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Abstract

:

The involvement of the prefrontal cortical dopaminergic system in the psychopathology of epilepsies and comorbid conditions such as autism spectrum disorder (ASD) still needs to be explored. We used autoradiography to study the D1-like (D1DR) and D2-like (D2DR) receptor binding density in the prefrontal cortex of normal Wistar rats and Wistar-derived strains with generalized convulsive and/or non-convulsive epilepsy. WAG/Rij rats served as a model for non-convulsive absence epilepsy, WAG/Rij-AGS as a model of mixed convulsive/non-convulsive form, and KM strain was a model for convulsive epilepsy comorbid with an ASD-like behavioral phenotype. The prefrontal cortex of rats with any epileptic pathology studied demonstrated profound decreases in binding densities to both D1DR and D2DR; the effects were localized in the primary and secondary anterior cingulate cortices, and adjacent regions. The local decreased D1DR and D2DR binding densities were independent of (not correlated with) each other. The particular group of epileptic rats with an ASD-like phenotype (KM strain) displayed changes in the lateral prefrontal cortex: D1DR were lowered, whereas D2DR were elevated, in the dysgranular insular cortex and adjacent regions. Thus, epilepsy-related changes in the dopaminergic system of the rat archeocortex were localized in the medial prefrontal regions, whereas ASD-related changes were seen in the lateral prefrontal aspects. The findings point to putative local dopaminergic dysfunctions, associated with generalized epilepsies and/or ASD.
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1. Introduction


Dopamine (DA) is now one of the most mentioned neuromodulators in the literature as a substance of pleasure and reward [1,2,3]. DA participates in a wide spectrum of brain processes such as alertness, attention, cognition, memory, and mood modulation [4,5,6,7]. Studies of the brain’s dopaminergic system are made possible by a variety of different techniques [8]. One of the possible ways to explore the state of the dopaminergic system is to analyze the binding density to dopamine receptors (DRs).



It is traditionally accepted that DA acts through the six types of DRs, sub-classified as D1-like (D1 and D5) (D1DR) and the D2-like (D2short/long, D3, and D4) (D2DR) receptors [8,9,10]. These classes differ in their signaling pathways, cellular and anatomical distribution, as well as in their affinity for DA, and in their functions [7,11,12]. The impaired activity of DA and its receptors is a pathological factor for many neurological human brain diseases, the most frequently mentioned of which are Parkinson’s disease and schizophrenia [13,14,15,16]. There is growing evidence that an imbalance in neuromodulators, such as DA, can play a role in the development of both epileptic seizures and comorbid conditions. There is a traditional view (quite oversimplifying) that D1DRs have proconvulsant properties whereas D2DRs can mediate an anticonvulsant DA action [17,18].



In the concept of epilepsy, not only seizures themselves are important, but also their cognitive and emotional consequences [19,20,21]. It seems important to study how the state of the dopaminergic brain system changes in a particular cortical region, which is inextricably linked with both the cognitive and emotional components of goal-directed actions, the prefrontal cortex [22].



Despite different locations and complexities, many functions of the prefrontal cortex and its subregions are shown to be well conserved across species. This way, rodent research can provide valuable information about the functioning of these areas [23,24].



There is some research on the prefrontal cortex and epilepsy related to seizures originating from the particular prefrontal regions (cingulate or insular) [25,26], but less information available for other types of epilepsy. Presumably, prefrontal areas might be involved in the pathogenesis of cognitive and emotional disorders, often comorbid with different types of epilepsy [19,20,21].



We studied several related rat strains with different forms of genetic generalized epilepsy, all bred from normal rats of the Wistar strain. First, the WAG/Rij strain is recognized as one of the best validated genetic models of absence epilepsy. Absence seizures manifest as sudden attacks with generalized spike-wave EEG discharges and behavioral arrests [27,28,29]. The second group is, in fact, a sub-strain of WAG/Rij, WAG/Rij-AGS. These rats demonstrate both spontaneous absence non-convulsive seizures and convulsive audiogenic seizures in response to a sound provocation (audiogenic epilepsy) [30,31]. This sub-strain can be used as a model of the mixed forms of epilepsy. The third strain is the Krushinsky-Molodkina (KM) strain, with severe audiogenic convulsions: it serves as a model for human temporal lobe epilepsy [32,33,34]. That is, the group was characterized with a pure convulsive form of epilepsy. Thus, we compared three different models of genetic generalized epilepsy: convulsive, non-convulsive, and mixed type of epilepsy, and referred to the Wistar strain control. Since these epileptic strains are Wistar-derived, the between-strain differences unrelated to epilepsy are supposed to be small.



Previously, we have made comparative studies with the same design for several electrophysiological, behavioral, and neurochemical parameters [31,35,36,37,38,39]. In particular, we demonstrated that D1DR and D2DR binding densities display epilepsy type-specific changes in the brain’s striatal complex, as well as epilepsy type-nonspecific alterations [40].



Importantly, quite recently, we noticed pronounced social contact deficits in rats of the KM strain [41], consistently seen in a battery of social preference/social novelty tests [42]. Therefore, the KM strain was proposed as a model of autism spectrum disorder [41,42]. Autism spectrum disorders often comorbid with genetic epilepsy in clinical practice [43,44,45].



In the present study, we analyzed the local D1DR and D2DR binding densities in the prefrontal areas of rats with different forms of generalized epilepsy, as compared to healthy controls. The type-specific effects of epilepsies, as well as general (type-nonspecific) were estimated. Special attention was paid to the prefrontal regions, putatively engaged in the pathogenesis of the “autistic” phenotype (KM rats contrasted to “non-autistic” rats). There is a strong need to dissect possible neurophysiological mechanisms of autism spectrum disorders in human patients [46,47,48]. Analysis of data, collected in animal models, might shed new light on the neuronal loops involved in the pathophysiology of social deficits.




