Pre prints.org

Article Not peer-reviewed version

D1-like and D2-like dopamine
receptor in rat prefrontal cortex:
Impacts of genetic generalized
epilepsies and social behavioral
deficits

Lidia M Birioukova , Gilles Van Luijtelaar, Inna S Midzyanovskaya :

Posted Date: 20 September 2023
doi: 10.20944/preprints202309.1353.v1
Keywords: dopamine, D1-like dopamine receptors, D2-like dopamine receptors, prefrontal cortex,

generalized epilepsy, absence epilepsy, audiogenic epilepsy, animal model, autism spectrum disorder,
phenotype

E E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of

E-r-'-lr Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2757246
https://sciprofiles.com/profile/2508936
https://sciprofiles.com/profile/2856172

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2023 doi:10.20944/preprints202309.1353.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

D1-like and D2-like Dopamine Receptor of Rat
Prefrontal Cortex: Impacts of Genetic Generalized
Epilepsies and Social Behavioral Deficits

Lidia M. Birioukova !, Gilles van Luijtelaar 2, Leena M Tuomisto 3
and Inna S. Midzyanovskaya **

1 Institute of Higher Nervous Activity and Neurophysiology of RAS, 117485, Moscow, Russia
2 Donders Centre for Cognition, Radboud University, 6500HE, Nijmegen, the Netherlands

3 School of Pharmacy, University of Eastern Finland, Kuopio, Finland

* Correspondence: midzyanovskaya.is@ihna.ru

Abstract: The involvement of the prefrontal cortical dopaminergic system in psychopathology of
epilepsies and comorbid conditions such as autism spectrum disorder (ASD) still needs to be ex-
plored. 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 nonconvulsive epilepsies. WAG/Rij rats served as a model for non-convulsive
absence epilepsy, WAG/Rij-AGS as a model of mixed convulsive/non-convulsive forms, and KM
strain was a model for convulsive epilepsy comorbiding with ASD-like behavioral phenotype. Pre-
frontal cortex of rats with any of epileptic pathology studied, demonstrated profound decreases in
binding densities to both D1IDR, D2DR; the effects were localized in the primary and secondary
anterior cingulate cortexi, and adjacent regions. The local decreased D1DR and D2DR binding den-
sities were independent (not correlated) from each other. The particular group of epileptic rats with
ASD-like phenotype (KM strain), displayed changes in the lateral prefrontal cortex and adjacent
regions: D1DR were lowered, but those to D2DR elevated, in anterior dysgranular insular cortex
and adjacent regions. Thus, epilepsy-related changes in the dopaminergic system of rat archeocortex
were localized in the medial regions, whereas ASD-related candidates were seen in the lateral as-
pects. The findings point to putative local dopaminergic dysfunctions, associated with generalized
epilepsies and/or ASD.

Keywords: dopamine; D1-like dopamine receptors; D2-like dopamine receptors; prefrontal cortex;
generalized epilepsy; absence epilepsy; audiogenic epilepsy; animal model; autism spectrum
disorder; phenotype

1. Introduction

The existence and normal functioning of the brain make us not only living beings but also con-
scious, thinking and creative creatures, make us who we are, how we live, feel, perceive and analyze
information, draw conclusions and plan, respond, behave and communicate, ill and die. One of the
features that ensures the brain functioning is mediatory systems, the system of chemical messengers
and their specific receptors. Each of neurotransmitters plays unique complex role in the brain orches-
tra. Leaders of that orchestra are glutamate, the predominant excitatory neurotransmitter, and
GABA, the inhibitory one [1]. But, as in real orchestra, other “players” are also important. A particular
modulator, dopamine, is now one of the most mentioned in literature as a substance of pleasure and
reward.

