 3.48 ± 0.26 0.19 ± 0.02 

amygdala 
       

strain*-tend 

Wistar 4.18 ± 0.58 2.28 ± 0.79 0.37 ± 0.05 0.34 ± 0.04 3.19 ± 0.51 3.70 ± 0.34 3.44 ± 0.10 0.30 ± 0.05 

WAG/Rij 5.49 ± 0.74 1.30 ± 0.27 0.30 ± 0.04 0.34 ± 0.10 4.23 ± 0.54 4.65 ± 0.28 4.27 ± 0.24 0.34 ± 0.02 

Wistar-AGS 2.99 ± 0.83 1.57 ± 0.33 0.37 ± 0.11 0.46 ± 0.07 3.36 ± 0.74 3.46 ± 0.61 3.45 ± 0.44 0.29 ± 0.05 

WAG/Rij-AGS 5.59 ± 0.77 2.35 ± 0.75 0.36 ± 0.18 0.46 ± 0.10 3.92 ± 0.62 4.68 ± 0.19 4.27 ± 0.18 0.30 ± 0.05 

 
strain* 

   
strain* strain* strain* 

 

frontal ctx NA/DA DOPAC/DA HVA/DA 
(DOPAC + 
HVA)/DA 

5HIAA/5HT 5HT/TRT 
  

Wistar 6.40 ± 1.77 1.13 ± 0.45 0.57 ± 0.20 1.70 ± 0.51 1.68 ± 0.40 0.77 ± 0.11 
  

WAG/Rij 9.61 ± 4.66 2.29 ± 1.76 0.89 ± 0.59 3.18 ± 2.35 2.65 ± 0.80 0.81 ± 0.24 
  

Wistar-AGS 5.53 ± 2.85 1.27 ± 0.58 0.33 ± 0.08 1.59 ± 0.64 1.84 ± 0.74 0.80 ± 0.08 
  

WAG/Rij-AGS 5.98 ± 1.33 1.29 ± 0.48 0.39 ± 0.08 1.68 ± 0.50 1.99 ± 0.74 0.82 ± 0.06 
  

parietal ctx strain* strain* strain* strain* 
    

Wistar 11.03 ± 4.19 0.56 ± 0.19 0.62 ± 0.29 1.18 ± 0.44 2.75 ± 0.81 0.12 ± 0.07 
  

WAG/Rij 12.04 ± 5.87 0.52 ± 0.26 1.23 ± 0.71 1.75 ± 0.86 4.40 ± 1.10 0.12 ± 0.09 
  

Wistar-AGS 10.41 ± 5.53 0.37 ± 0.08 1.92 ± 1.23 2.29 ± 1.28 3.55 ± 1.07 0.13 ± 0.08 
  

WAG/Rij-AGS 15.80 ± 7.85 0.26 ± 0.10 2.51 ± 2.12 2.77 ± 2.19 6.21 ± 2.90 0.08 ± 0.04 
  

amygdala 
   

strain* 
    

Wistar 2.72 ± 0.70 0.38 ± 0.17 0.26 ± 0.11 0.58 ± 0.30 1.39 ± 0.36 0.93 ± 0.16 
  

WAG/Rij 4.94 ± 1.01 0.37 ± 0.12 0.47 ± 0.13 0.67 ± 0.29 1.20 ± 0.20 1.02 ± 0.15 
  

Wistar-AGS 2.99 ± 1.45 0.40 ± 0.24 0.44 ± 0.19 0.85 ± 0.42 1.22 ± 0.22 0.90 ± 0.16 
  

WAG/Rij-AGS 2.86 ± 0.40 0.16 ± 0.06 0.23 ± 0.05 0.38 ± 0.10 1.29 ± 0.15 0.90 ± 0.11 
  

 
strain* 
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(b) 

striatum NA DA DOPAC HVA 5HT 5HIAA TRT HA 

Wistar 0.57 ± 0.33 11.9 ± 3.7 5.9 ± 0.8 0.90 ± 0.21 0.42 ± 0.06 0.94 ± 0.23 2.49 ± 0.18 0.43 ± 0.01 

WAG/Rij 0.47 ± 0.26 12.1 ± 1.7 4.8 ± 0.9 1.22 ± 0.26 0.49 ± 0.11 0.81 ± 0.10 2.78 ± 0.28 0.48 ± 0.03 