2. Materials and Methods


2.1. Animals


Adult male rats, aged 7–9 months and weighing 290–410 g, were utilized in the study. The rats were housed 4–6 per cage, maintaining a natural light-dark cycle with unrestricted access to water and food.



The study design mirrored previously published work [37,38,39]. Specifically, four experimental groups were established (Figure 1): healthy Wistar rats obtained from the Stolbovaya laboratory animal nursery (n = 5), WAG/Rij rats (descendants of the colony from Radboud University, Nijmegen, the Netherlands) with “pure” absence epilepsy (n = 5) and the mixed form of epilepsy (n = 5), and KM rats (from the colony bred on the Biological Faculty, Moscow State University, Russia) (n = 5).



All experiments were conducted in accordance with the guidelines outlined in [49] and adhered to the requirements of the Institutional Animal Care Committee.




2.2. The Audiogenic Seizure Susceptibility Test


The audiogenic seizure susceptibility test was performed after three days of habituation to the experimental room, 3 times with a 7-day interval according to [50]. Animals were exposed to broad-spectrum mixed tones (13–85 kHz, 50–60 dB) administered for 90 s. Audiogenic seizures were rated according to Krushinsky’s scale [30,51].




2.3. Decapitation and Brain Dissection


Rats were decapitated under a deep general anesthesia. Their brains were quickly removed and immediately frozen in isopentane and kept on dry ice. Coronal slices (14 µm) were cut by cryotome at −18 °C at the following levels according to [52,53]:



I—AP + 2.39–2.51



II—AP + 0.17–0.19



III—AP − 0.25–0.33



Slices were mounted onto polylysine-coated slides (Menzel-Glaser, Braunschweig, Germany). Alternate sections were allocated to slides for total or nonspecific binding or for morphological control. Sections were dried at room temperature overnight and then stored at −20 °C until autoradiography.



The Nissl method was used to stain the control slices to be used for morphological control.




2.4. Autoradiography


D1DR and D2DR receptor autoradiography was done as described earlier [54], similar to our previous studies [40,55].



Sections for specific binding were incubated in the Tris-buffer containing:




	
For D1DR—0.2 nM [3H]SCH 23390 (tritium-labeled non-selective DR antagonist for the D1 and D5 DR subtypes [8,56]; specific activity 66.0 Ci/mmol, Amersham) for 90 min at room temperature.



	
For D2DR—0.4 nM [3H]spiperone (tritium-labeled non-selective DR antagonist for the D2 and D3 DR subtypes [8]; specific activity 109.0 Ci/mmol, Amersham) for 60 min at room temperature.








Tris-buffer for non-specific binding contained:




	
For D1DR—0.2 nM [3H]SCH 23390 and 10−7 M cis-flupenthixol (non-specific D1/D2-antagonist according to the PDSP Ki Database [57]).



	
For D2DR—0.4 nM [3H]spiperone, 10−5 M haloperidol (the inverse D2DR agonist according to the PDSP Ki Database [57]) and 10−5 M ketanserin (the high-affinity non-selective antagonist of 5-HT2 receptors according to the PDSP Ki Database [57], used to block the [3H]spiperone binding to 5-HT2 serotoninergic receptors [58]).








After the incubation, the slides were drained, washed two times for 5 min in the buffer at +4 °C, and briefly dipped two times into distilled water (+4 °C). Sections were dried at room temperature overnight and exposed to a tritium-sensitive film (3H Hyperfilm®, Amersham, UK) at −20 °C together with Amersham 3H Microscale Autoradiography Standards®, within 4 weeks for D1DR and 3 weeks for D2DR. Then, all films were developed, digitized, and analyzed with ImageJ (accessed on 12 June 2019, https://imagej.net/ij/) [59].




2.5. Measurements


The scanned images of autoradiography films were contrasted digitally to the level of clear distinction of prefrontal regions. The brain structures were identified according to [52,53]. Recognizing the difficulty of transitioning from the old nomenclature to the new one, we decided to use both versions in the text, figures, and tables.



Measurements were carried out in the medial and lateral aspects of the prefrontal cortex (Table 1), and the parcellation is shown in Figure 2.



We have to mention that even though our understanding of its anatomy and physiology has remarkably evolved over the past decades [60,61,62], the information about this area is still full of mysteries and contradictions. One of the issues is that there is still no single generally accepted agreement on frontal cortical delineation and nomenclature [52,63,64,65,66]. It has been recently proposed that the term “medial prefrontal” should be replaced by the terms “anterior cingulate” and “midcingulate cortex” [53,67], for the sake of translatability. Although there is a large amount of scientific literature using the “old” nomenclature [68], we decided to use the “new” one in our manuscript.



Two hemispheres of each brain section per rat per level were analyzed for local values of total and nonspecific binding. Specific binding values were obtained by subtraction of the nonspecific binding densities from the total binding ones.



 





Table 1. List of studied areas of prefrontal cortex and adjacent areas with abbreviations and the comparison of the nomenclature used in the literature [52,63], modified according to [53].






Table 1. List of studied areas of prefrontal cortex and adjacent areas with abbreviations and the comparison of the nomenclature used in the literature [52,63], modified according to [53].