Dopamine participates in a wide spectrum of brain processes such as alertness, attention, cogni-
tion, and mood modulation. Studies of brain dopaminergic system are possible by a variety of differ-
ent electrophysiological, neurochemical, genetic, neuropharmacological and molecular imaging
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techniques. One of the possible ways to explore the state of the dopaminergic system is to analyze
the binding density to dopamine receptors.

It is traditionally accepted that dopamine neurotransmission occurs through the six types of do-
pamine receptors, sub-classified as the D1-like (D1 and D5) (D1DR) and the D2-like (D2short/long,
D3, and D4) (D2DR) receptors [2,3]. For quite some time the ability of dopamine receptors to form
complexes with dopamine receptors of other types, and receptors of different signaling ligands, was
revealed [4]. It leads to a need for simultaneous study of at least more than one type of dopamine
receptor at the same time. The impaired activity of dopamine and its receptors is a pathological factor
for many human brain illnesses, the most frequently mentioned of which are Parkinson’s disease and
schizophrenia. But there are growing evidences that, even though main neurotransmitters involved
in epileptogenesis are glutamate and gamma-aminobutyric acid (GABA), the imbalance of neuro-
modulators, such as dopamine, can play an important role in the development both epileptic seizures
and comorbid conditions [5]. For experimental approaches to study epilepsy and its comorbidities,
one needs animal models for this human neuropathology. Laboratory rodents are widely used to
study neurophysiology and neurochemistry of human neurological diseases.

We have a prolific opportunity to study several related rat strains with different forms of genetic
generalized epilepsies. All of these strains were bred from normal rats of Wistar strain. First, WAG/Rjj
strain, is recognized as one of the best models of absence epilepsy. Absence seizures (AbS) manifest
as attacks with generalized spike-wave EEG discharges and behavioral arrests [6-8]. Second group
is, in fact, a sub-strain of WAG/Rij, WAG/Rij-AGS, whose rats demonstrate both absence non-convul-
sive seizures and convulsive audiogenic seizures(AGS) in respond to a sound provocation (audio-
genic epilepsy) [9,10]. This sub-strain can be used as a model of the mixed form of epilepsy. Last
but not least, a strain to compare is KM (Krushinsky-Molodkina) strain, whose rats are prone to se-
vere audiogenic convulsions and serve as a model for human temporal lobe epilepsy [11-13]. That it,
the group was characterized with a pure convulsive form of epilepsy. Thus we are able to compare
three different models of genetic generalized epilepsies: convulsive, non-convulsive and mixed and
refer to Wistar strain as controls. Since rats of all these epileptic strains are Wistar-derived, then be-
tween-strain differences unrelated to epilepsy, supposed to be minimal.

Previously we have already made some comparative analyses with the same design for a num-
ber of electrophysiological, behavioral and neurochemical parameters [10,14-18]. In particular, we
showed that D1DR and D2DR binding densities displayed epilepsy type-specific changes in regions
of brain striatal complex, as well as general, epilepsy type-nonspecific alterations [19].

Importantly, quite recently we noticed some pronounced social contact deficits in a rat strain
included in our study, the strain of Krushinsky-Molodkina (KM) strain [20], consistently seen in a
battery of social preference/social novelty tests [21]. The strain was proposed as a model of Autism
Spectrum Disorder (ASD) [20,21], comorbiding with genetic epilepsy in clinical practice [22-24] Due
to a need to dissect possible neurophysiological mechanisms, underlying ASD [25-27], we also used
our dataset archives to search for putative local dopaminergic effects, correlated with ASD-like be-
havioral traits in one of our experimental group.

As we mentioned above, in the concept of epilepsy, not only seizures themselves are important,
but also their cognitive and emotional consequences. Taking this into account, it seems important to
study how the state of dopaminergic brain system changes in the region of the cortex, which is inex-
tricably linked with both the cognitive and emotional components of all goal-directed actions, the
prefrontal cortex [28].

The prefrontal cortex is one of the most intriguing regions of the brain even though our under-
standing of its anatomy and physiology has remarkably evolved over the past decades. The infor-
mation about this area is still full of mysteries and contradictions, both for anatomy and physiology.