Wistar-AGS 0.60 ± 0.35 11.1 ± 1.6 5.4 ± 0.4 1.14 ± 0.16 0.40 ± 0.07 0.80 ± 0.10 2.50 ± 0.17 0.44 ± 0.01 

WAG/Rij-AGS 0.45 ± 0.11 13.0 ± 4.3 4.1 ± 0.5 1.03 ± 0.10 0.51 ± 0.11 0.75 ± 0.08 2.60 ± 0.20 0.45 ± 0.01 

thalamus 
       

strain* 

Wistar 2.4 ± 0.2 0.31 ± 0.06 0.24 ± 0.11 0.48 ± 0.10 2.20 ± 0.27 4.48 ± 0.42 4.10 ± 0.43 0.75 ± 0.09 

WAG/Rij 2.6 ± 0.3 0.51 ± 0.15 0.13 ± 0.05 0.23 ± 0.06 2.56 ± 0.54 3.38 ± 0.43 3.04 ± 0.42 0.53 ± 0.05 

Wistar-AGS 2.5 ± 0.3 0.37 ± 0.11 0.28 ± 0.10 0.33 ± 0.05 2.41 ± 0.52 3.98 ± 0.59 3.27 ± 0.37 0.60 ± 0.06 

WAG/Rij-AGS 2.9 ± 0.4 0.51 ± 0.16 0.27 ± 0.08 0.28 ± 0.02 2.65 ± 0.52 3.07 ± 0.18 3.30 ± 0.14 0.65 ± 0.05 

hypothalamus 
       

strain*AGS-tend 

Wistar 10.3 ± 1.4 1.57 ± 0.30 0.68 ± 0.15 0.14 ± 0.05 3.12 ± 0.18 3.61 ± 0.95 2.71 ± 0.26 4.25 ± 0.69 

WAG/Rij 12.6 ± 1.1 1.83 ± 0.22 0.72 ± 0.10 0.26 ± 0.05 4.18 ± 0.75 5.82 ± 1.64 3.01 ± 0.11 6.10 ± 1.26 

Wistar-AGS 9.6 ± 1.9 1.90 ± 0.37 0.72 ± 0.17 0.34 ± 0.04 3.63 ± 0.58 6.10 ± 2.32 2.54 ± 0.19 4.88 ± 0.98 

WAG/Rij-AGS 11.5 ± 0.6 1.77 ± 0.22 0.84 ± 0.16 0.19 ± 0.03 3.63 ± 0.41 4.49 ± 1.21 2.91 ± 0.06 5.46 ± 0.54 

pons-medulla 
   

strain*AGS 
  

strain-tend strain* 

Wistar 0.38 ± 0.07 0.28 ± 0.06 0.13 ± 0.02 0.60 ± 0.29 0.46 ± 0.09 4.11 ± 0.67 3.47 ± 0.13 0.13 ± 0.01 

WAG/Rij 0.46 ± 0.11 0.21 ± 0.05 0.14 ± 0.03 0.22 ± 0.03 0.53 ± 0.09 3.71 ± 0.26 3.88 ± 0.21 0.18 ± 0.01 

Wistar-AGS 0.37 ± 0.07 0.32 ± 0.10 0.11 ± 0.05 0.20 ± 0.03 0.45 ± 0.04 3.80 ± 0.27 3.53 ± 0.30 0.16 ± 0.01 

WAG/Rij-AGS 0.70 ± 0.19 0.31 ± 0.05 0.20 ± 0.05 0.28 ± 0.06 0.71 ± 0.02 4.07 ± 0.31 3.64 ± 0.33 0.17 ± 0.02 

  
strain-tend 

     
strain* 

striatum NA/DA DOPAC/DA HVA/DA 
(DOPAC + 
HVA)/DA 

5HIAA/5HT 5HT/TRT 
  

Wistar 0.08 ± 0.05 0.65 ± 0.14 0.10 ± 0.04 0.75 ± 0.16 2.39 ± 0.71 0.17 ± 0.02 
  

WAG/Rij 0.03 ± 0.01 0.43 ± 0.11 0.11 ± 0.02 0.54 ± 0.12 1.88 ± 0.29 0.17 ± 0.03 
  

Wistar-AGS 0.06 ± 0.04 0.51 ± 0.06 0.11 ± 0.02 0.62 ± 0.08 2.08 ± 0.22 0.16 ± 0.02 
  