	
6th Edition, 2007, [63] (The “Old” Nomenclature)

	
7th Edition, 2014, [52] (The “New” Nomenclature)




	
Medial Prefrontal Cortex

	
Anterior Cingulate Cortex (ACC)






	
Infralimbic cortex IL

	
A25




	
Prelimbic cortex PL

	
A24a (level I in our study)




	
Primary cingulate cortex Cing1

	
A24b




	
Secondary cingulate cortex Cing2

	
A24a (level II in our study)




	

	
Homologue of area 33 A33




	

	
Midcingulate cortex (MCC)




	
Primary midcingulate cortex mCing1

	
A24b’




	
Secondary midcingulate cortex mCing2

	
A24a’




	
Lateral prefrontal cortex

	
Insular cortex




	
Granular insular cortex GI

	
Granular insular cortex GI




	
Dysgranular insular cortex DI

	
Dysgranular insular cortex DI




	
Dorsal agranular insular cortex AID

	
Dorsal agranular insular cortex AID




	
Ventral agranular insular cortex AIV

	
Ventral agranular insular cortex AIV




	
Posterior agranular insular cortex AIP

	
Posterior agranular insular cortex AIP




	
Adjacent structures

	
Adjacent structures




	
Dorsal peduncular cortex DP

	
Dorsal peduncular cortex DP




	
Claustrum Clau

	
Claustrum Clau




	
Piriform cortex Pir

	
Piriform cortex Pir








The lettering a, b and a’, b’ denotes, correspondingly, the following subregions of anterior cingulate cortex (A24): the prelimbic and secondary cingulate coretx, primary cingulate cortex, secondary midcingulate cortex, and primary midcingulate cortex, according to [52,63].













The obtained values of optical densities were converted into pmol/g of tissue by using the microscale standards (see Section 2.4).



For illustrative purposes, the autoradiograms were processed using the effect of a thermal imager (accessed on 14 June 2019, https://www.imgonline.com.ua/add-effect-thermal-imager.php).




2.6. The Statistical Analysis


The statistical analysis was performed with Statistica 10.0 (TIBCO Software Inc., Palo Alto, CA, USA). Values are shown as means ± SEM.



The analysis of D1DR and D2DR binding densities in a defined cortical region was performed for each anatomical level separately, using ANOVA GLM (General Linear Models), as described earlier [39,40]. Briefly, to account for variations caused by non-homogeneities of the films, the local background levels were taken as continuous GLM predictors, while the “rat group” and “films’ IDs” were taken as categorical predictors; the effects of background and films are not reported below. If the “rat group” factor was significant, the analysis proceeded further. ANOVA GLM for regional data was run with the epilepsy type (audiogenic seizures and/or absence seizures, 2 × 2 design) as the two between-subjects factors (Figure 1). Anatomical levels were analyzed separately; two brain hemispheres were taken as within-subjects factors, so a repeated-measures analysis was used. The analysis provided information about the general effect of audiogenic seizures/absence seizure susceptibilities, as previously carried out [39,40]. The putative effects of audiogenic seizures were checked by comparing the pooled group of KM and WAG/Rij-AGS rats with the pooled group of audiogenic seizure-unsusceptible rats (i.e., WS and WAG/Rij). The effects of absence seizures’ proneness were estimated by comparing the pooled groups of WAG/Rij and WAG/Rij-AGS rats with the pooled groups of WS and KM rats. The significant audiogenic seizures*absence seizures interaction was a reason to run the post hoc analysis (Tukey HSD test) for the rat groups, and consider re-grouping in a further analysis. Namely, if the audiogenic seizures*absence seizures interaction was significant, and the control group (Wistar rats) differed/tended to differ from all the epileptic groups in post hoc tests, we analyzed the general impact of epilepsy. The effect (named below as “factor EPILEPSY”) was assessed by comparing normal Wistar rats with the pooled data of the three groups of epileptic rats (i.e., KM, WAG/Rij, and WAG/Rij-AGS). If the audiogenic seizures*absence seizures interaction was significant, and the “autistic” rats differed/tended to differ from all the “non-autistic” groups in post hoc tests, we considered the analysis of the autism spectrum disorder-like phenotype. Its general effect (named below as “factor AUT”) was assessed by comparing the “non-autistic” group (pooled Wistar, WAG/Rij and WAG/Rij-AGS rats) with the group of socially deficient rats (i.e., KM). For these cases, general GLM ANOVAs were followed by post hoc tests (Unequal N HSD test). The minimal level of significance was set at p = 0.05.



The groups were pooled together to increase the translatability of the research: a comparison of the focus group to the two or three pooled control groups is less likely to bring false-positive results (i.e., between strain differences, not related to the variable of interest), than a comparison with one control group. This design was used in our previous studies [39,40].





3. Results


3.1. The D1DR Binding Density


The general distribution of D1DR within the prefrontal territories studied is in line with the previously published data [33,47] and illustrated in Figure 3. Briefly, the regions studied displayed a moderate binding to D1DR, with the maximal values seen in the claustrum (Figure 3). The rostro-caudal gradients were mild for D1DR binding densities. The rat groups differed in local levels of D1DR binding densities, with most of the variations being explained by the proneness to epilepsy or to the social behavioral phenotype.



Absence-epileptic WAG/Rij rats demonstrated a decreased D1DR binding in the A24a region of the prefrontal cortex (Figure 3A and Figure 6A; Table S1A), mostly due to the high values of normal control rats (which were statistically different from the pooled group of epileptic rats; see below Section 3.3). A tendency towards absence seizure-related elevation was observed in the granular insular cortex (Figure 3B).



The convulsive form of epilepsy (audiogenic seizures), was associated with a decrease in D1DR binding in the rostral divisions of the insular cortex in both agranular insular dorsal (AID) and ventral (AIV) areas (Figure 3B, Table S1B). The cingulate regions demonstrated an audiogenic seizure-related decrease, together with a tendency towards an audiogenic seizures*absence seizures interaction (Figure 3D), also because of a significant difference between the normal group and epileptic ones. These effects are discussed below (Section 3.3).