First of all paradoxex, there is still no single generally accepted picture of cortical delineation
and nomenclature.

There are two different schemes of cortical parcellation for the rat. First, Paxinos and Watson’s
[29,30] based on that of Zilles [31], with recent revisions of Zilles scheme [32], and the second one
proposed by Swanson [33].
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The change that is difficult not to mention when talking about prefrontal cortex is a delineation
and nomenclature. In [34] authors stated that even the term “prefrontal” is incorrect from the point
of view of translational science, and should be replaced by the terms “anterior cingulate” and
“midcingulate” cortexi now. Those who are interested in criteria for the ACC/MCC division we refer
to [35]. Since there is a huge scientific literature using the “old” nomenclature (before 2022) [36], we
kept double naming in our manuscript.

Anterior cingulate cortex participates in the coordination of autonomic activities, internal re-
sponses to noxios stimulation and emotional states and memories and its’ influence can be condi-
tioned in learning paradigms [35]. There is data that area 24b (former Cingl) is involved in emotional
vocal expression [35]. Agranular parts of the prefrontal cortex areas (namely 24, 32 and 25) are com-
mon both to human and the rat. Therefore, rodent research can provide valuable information about
these areas in human [37].

One from the all possible ways to delineate functions of a brain area is study it in normal and
pathological conditions. If we are talking about epilepsy there some data about seizures originating
from cingulate cortex [38] but less information about changes in the prefrontal cortex that are second-
ary to generalized epilepsy of any kind.

Thus, in this study we compared D1DR and D2DR density in different areas of the prefrontal
cortex of normal rats and rats with different forms of generalized epilepsies, and with comorbiding
social contact deficits.

2. Materials and Methods

2.1. Animals

Adult male rats aged 7-9 months and weighing 290-410 g were used. All rats were housed in
individual cages under a natural light-dark cycle with free access to water and food.

The study has the same design as previously published (Figure 1) [16-18].

Four experimental groups were formed (Figure 1): healthy Wistar rats from Stolbovaya labora-
tory animal nursery (n = 5), WAG/RIj rats (descendants of the colony from Radboud University, Nij-
megen, the Netherlands) with the “pure” absence-epilepsy (n =5) and the mixed form of epilepsy (n
=5) and KM rats (the colony bred on the Biological Faculty, Moscow State University, Russia) (n = 5).

All experiments were carried out in accordance with [39] and with the requirements of the Insti-
tutional Animal Care Committee.

Audiogenic seizures AGS

WAG/Rij
(n=5)

Absence seizures Abs

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 sei-
zures only) and WAG/Rij-AGS rats with mixed form of epilepsy (presence both convulsive and non-
convulsive seizures). “YES” means presence and “NO” means absence of the corresponding type of

seizures.

2.2. AGS-susceptibility test

The AGS-susceptibility test was performed after three days of habituation to the experimental
room, 3 times at a 7-day interval according to [40]. The test was the complex sound (13-85 kHz, 50-60
dB) administered for 90 s. AGS were rated according to Krushinsky’s scale [9,41].
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2.3. Decapitation and brain dissection

Rats were decapitated under a deep general anesthesia. Brains were quickly removed and im-
mediately frozen in isopentane kept on dry ice. Coronal slices (14 um) were cut by cryotome at -18°C
at the following levels according to [29] and [34]:

I- AP+2,396-2,513

II - AP+0,173-0,192

III - AP-0,256-0,334

Slices were mounted onto polylysine-coated slides (Menzel-Glaser, Germany). Alternate sec-
tions 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 for morphological control.