WAG/Rij-AGS 0.05 ± 0.01 0.43 ± 0.11 0.11 ± 0.03 0.54 ± 0.13 1.69 ± 0.25 0.19 ± 0.04 
  

thalamus 
        

Wistar 8.57 ± 1.25 0.96 ± 0.50 1.68 ± 0.44 2.63 ± 0.58 2.20 ± 0.37 0.57 ± 0.12 
  

WAG/Rij 6.90 ± 1.89 0.53 ± 0.37 0.68 ± 0.23 1.21 ± 0.51 1.46 ± 0.19 0.83 ± 0.14 
  

Wistar-AGS 8.95 ± 2.48 1.20 ± 0.71 1.13 ± 0.32 2.33 ± 0.77 2.11 ± 0.65 0.77 ± 0.17 
  

WAG/Rij-AGS 7.51 ± 2.44 0.79 ± 0.40 0.69 ± 0.14 1.41 ± 0.52 1.39 ± 0.31 0.79 ± 0.14 
  

hypothalamus 
        

Wistar 6.98 ± 1.06 0.50 ± 0.16 0.10 ± 0.04 0.60 ± 0.17 1.17 ± 0.32 1.21 ± 0.17 
  

WAG/Rij 7.27 ± 0.98 0.41 ± 0.06 0.15 ± 0.03 0.56 ± 0.08 1.53 ± 0.36 1.38 ± 0.24 
  

Wistar-AGS 5.36 ± 0.81 0.46 ± 0.19 0.22 ± 0.07 0.68 ± 0.24 1.54 ± 0.37 1.41 ± 0.20 
  

WAG/Rij-AGS 6.83 ± 0.72 0.50 ± 0.12 0.11 ± 0.03 0.62 ± 0.13 1.31 ± 0.41 1.24 ± 0.13 
  

pons-medulla 
  

strain*AGS-tend 
     

Wistar 1.93 ± 0.61 0.59 ± 0.12 1.60 ± 0.37 2.20 ± 0.42 10.5 ± 4.0 0.14 ± 0.02 
  

WAG/Rij 3.05 ± 1.29 1.10 ± 0.60 1.87 ± 1.04 2.97 ± 1.64 9.0 ± 0.2 0.15 ± 0.03 
  

Wistar-AGS 1.43 ± 0.27 0.38 ± 0.20 0.75 ± 0.10 1.12 ± 0.25 8.1 ± 0.5 0.12 ± 0.01 
  

WAG/Rij-AGS 2.42 ± 0.64 0.74 ± 0.25 1.17 ± 0.52 1.91 ± 0.73 5.1 ± 0.1 0.23 ± 0.01 
  

 
strain* strain* strain* strain* 

 
strain*AGS-tend 
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Thalamus: No significant strain difference was seen in this structure. HA tis-
sue level tended for AGS*strain interaction {F(1,19) = 4.10, p = 0.06}. 

Pons-medulla: The tissue DA level tended to be lower (p = 0.08), whereas that 
of TRT was higher in WAG/Rij rats (strain effect, {F(1,19) = 8.00, p < 0.01}). All 
metabolic ratios of DA were elevated, or tended to be elevated in WAG/Rij 
groups as compared to Wistar rats ({F(1,19) = 6.00, p < 0.05}, {F(1,19) = 9.06, p 
< 0.05}, and {F(1,19) = 8.45, p < 0.05} for DOPAC/DA, HVA/DA and (DOPAC 
+ HVA)/DA respectively}, p = 0.08 for NA/DA). The rats with mixed type of ep-
ilepsy types had a higher synthesis rate of 5HT, as seen in the 5HT/TRT ratio 
(AGS*strain interaction ({F(1,19) = 6.65, p < 0.05}, all p < 0.01 in the post-hoc 
comparison of WAG/Rij-AGS to the other rat groups). 

3.3. Regional Interactions of the Aminergic Systems 

Those variables which did not differ (nor showed any tendency to differ) be-
tween AGS-prone and AGS-resistant groups of the same strain, were pooled to-
gether and subjected to a further inter-individual correlative analysis. 

The relationships between the metabolite/precursor and the neurotransmitter 
were evident in many brain regions. These kinds of correlations are regarded as 
“an internal validation” of the method [8] and reflect the natural linkage be-
tween the compounds, usually via one or two enzymatic steps. These correla-
tions are not shown here. 