3.2. The D2DR Binding Density


The distribution of local binding densities to D2DR is shown in Figure 4. In general, the cortical pattern of D2DR binding agrees with the other studies [33,47,49]. In brief, the prefrontal cortex, as well as the claustrum, revealed noticeable levels of D2DR binding densities, with a clear and typical laminated pattern (Figure 4).



Absence-epileptic WAG/Rij rats demonstrated a decreased D2DR binding in the A24a region of the prefrontal cortex (Figure 4A, Table S2A), dysgranular insular cortex (Figure 4B), agranular insular cortex (Figure 4E), and the dorsal peduncular cortex (Figure 4C). In the case of the cingulate regions, the difference was rather nonspecific to epilepsy type, since the audiogenic seizures*absence seizures interaction effects were prominent (Figure 4). Such cases were further analyzed in post hoc tests (see Section 3.3 and Section 3.4) and ANOVAs with “factor EPILEPSY” or “factor AUT” as categorical predictors. The general effects of epilepsies and the autism spectrum disorder-like phenotype are discussed below (Section 3.3).




3.3. The General Effect of Epilepsies


We noticed some general impact of epilepsy on D1DR and D2DR systems, and a similar pattern was recently reported for H3 histamine autoreceptors [39]. In the anterior cingulate cortex, the three groups of epileptic rats (KM, WAG/Rij, and WAG/Rij-AGS) did not majorly differ from each other, but displayed a concordant decrease in local binding densities (Figure 3A,D). Being pooled to form an “epileptic” group (white bars in Figure 5) and compared to the control mother strain (Wistar rats, green bars in Figure 5), the rats with genetic generalized epilepsy demonstrated a significant decrease in D1DR and D2DR binding densities (Figure 3 and Figure 4 and Tables S1 and S2), as measured in regions A24a, A24b, and A25.



In all, the effects of generalized epilepsies in the present study were seen as fainted binding (Figure 6), specifically localized in the regions of the anterior cingulate prefrontal cortex, and found both for the D1DR and D2DR systems. To check whether such a concordant decrease might be related to a secondary factor (like the mechanical qualities of brain tissue), we ran a correlation analysis of the whole dataset (Table 2A,B). The results show that the D1DR and D2DR subsets were largely independent, both for the control and epileptic rats’ subsets.




3.4. Effect of Social Phenotype


A similar analysis (ANOVA GLM followed by post hoc “Uneven N HSD” tests) was made to assess the difference between the three groups of “non-autistic” rats (i.e., Wistar, WAG/Rij, and WAG/Rij-AGS) and the rats with an autism spectrum disorder-like phenotype (i.e., KM rats), if the audiogenic seizures*absence seizures interactions were significant, or tended to be significant in the analysis of audiogenic seizures and absence seizures effects (Section 3.1 and Section 3.2). This was performed if KM rats differed, or tended to differ, from the three other “non-autistic” cohorts. We found that the regions affected by the “factor AUT” were mainly structures of the insular cortex: the dysgranular and dorsal agranular insular cortex, together with the neighboring claustrum and piriform cortex (Figure 7 and Figure 8, Tables S1 and S2). The effects for D1DR were opposite to those seen for D2DR. The pooled group of “non-autistic” rats demonstrated higher binding densities to D1DR in the dysgranular insular cortex and the two adjacent areas (claustrum and piriform cortex) as compared to socially deficient KM rats (Figure 7A,B; Tables S1 and S2). In contrast, the group of “non-autistic” rats was lower in local binding to D2DR, as measured in the dorsal agranular insular cortex and the dysgranular insular cortex (Figure 7C,D; Tables S1 and S2).




3.5. Correlations between Local Binding Densities to D1DR and D2DR within the Prefrontal Regions


The subsets of local values for D1DR and D2DR binding densities were studied using nonparametric analysis (Spearman rank order), to observe the putative functional interrelations of the prefrontal regions, and outline possible artifacts. The Rs values (Spearman coefficients) for normal and epileptic groups are given in Table 2A,B, respectively.



The results demonstrated majorly independent local patterns seen for D1DR and D2DR local bindings (lower left quadrants of Table 2A,B).



The D1DR data were closely interrelated since the majority of regions revealed significant positive correlations (upper left quadrants of Table 2A,B). This means that a local value for D1DR in a region of the prefrontal cortex might serve as a predictor for any other D1DR local binding density; remarkably the cingulate and insular aspects of the prefrontal cortex were well correlated.



The correlation pattern seen for the D2DR subset (lower right quadrants of Table 2A,B) was more complex and demonstrated a lower number of links; it split the cingulate and insular subregions. The D2DR binding density patterns largely correlated within the insular aspects of the prefrontal cortex, but this was less clear for the cingulate ones.





4. Discussion


We found differences in D1-like and D2-like dopamine receptors in areas of the prefrontal cortex between the four groups. To better understand the possible meaning of these differences, one needs a reference to these areas’ functions.



The anterior cingulate cortex participates in the coordination of autonomic activities, internal responses to noxious stimulation, emotional states, and memories [69,70,71]. Area 24b is involved in emotional vocal expression. Pain processing is often referred to the prelimbic regions [67].



The insular cortex is known for interoception, but it is also involved in decision-making under all kinds of risks [24]. It is divided into three areas based on the presence or absence of the granular cortical layer IV: granular, dysgranular, and agranular insular cortex [53,72]. These areas differ in their connectivity because of the cytoarchitectural difference and, therefore, in their functions. Also, the division along the anterior-posterior axis was shown across species. In humans and primates, the central insular sinus separates the anterior part from the posterior, whereas in rodents the consensus boundary for these subdivisions is at the bregma. It seems that the posterior insular cortex receives inputs mainly from the visceral thalamic sensory nuclei and therefore acts more like the primary somatosensory cortex [73]. The anterior insular cortex is more reciprocally connected with limbic structures and particularly the core of the nucleus accumbens. It participates in motivated behavior, unlike the posterior insular cortex [73]. It is hypothesized that the posterior insular cortex participates mainly in the assessment of the body’s physiological condition, whereas the anterior insular cortex is important for the subjective feeling of the body, emotional states, and also for reward-seeking behavior [24,74,75,76,77].