2.4. Autoradiography

D1DR and D2DR receptor autoradiography was done as described earlier [42], similar to our
previous studies [19,43].
Sections for specific binding were incubated in Tris-buffer containing:

1.  For D1DR-0.2nM [3H]SCH 23390 (specific activity 66.0 Ci/mmol, Amersham) for 90 min at room
temperature.

2. For D2DR - 0.4nM [3H]spiperone (specific activity 109.0 Ci/mmol, Amersham) for 60 min at
room temperature.

Tris-buffer for non-specific binding contained:

1. For DIDR - 0.2nM [3H]SCH 23390 and 10-7Mcis-flupenthixol.
For D2DR - 0.4nM [3H]spiperone, 10-5M haloperidol and 10-5M ketanserin.

After incubation, the slides were drained, washed two times for 5 min in buffer at +4 -C and
briefly dipped two times into distilled water (+4 °C). Sections were dried at room temperature over-
night and exposed to a tritium-sensitive film (3H Hyperfilm®, Amersham) 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 Image] (https://imagej.net/ij/)
[44].

2.5. Measurements

The scanned images of autoradiography films had been contrasted digitally to the level of clear
distinction of prefrontal regions and processed with the effect of a thermal imager
(https://www.imgonline.com.ua/add-effect-thermal-imager.php). The brain structures were identi-
fied according to [29] and [34]. Measurements were carried out in the medial and lateral aspects of
the prefrontal cortex (Table 1), the parcellation is shown on Figure 2. Recognizing the difficulty of
transitioning from the old nomenclature to the new one, we decided to use both versions as a tempo-
rary measure to get used to the changes.

Table 1. List of studied areas of prefrontal cortex with abbreviations and the comparison of the no-
menclature used in literature ([29,30]. Modified according to [34]).

6t edition, 2007[30] 7t edition, 2014[29]
Medial prefrontal cortex Medial frontal cortex, anterior cingulate cortex
(ACQO)
Infralimbic cortex IL A25
Prelimbic cortex PL A24a
Primary cingulate cortex Cingl A24Db

Secondary cingulate cortex Cing?2 A24a

doi:10.20944/preprints202309.1353.v1
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5
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

Level 1 Level TI Level 111

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: +2,396-2,513 (level I), +0,173-0,192
(level IT) and -0,256-0,295 (level III) according to [29] and [34]. For abbreviations see Table 1.

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

2.6. Statistical analysis

Statistical analysis was performed with Statistica 10.0 (TIBCO Software Inc., Pao Alto, CA, USA).
Values are shown as means + SEM.

Analysis of DIDR and D2DR binding densities in a defined cortical region was performed for
each anatomical level separately, using ANOVA GLM (General Linear Models), similarly as de-
scribed early [18,19]. Briefly, to account for variations caused by non-homogeneities of the films, the
local background levels were taken as continuous GLM predictors, and the films’ ID were taken as a
categorical predictor; their effects are not reported below. Anatomical levels were analyzed sepa-
rately; two brain hemispheres were taken as within-subjects factors, so a repeated measures analysis
was used. ANOVA GLM for regional data was run with the epilepsy type (AGS and/or AbS, 2 x 2
design) as two between-subjects factors (Figure 1). This analysis provided information about the gen-
eral effect of AGS/ADS susceptibilities, as previously done [18,19]. The putative effects of AGS were
checked by comparing the pooled group of KM and WAG/Rij-AGS rats with the pooled group of
AGS-unsusceptible rats (i.e., WS and WAG/Rij). The effects of AbS" 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 general effect of epilepsy (“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). The general effect of ASD-like phenotype (“factor AUT”) was assessed by comparing
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socially normotypic group (pooled Wistar, WAG/Rij and WAG/Rij-AGS rats) with the data of so-
cially-deficient rats (i.e. KM). For these cases, general ANOV As were followed by post-hoc tests (Un-
equal N HSD test). The minimal level of significance was set at p = 0.05.