Correlations between the brain aminergic systems are given in Figure 1(a) 
and Figure 1(b). Briefly, these kinds of correlations were present in each studied 
region, with the exception of frontal cortex. The amount of inter-correlated 
aminergic indices differed between the brain regions and between the strains. 
One consistent phenomenon seen in both strains (underlined Rs, Figure 1), was 
the large amount of cortical correlations: positive between the tissue amounts of 
monoamines (i.e. NA, DA, 5HT) (parietal cortex in Figure 1(a)), and negative 
between the tissue 5HT indices and the DA turnover ratios (parietal cortex and 
amygdala in Figure 1(a)). Central brain regions demonstrated fewer common 
correlations for the two strains studied: striatum, thalamus, hypothalamus each 
displayed only 1 pair of correlated variables (5HT to the HVA/DA ratio, NA to 
the 5HIAA/5HT ratio, DA to 5HIAA respectively); pons-medulla displayed no 
similar links between the brain aminergic systems. 

A strain difference appeared also in the patterns of regional correlations be-
tween NA, DA, HA and 5HT-ergic systems. Wistar rats had a higher (than 
WAG/Rij mates) number of correlated values within amygdala (27 and 15 out of 
98 possible correlations for Wistar and WAG/Rij rats, respectively; p < 0.02 ac-
cording to Fisher exact 2 × 2 test). WAG/Rij rats had a significantly higher 
number of correlated values within striatum (28 and 15 out of 98 possible corre-
lations for WAG/Rij and Wistar strains, respectively; p < 0.01 according to Fisher 
exact 2 × 2 test), and pons-medulla (20 and 12 out of 98 possible correlations for 
WAG/Rij and Wistar respectively; p < 0.05 according to Fisher exact 2 × 2 test). 
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(a) 

 
(b) 

Figure 1. Correlative analysis of tissue contents for brain amines and their metabolic ra-
tios within cortical (a) and subcortical (b) brain regions. Significant correlations (Spear-
man method of rank order correlation, Rs) BETWEEN noradrenergic (NA), dopaminer-
gic (DA), serotonergic (5-HT) and histaminergic (HA) systems are given for each single 
brain regions. Nonsignificant values of Rs are omitted. Empty highlighted cells mark the 
places of symmetrical Rs values for the same correlations (i.e. the correlation of NA to 
5HT is the same as the correlation 5HT to NA). Similar correlations seen in both strains 
are underlined. Rs for correlations of the individual indices of epileptic activity (SWI, on-
ly for WAG/Rij rats) and the regional aminergic variables are given in the right hig-
hlighted column, in underlined italic, nonsignificant Rs omitted. 
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The severity of absence epilepsy in WAG/Rij rats (scored as SWI) correlated 
with a number of regional tissue aminergic indices, as reported before [11] [12] 
[13]. The relevant coefficients are given in Figure 1(a) and Figure 1(b) in italics. 
As can be seen, SWI was associated with several regional parameters of DA-ergic 
or 5HTergic neurotransmission. In those cases, correlations between aminergic 
values were often stronger (Rs coefficient values higher, see the middle part of 
Figure 1(a) and Figure 1(b)) than the correlations of these variables with SWI 
itself (Rs coefficient values lower, see the last column of Figure 1(a) and Figure 
1(b)). This was observed for parietal cortex, striatum, pons-medulla regions 
(Figure 1(a) and Figure 1(b)). One of these triple correlations is illustrated in 
Figure 2(a) and Figure 2(b): in striatum, individual SWI correlated negatively 
with DA metabolism and positively with the 5HT synthetic ratio (Rs = −0.7 and 
+0.7; see Figure 2(a)), whereas the striatal correlation of 5HT/TRT to (DOPAC 
+ HVA)/DA was negative and appeared to be stronger (Rs = −0.9; see Figure 
2(b)).  

Only WAG/Rij rats demonstrated correlations between tissue HA and other 
systems, mainly within the pons-medulla regions (Figure 1(b)). The correlation 
between the tissue levels of HA and TRT in pons-medulla was the strongest (Rs 
= 1) in WAG/Rij rats, and was not present in Wistar rats. This particular region  
 

 
Figure 2. An example of regional multiple correlations. (a) Propensity towards absence 
epilepsy in WAG/Rij rats correlates negatively with the striatal dopamine turnover ratio, 
taken as (DOPAC + HVA)/DA, and positively with the serotonine sythetic ratio, taken as 
5HT/TRT. The variables are depicted as blue circles and red squares, respectively; (b) The 
metabolic indices display a strong negative correlation, white squares. Rs are given beside 
the regression lines, all p’s < 0.05. 
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displayed numerous correlations between SWI and aminergic indices (Figure 
1(b), corresponded Rs are given in italic). In Wistar rats, tissue level of HA did 
not correlate with other aminergic indices. 