As a modulator, DA cannot be ascribed to any particular prefrontal function, but it plays a critical role in three main areas: movement, cognition (especially memory), and affect. It was postulated that DA facilitates working memory through D1DR with the inverted-U mode of action, and both excessive and insufficient D1DR activation can harm prefrontal cortical functions [78].



Generally, our findings align with the established distribution of dopamine receptors (DR) in the prefrontal cortex. The relatively lower density of DR in the prefrontal cortex, when compared to the basal ganglia, may account for reduced responsiveness to both dopamine agonists and antagonists within this brain region [78]. In this study, the local binding densities of D1 dopamine receptors (D1DR) and D2 dopamine receptors (D2DR) exhibited poor inter-correlation in both normal and epileptic rat groups (Table 2A,B). Previously, significant inter-correlations between D1DR and D2DR receptor densities were observed within the dorsal and ventral striatum territories of normal Wistar rats and WAG/Rij rats [40]. However, this pattern was disrupted in audiogenic seizure-susceptible rats (KM and WAG/Rij-AGS), hinting at the additional regulation of dopaminergic neurotransmission linked to audiogenic seizures experience [40]. A similar anticipated effect for the prefrontal sub-regions, assuming a common source of dopaminergic innervation from the ventral tegmental area [79], did not materialize. Instead, the local densities of D1DR and D2DR binding represented independent datasets. This suggests that regionally available dopamine might not be the primary determinant for setting the levels of D1DR and D2DR binding. Indeed, the functional significance of non-dopaminergic systems in influencing the regional expression of prefrontal dopamine receptors is extensively discussed in the literature.



An intriguing exception is the D2DR binding density in the granular insular cortex of epileptic (but not control) rats, which was positively correlated with the majority of other prefrontal regions (bold numbers in Table 2B). DA neurotransmission in the granular insular cortex is known to reduce various types of pain [80]. It was demonstrated that the pain threshold in WAG/Rij rats was significantly lower than in Wistar rats, in a variety of tests [81]. Unfortunately, there are no data about the pain system in KM rats. The increased coupling between the granular insular cortex and other prefrontal regions might hint that the processing of pain-related stimuli in an epileptic brain would also affect other prefrontal functions. Further studies will help to clarify this question.



4.1. Effects of Specific Epilepsy Types


The prefrontal regions studied are not directly involved in the generation of seizures of absence and/or audiogenic epilepsies. These types of seizures are triggered by a few spikes in the perioral somatosensory cortex or inferior colliculus, respectively, and then quickly generalize over the brain [33,82]. For non-convulsive absence epilepsy, there is a theory that DA-ergic neurons in the substantia nigra pars compacta inhibit the GABAergic projections from basal ganglia to the thalamus and therefore cause disinhibition of thalamic neurons [83].



Recently, we have shown that a particular layer of the motor cortex (L2/3) is affected by audiogenic seizures: the binding density to H3 histamine receptors was decreased in the AGS-susceptible subgroups of the same dataset [39]. Although the lamination is less pronounced for D1DR and D2DR than for H3 ones, it is still possible that in the future, a more detailed analysis will help us to further localize the specific effects reported here.



Usually, research concerning DR density and epilepsy focuses mainly on brain areas directly or indirectly involved in seizure generation. Thus, for convulsive epilepsy, the D2DR decrease and D1DR increase was found in the neocortex and the basal ganglia of human patients with temporal lobe epilepsy [84,85]. The same D2DR alteration was shown for the caudate-putamen of pilocarpine-treated rats [86] and KM rats [87]. The D2DR-related DA-ergic dysregulation was shown in different brain areas of kindled rats [88].



There were many signs of the brain DA-ergic system alteration in WAG/Rij rats [36,89,90,91,92]. The DR density was studied in the neocortex and basal ganglia [40,55].



It is established that the mesoprefrontal dopamine (DA) subsystem has been recognized as a functionally and pharmacologically distinct entity, particularly in rodents [78]. Given that dopaminergic pathways to this region primarily arise from the ventral tegmental area (VTA) rather than the substantia nigra [78,93], it becomes intriguing to explore the dopaminergic system within the VTA as well.



The changes in DR binding densities, reported in our study, might be attributed to the behavioral comorbidities of epilepsies, found in a significant part of patients and affecting their quality of life [43,44,94]. Possibly, the dopaminergic changes found in the cingulate regions (Figure 3A,B and Figure 4A) might be majorly attributed to depressive-like behavioral traits found in WAG/Rij rats [95] and KM rats [96]. The regions have a lowered tissue DA content, which was attributed to a depression-like phenotype [97], and the lowered binding densities to D1DR and D2DR (Figure 6 and Figure 7). Spike-wave discharges of absence epilepsy spread to the cingulate prefrontal regions in WAG/Rij rats [98]. Thus, the insufficient dopaminergic neurotransmission in the cingulate regions might be a substrate of the behavioral depression comorbid epilepsy in WAG/Rij and KM rats [95].



As mentioned above, our results can be related to the changes in the pain system. The pain syndromes are common comorbid conditions in patients both with epilepsy and depression [94,99]. It seems that DR binding densities in the prefrontal cortex areas referable to the pain processing system [80,100], demonstrated changes for different generalized epilepsy types. Non-convulsive epilepsy seems to be more connected with changes in the prelimbic cortex, whereas audiogenic seizures are more related to the alterations in the agranular cortex (Figure 3 and Figure 4). It would be interesting to explore the pain system in AGS-WAG/Rij and KM rats using the same variety of tests as conducted for WAG/Rij rats [81] to elucidate the possible differences in the pain processing and comorbid conditions. The cortical layers of the prefrontal cortex differ in the density of DR bindings (Figure 6 and Figure 8). This is in line with the known laminar DR distribution in the prefrontal cortex [78,101].




4.2. Effects of Generalized Epilepsies


We recently described a prominent decrease in local binding densities to H3 histamine receptors, seen in the same set of experimental animals [39]. Namely, structures of cingulate and insular aspects of the prefrontal cortex demonstrated a widespread and significant fainting in local binding densities to H3 histamine receptors: the primary cingulate and secondary midcingulate areas, the dorsal agranular cortex, and the granular and dysgranular cortexes [39].



Here, we saw a more localized decrease in brain DR binding sites; the effects of “epilepsy” on binding to D1DR and D2DR were predominantly seen in the medial areas (Figure 5). Correlation analysis showed that the local decreases in binding to D1DR were not dependent on those seen for D2DR (see Section 4.3 and Table 1). So, we might hypothesize that the observed 15–50% lowering in anterior cingulate binding to D1DR and D2DR does not stem from a single process. Considering the wider pattern of receptor binding decrease seen for H3 histamine receptors in the same animals [39], it is possible to expect an epilepsy-related multi-staged degeneration of the brain’s aminergic systems. The local cortical histamine and DA are functionally linked, since an H3-reverse agonist significantly increased extracellular DA concentration in the rat prefrontal cortex [102]. Neuroinflammation, involving histaminergic steps, would be a putative candidate for triggering such a multi-step diffuse lowering of the cortical aminergic tone. It is reported that proinflammatory cytokines are involved in the pathogenesis of audiogenic epilepsy in KM rats [103], and absence epilepsy in WAG/Rij rats [104,105,106].



The reduced dopaminergic activity was associated with a tendency to an increase in aggressive behavior in epilepsy patients treated with levetiracetam [107,108]. Therefore, it would be interesting to study aggressive behavior in epileptic rats with different antiepileptic regimes. Cognitive impairment, the most common side effect of antiepileptic drugs, especially with poly-therapy, was associated with lower D2DR activity in the prefrontal cortex in pediatric patients [109]. Also, the low D2DR function in the prefrontal cortex was related to social anxiety or social phobia, whereas the abnormally high D2DR function was related to symptoms of attention deficit hyperactivity disorder [110]. So, the dopaminergic tone in the cingulate prefrontal cortex shows alterations, common for both convulsive and non-convulsive epilepsy types, and might be a substrate for emotional and behavioral dysregulations, as found in people with epilepsy.




4.3. Effects of the Social Phenotype


It has been demonstrated that rats with any form of epilepsy, like humans, show various comorbid conditions [95,111,112,113] which makes the animal models both more valid and valuable and, at the same time, more difficult in terms of interpreting the results.



The comparison of KM rats (with the “autistic” phenotype) versus the pooled cohort of the three groups (i.e., Wistar, WAG/Rij, WAG/Rij-AGS) of “non-autistic” rats, resulted in a specific pattern of D1DR and D2DR bindings (Figure 7 and Figure 8). Namely, the regions of the insular cortex together with the neighboring claustrum were altered in KM rats as compared to the “non-autistic” group (Figure 7, Tables S1B,D, and S2B,D). Interestingly, this putatively autism spectrum disorder-related pattern was specifically localized in the insular aspects of the prefrontal cortex. The insular cortex serves as a convergence point for interoceptive sensory input and emotional processing within limbic circuits [101,114]. In humans, the insular cortex is often referred to as a structure responsible for “embodied emotions” [114]. While drawing conclusive remarks on the dopaminergic effects within the “autistic” phenotype is premature at this stage, further research is needed to elucidate this matter. Given that significant differences in the insular cortex between KM rats and other groups primarily manifest in the levels of rostral to bregma (Tables S1 and S2), we hypothesize that the dopaminergic system of the anterior, but not the posterior, insular cortex undergoes changes associated with the autism spectrum disorder-like behavioral phenotype. This may be linked to the impaired reward-connected behavior observed in KM rats [41,42]. However, the results presented above do not lead to a straightforward conclusion regarding the neurochemical correlates of social deficits, as the KM strain is also characterized by arterial hypertension [115,116], which may be related to dopaminergic dysfunctions in the insular regions. In the literature, the caudal insular region, specifically the posterior agranular insular cortex, is considered responsible for arterial pressure regulation in rats [117], but our study did not reveal altered binding densities to D1 dopamine receptors (D1DR) or D2 dopamine receptors (D2DR) in this region (Figure 3H and Figure 4H). In general, the granular and dysgranular insular cortices are referred to as the primary interoceptive cortex [118], and the agranular regions of the insular cortex are referred to as the association sensory cortex [118,119]. We might hypothesize that the interoception is rather dysfunctional in KM rats. This does not contradict a putative involvement of the insular dopaminergic system in the pathophysiology of social deficits in KM rats, since an interoception is aberrant in patients with autism spectrum disorders [120]. In parallel, it is known that patients with autism spectrum disorders suffer from a significantly higher number of somatic medical issues [121], as compared to the general population. Arterial hypertension might be one of the somatic dysfunctions comorbid with ASD-like phenotypes. A growing incidence of autism spectrum disorders’ diagnosis in clinical practice warrants future experimentations to clarify the neurochemistry of behavioral deficits. KM rats might serve as an experimental animal model for this. Since a lot of data refer to the insular cortex impairments in people with autism spectrum disorders [122], our results support the validity of the KM rat strain as a model for autism spectrum disorders.