4. Discussion 

In order to address the widespread biochemical relationships of brain amines, 
we applied an inter-individual correlative analysis of the contents of tissue 
amines, their metabolites and metabolic ratios [10], which were measured within 
eight cerebral regions of normal and epileptic rat brains. The results obtained 
confirm and extend the findings of other authors [8]: brain aminergic systems 
interact in terms of correlated metabolic rates, in distal (cortex, striatum, thala-
mus) and central (pons-medulla, hypothalamus) cerebral regions (Figure 1(a) 
and Figure 1(b)). One phenomenon, seen in both strains (underlined Rs, Figure 
1), was the large amount of positive correlations between the tissue amounts of 
monoamines (i.e. NA, DA, 5HT) assayed in the parietal cortex, as well as the 
negative correlations of tissue 5HT and the HVA/DA ratio in parietal cortex and 
amygdala (Figure 1(a)). This observation confirms the results reported by oth-
ers [7] [8] [9] in Wistar rats. Presumably, it points to the general nature of these 
cortical interdependencies: tissue amount and turnover of biogenic amines at 
distal sites might have common regulatory mechanisms [9].  

The metabolic rate of a monoamine has a greater functional significance than 
simply assaying the tissue concentration of the neurotransmitter itself [26] [27], 
and varies across brain regions [26] [34] [35] [36]. In fact, the components of the 
brain aminergic systems are targeted in the treatment of various neuropsychia-
tric and neurological conditions [3] [4]. Our results depict the “aminergic land-
scape” of normal rat brain and brain with recurrent spontaneous AbS. Clear 
functional correlations between striatal metabolic ratios of dopamine and sero-
tonin were specific for absence epilepsy (Figure 1(a) and Figure 1(b)). If one 
considers the total amount of correlations (within and between aminergic sys-
tems), then the WAG/Rij rats displayed a significantly higher number of correla-
tions within subcortical structures (striatum and pons-medulla) than Wistar rats 
(see Results). This highlights the tight connectivity between the DA and 5HTergic 
systems, which is specific for the AbS epileptic brain. For example, it is possible 
to assume that drugs targeting the 5HT-ergic system would have a lower thre-
shold for DA-ergic side effects in epileptic brains. Similarly, the strongly coupled 
DA-ergic and 5HT-ergic metabolism might represent a deficiency in the vesicu-
lar monoamine transporter (VMAT2), which is present in both DA and 5HT 
neurons. Taking into account the fact that the actions of the biogenic amines are 
mainly terminated outside of the cells, i.e. within the synaptic clefts, if there was 
some deficiency in the transportation of stored compounds to the presynaptic 
membrane, this would account for these metabolic correlations. There are no 
data available on the functioning of VMAT1, 2 in patients with childhood ab-
sence epilepsy or in brains of animals with absence-type epilepsy. Interestingly, 
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vesicular transporters have been associated with temporal lobe epilepsy [37]. 
Further investigations will be needed to clarify the role of this transporter in ab-
sence epilepsy. 

It is evident that the correlations between striatal HVA/DA, DOPAC/DA, 
(DOPAC + HVA)/DA to 5HIAA/5HT, 5HT/TRT were stronger than those to 
SWI (see Figure 1(a) and Figure 1(b); Figure 2(a) and Figure 2(b)). This might 
mean that AbS aggravation is a secondary effect to the functional coupling of the 
DA-ergic and 5-HRergic systems.   