A clear limitation of this study is the absence of female rats in this study, and a relatively low number of animals in each particular group. However, the results obtained should be regarded as mapping the cortical regions enrolled in the pathological processes related to epilepsy and its psychiatric comorbidities. Further research is needed to specify the particular roles of each of the receptor systems in these regions.



The ligands used for the autoradiography were unspecific to different DR subtypes within the subfamilies. Therefore, we analyzed the integral binding densities and were unable to distinguish D1DR and D5DR and D2, D3, and D4 receptors, respectively, but there was and still is a lack of specific ligands for each DR subtype [8]. There are also data about the specificity of used ligands. SCH23390 can also bind with the 5-HT2 and 5-HT1C serotonin receptor subtypes [56,57], and spiperone may also bind to sigma and 5-HT2 receptors [57]. Therefore, in spite of the much higher affinity of both SCH23390 and spiperone for DR than for other receptors, we cannot fully exclude the participation of other receptors in our results. Unfortunately, there was no way to avoid that limitation due to the lack of ligands with the specific affinity only for one receptor type [8].





5. Conclusions


The prefrontal cortex of rats, that served as animal models for convulsive and/or nonconvulsive epilepsy, demonstrated epilepsy-related decreases in binding densities to both D1DR and D2DR. The effects were mainly found in the anterior cingulate partition. The decreased D1DR and D2DR densities were independent of (not correlated with) each other.



The particular group of epileptic rats, characterized by autism spectrum disorder-like behavioral traits, displayed changes in D1DR and D2DR localized mainly in the anterior insular cortex and the adjacent regions. The regional binding densities to D1DR were lowered, but those to D2DR were elevated in the anterior dysgranular insular cortex and claustrum in KM rats.
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Figure 1. The experimental design implies the comparison of four groups: Wistar control rats (no seizures), KM rats (audiogenic convulsive seizures only), WAG/Rij rats (absence non-convulsive seizures only). and WAG/Rij-AGS rats with mixed form of epilepsy (presence of both convulsive and non-convulsive seizures). “YES” means presence and “NO” means absence of the corresponding type of seizures. The color scheme used for the rat groups applies not only for Figure 1 but also for Figures 3 and 4 (the Section 3). 
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Figure 2. The regions of interest marked on examples of the Nissle-stained brain slices that were made for the morphological control. The anatomical levels are AP: +2.39–2.51 (level I), +0.17–0.19 (level II), and −0.25–0.29 (level III) according to [52,53]. For abbreviations see Table 1. 
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Figure 3. Comparison of the D1 dopamine receptors’ (D1DR) regional binding densities in the prefrontal cortex and adjacent regions between the four experimental groups (see Section 2, Section 2.1 and Section 2.6; the experimental design is shown in the lower right corner; the color codes for the rat groups are given above the charts). The values are given as mean ± SEM, in pmol/g of tissue (y axis). The lines of the charts correspond to anatomical levels which are AP: +2.39–2.51 (level I—first line of charts top down), +0.17–0.19 (level II—the second line), and −0.25–0.29 (level III—the last line) according to [52,53]. Next to level numbers are examples of brain slices from the corresponding levels, processed with a thermal imager. Graphs (A,D,G) show D1DR density for the anterior cingulate and midcingulate cortices, graphs (B,E,H)—insular cortex and graphs (C,F)—show D1DR density in regions adjacent to the prefrontal cortex. The anatomical abbreviations (x axis) are as follows: GI—the granular insular cortex; DI—the dysgranular insular cortex; AID—the dorsal agranular insular cortex; AIV—the ventral agranular insular cortex; DP—the dorsal peduncular cortex; Pir—the piriform cortex; Clau—Claustrum. Differences are denoted by * for p ≤ 0.05, **—for p ≤ 0.01 and “tend” for tendency (0.05 < p < 0.10). The “AGS” sign marks the effect of the audiogenic seizures’ presence, and the “Abs” sign marks the effect of the absence epilepsy. The charts for the areas with significant differences in D1DR densities are marked by blue shading. The tritium-labeled standards (microscales, Amersham, UK) are shown below the brain images and refer to the following values: 0.043 nCi/mg; 0.099 nCi/mg; 0.179 nCi/mg; 0.333 nCi/mg; 0.598 nCi/mg; 1.374 nCi/mg; 2.01 nCi/mg, from left to right, respectively. For more information, see the Supplementary Table S1A–F. 
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Figure 4. Comparison of the D2 dopamine receptors’ (D2DR) regional binding densities in the prefrontal cortex and adjacent regions between the four experimental groups (see Section 2, Section 2.1 and Section 2.6; the experimental design is shown in the lower right corner; the color codes for the rat groups are given above the charts). The values are given as mean ± SEM, in pmol/g of tissue (y axis). The lines of the charts correspond to anatomical levels which are AP: +2.39–2.51 (level I—first line of charts top down), +0.17–0.19 (level II—the second line), and −0.25–0.29 (level III—the last line) according to [52,53]. Next to level numbers are examples of brain slices from the corresponding levels after processing with the effect of a thermal imager. Graphs (A,D,G) show D2DR density for the anterior cingulate and midcingulate cortices, graphs (B,E,H) show insular cortex, and graphs (C,F) show D2DR density in some regions adjacent to prefrontal cortex. The anatomical abbreviations (x axis) are as follows: GI—the granular insular cortex; DI—the dysgranular insular cortex; AID—the dorsal agranular insular cortex; AIV—the ventral agranular insular cortex; DP—the dorsal peduncular cortex; Pir—the piriform cortex; Clau—Claustrum. Differences are denoted by * for p ≤ 0.05, **—for p ≤ 0.01 and “tend” for tendency (0.05 < p < 0.10). The “AGS” sign marks the effect of the audiogenic seizures presence, and the “Abs” sign marks the effect of the absence epilepsy. The charts for the areas with significant differences in D2DR densities are marked by blue shading. The tritium-labeled standards (microscales, Amersham, UK) are shown below the brain images and refer to the following values: 0.043 nCi/mg; 0.099 nCi/mg; 0.179 nCi/mg; 0.333 nCi/mg; 0.598 nCi/mg; 1.374 nCi/mg; 2.01 nCi/mg, from left to right, respectively. For more information, see the Supplementary Table S2A–F. 
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Figure 5. Effects of genetic generalized epilepsy in D1DR and D2DR binding densities. Graphs (A,B) show structures for which the D1DR density was significantly different for rats with epilepsy on levels I and II, respectively. Graphs (C,D) show structures for which the D2DR density was significantly different for rats with epilepsy on level I and II, respectively. “0” = no epilepsy, “1”—the presence of epilepsy. The anatomical abbreviations (x axis) are as follows: AIV—the ventral agranular insular cortex. Differences are denoted by * for p ≤ 0.05, **—for p ≤ 0.01 and “tend” for tendency (0.05 < p < 0.10). 
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Figure 6. Examples of D1DR (A) and D2DR (B) binding densities in the anterior cingulate cortex of epileptic individuals (right) and non-epileptic ones (left), taken from the same glass slide. The standards are shown on the right and corresponds to the following values: 0.043 nCi/mg; 0.099 nCi/mg; 0.179 nCi/mg. Note the fainted binding densities in the cingulate regions of the epileptic cohorts. For more information, see Figure 5 and Supplementary Tables S1A,C and S2A,D. 
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Figure 7. Impacts of autism spectrum disorder-like phenotype on D1DR and D2DR binding densities. Graphs (A,B) show structures for which the D1DR density significantly differed between rats with autism spectrum disorder-like phenotype (red bars) and “non-autistic” rats (pooled group, white bars), on anatomical level I and II, respectively. Graphs (C,D) show structures for which the D2DR density significantly differed between the rats with autism spectrum disorder-like phenotype (red bars) and “non-autistic” ones (white bars), on anatomical level I and II, respectively. “0” = “non-autistic” social traits, “1”—ASD-like phenotype. The anatomical abbreviations (x axis) are as follows: DI—the dysgranular insular cortex; AID—the dorsal agranular insular cortex; Pir—the piriform cortex; Clau—Claustrum. Differences are denoted by * for p ≤ 0.05, **—for p ≤ 0.01 and “tend” for tendency (0.05 < p < 0.10). 






Figure 7. Impacts of autism spectrum disorder-like phenotype on D1DR and D2DR binding densities. Graphs (A,B) show structures for which the D1DR density significantly differed between rats with autism spectrum disorder-like phenotype (red bars) and “non-autistic” rats (pooled group, white bars), on anatomical level I and II, respectively. Graphs (C,D) show structures for which the D2DR density significantly differed between the rats with autism spectrum disorder-like phenotype (red bars) and “non-autistic” ones (white bars), on anatomical level I and II, respectively. “0” = “non-autistic” social traits, “1”—ASD-like phenotype. The anatomical abbreviations (x axis) are as follows: DI—the dysgranular insular cortex; AID—the dorsal agranular insular cortex; Pir—the piriform cortex; Clau—Claustrum. Differences are denoted by * for p ≤ 0.05, **—for p ≤ 0.01 and “tend” for tendency (0.05 < p < 0.10).



[image: Receptors 03 00004 g007]







[image: Receptors 03 00004 g008] 





Figure 8. Examples of D1DR (A) and D2DR (B) binding densities in the insular cortex of an “autistic” individual (left) and “non-autistic” ones (right), taken from the same glass slide. The standards are shown on the right, and correspond to the following values: 0.099 nCi/mg; 0.179 nCi/mg; 0.333 nCi/mg; 0.598 nCi/mg. Note the fainted binding to D1DR in the claustrum and the insular cortex of the “autistic” individual, but increased D2DR binding in the claustrum and the insular cortex of the “autistic” individual, as compared to the “non-autistic” cohorts. For more information, see Figure 7 and Supplementary Tables S1B,D and S2B,D. 
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Table 2. A,B Spearman rank order correlation coefficients for significant (p < 0.05) inter-correlations between the regional D1DR and D2DR binding densities, measured in the cingulate (upper left corners) and insular (lower right corners) prefrontal cortex in the normal (A) and epileptic (B) rat cohorts. Prefrontal regions are given in the dorsoventral anatomical order, and abbreviated as follows: DP—the dorsal peduncular cortex; GI—the granular insular cortex; DI—the dysgranular insular cortex; AID—the dorsal agranular insular cortex; AIV—the ventral agranular insular cortex; Pir—the piriform cortex; Clau—Claustrum.






Table 2. A,B Spearman rank order correlation coefficients for significant (p < 0.05) inter-correlations between the regional D1DR and D2DR binding densities, measured in the cingulate (upper left corners) and insular (lower right corners) prefrontal cortex in the normal (A) and epileptic (B) rat cohorts. Prefrontal regions are given in the dorsoventral anatomical order, and abbreviated as follows: DP—the dorsal peduncular cortex; GI—the granular insular cortex; DI—the dysgranular insular cortex; AID—the dorsal agranular insular cortex; AIV—the ventral agranular insular cortex; Pir—the piriform cortex; Clau—Claustrum.
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