One remarkable finding was that only in absence epileptic rats was the tissue 
HA level coupled to the tissue DA content and DA turnover indices in several 
brain regions (Figure 1(b)). For example, in pons-medulla of WAG/Rij rats, 
there were prominent positive correlations between the HA tissue content and 
the DA turnover indices (as well as a negative correlation between the tissue le-
vels of HA and DA). These correlations were not present in Wistar rats (Figure 
1(b)). The aminergic parameters in WAG/Rij rat brain were all further corre-
lated to the severity of absence epilepsy (as measured by the SWI) (Figure 1(b)). 
This illustrates a new feature of HA’s actions, i.e. orchestrating DA-ergic trans-
mission or metabolism in pons-medulla of WAG/Rij rats. There are reports in 
the literature that the HA-ergic system is activated if brain monoaminergic tone 
is low, as in the cases of Parkinson disease and in normally hibernating animals 
[38] [39]. A major increase in medullar HA content was detected in substantia 
nigra of human Parkinsonian brains [38]. The authors reported an increased 
density and thickness of histaminergic fibers, as well as enlarged HA-containing 
varicosities. This increase in histaminergic innervation has been proposed to 
compensate for the deficiency of DA [38]. In hibernating animals, monoaminer-
gic activity is maintained at a very low level, in contrast to the clearly elevated 
HA turnover [38]. It has been hypothesized that histamine actively regulates the 
low activity of other transmitters during the hibernation state [40]. Modulation 
of firing of DA-ergic neurons has been reported as a key element in the func-
tional interactions between histamine and other monoamines [40] with substan-
tia nigra being proposed as a part of a putative “inhibitory control loop” for ab-
sence seizures [41] [42]. The functional significance of this HA-DA interaction 
within the pons-medulla region for the control of AbS remains to be elucidated. 

The clearest correlation was found between tissue HA and TRT within pons- 
medulla of WAG/Rij rats. This was somewhat unexpected and could not we find 
any explanation in the published literature. TRT has many functions; it is a die-
tary-supplied α-amino acid that is used in the biosynthesis of proteins as well as 
a precursor of 5HT, melatonin (via 5HT) and niacin (vitamin B3, via kynurenine 
and quinolinic acids). Further experiments will be needed to clarify the mechan-
ism and functional significance on the TRT-HA linkage. 

It is notable that all groups of epileptic rats had elevated NA concentrations 
within the frontal cortex and amygdala (Table 1(a)). Interestingly, this elevated 
tissue NA did not correlate with SWI (Figure 1(a) and Figure 1(b)). Since an 
acute reduction of the noradrenergic neurotransmission was linked to an en-
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hancement of SWDs. In the WAG/Rij [43] as well as in the GAERS model [44] 
[45], it is possible to speculate that NA might be also poorly released and meta-
bolized in these rats. Another possibility would be that there is an enhanced ac-
tivity of the NA transporter, which can also take up DA from the synaptic cleft. 
This would explain both the elevated NA levels, unrelated to SWI, and the 
DA-ergic deficiency in cortical regions. 

The study also allowed us to examine the putative interaction of convulsive 
and non-convulsive seizures on the level of brain amines. Nonetheless it ap-
peared that this interaction effect was rather insignificant (Table 1(a) and Table 
1(b); Results). AGS (convulsive seizures) are usually considered as more da-
maging to the brain than AbS (non-convulsive seizures). Nonetheless, we found 
that mild but recurrent absence paroxysms have a greater impact on the brain 
aminergic system than a single audiogenic convulsion, or a genetic predisposi-
tion to AGS. 

The widespread DA-ergic deficiency parallels the AbS aggravation in WAG/Rij 
rats. Therefore, the effects of DA-ergic drugs also seem to depend on the pro-
pensity towards absence seizures. For example, undesirable motor side effects of 
psychostimulators or other DAergic drugs would be more prominent in indi-
viduals with severe AbS. 

The unusual interaction pattern of the DA-ergic and 5HT-ergic systems may 
contribute to the depressive-like behavioral traits seen in WAG/Rij rats [46] 
[47]. 

The interaction pattern seen in the brain HA and DA-ergic systems within the 
pons-medulla of WAG/Rij rats resembles that encountered in the parkinsonian 
brain, perhaps signifying that there are common steps in pathogenesis of par-
kinsonian tremor and petit mal (nowadays called as childhood absence epilepsy) 
[5]. Interestingly in WAG/Rij rats, as well as in another genetic model of absence 
epilepsy, i.e. GAERS rats, DA-ergic deficiency appears prior to the first manife-
station of AbS [48] [49] [50].  

To conclude, by applying an inter-individual correlative approach, it was 
possible to reveal the specific “cerebral aminergic landscape” of absence epilepsy. 
In the absence epileptic brain, the regions of striatum and pons-medulla dis-
played a high grade of connectivity between brain biogenic amines, seen as a 
large number of correlations between DA, 5HT and HA-ergic indices. In the 
pons-medulla of WAG/Rij rats, there was evidence for HA control over DA 
turnover. 
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