3. Results

3.1. D1-DR binding density

General distribution of D1IDR within the prefrontal territories studied is in line with the previ-
ously published [28,45]. It is exemplified on Figure 3. Briefly, the lateral regions of prefrontal (insular)
cortex displayed a moderate binding to D1DR, with the maximal values seen in claustrum (Figure 3).
The rostro-caudal gradients were mild for D1IDR binding densities, in a contrast to the profile previ-
ously reported H3 histamine receptor binding [18]. The rat groups differed in local levels of D1DR
binding densities, the most of variations were explained by proneness to epilepsy, or to social behav-
ioral phenotype. Effects of specific epilepsy type (i.e., audiogenic and/or absence) were estimated by
ANOVA GLM, as described in below (Subchapters 4.1.1); interaction effects were further studied in
post-hoc tests (Subchapters 3.3 and 3.4).

Absence-epileptic WAG/Rijj rats demonstrated a decreased D1DR binding in A24a/prelimbic re-
gion of prefrontal cortex (Figure 3A). A tendency to AbS-related elevation was observed in the gran-
ular insular cortex (Figure 3B).

The convulsive form of epilepsy (AGS), was associated with a decrease of D1DR binding in ros-
tral divisions of lateral prefrontal cortex: disgranular insular (DI), agranular insular dorsal (AID) and
ventral (AIV) (Figure 3B).

D1 RECEPTORS B Wistar WAG/RIj B WAG/Rij-AGS KM
A Anterior cingulate cortex Insullar cortex/Latural prefrontal cortex
)i
AGS*
T Abs* Abs*
I E AGS tend ;
| Abstend
.- | \
bai 1l "“ “i I “i i' “I “i
k AZINCingl AP ABT
D Anterior cingulate cortex E tnsular cortex;l ateral prefrontal cortex Adjacimt regions
. © AGSxAbs
1 ! .
AGS tend
- . AGSxAbs
T aase T e »u, tend
.. AGSxAbs AGSxAbs*
. tend Abs tend
B i [ il
A2Ib/Cingl  AMarCing2
G Cingalate cortex. ral prefrontal cartex

Ii iiili III‘“‘"

AMmCngl Ak mCing? AT

Figure 3. Comparison of the D1DR regional binding densities in the prefrontal cortex and some adja-
cent regions between the pooled groups (see Materials and Methods, Section 2.6). The values are given
as mean + SEM, in pmol/g of tissue. Rows of charts corresponds to anatomical levels which are AP:
+2,396-2,513 (level I - first row of charts top down), +0,173-0,192 (level II — the second row) and -0,256-
0,295 (level III - the last row) according to [29] and [34]. Next to level numbers are examples of brain
slices from the corresponding levels, processed with a thermal imager. Graphs A, D and G show
D1DR density for the anterior cingulate and midcingulate cortices (former medial prefrontal cortex),
graphs B, E and H - insular cortex (former lateral prefrontal cortex) and graphs C and F — D1DR
density in some regions adjacent to prefrontal cortex. For anatomical abbreviations (x axis) see Mate-
rials and Methods (Section 2.5, Table 1). Differences are denoted by * for p<0,05, ** - for p<0,01 and
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“tend” for tendency (0,05<p<0,10). The “AGS” sign marks the effect of the AGS presence and “abs” —
the absence epilepsy.

3.2. D2/3-DR binding density

The distribution of local binding densities to D2DR is shown on Figure 4. In general, cortical
pattern of D2DR binding agrees with the scientific literature [28,45]. In brief, the lateral prefrontal
cortex, as well as claustrum, revealed noticeable levels of D2DR binding densities, with clear typical
lamination pattern (Figure 4)

Absence-epileptic WAG/Rijj rats demonstrated a decreased D2DR binding in A24a/prelimbic re-
gion of prefrontal cortex (Figure 4A), dysgranular insular cortex (Figure 4B), agranular insular cortex
(Figure 4E) and dorsal peduncle (Figure 4C).

The convulsive form of epilepsy (AGS) was associated with an increased D2DR binding density
in dorsal agranular insular cortex (Figure 4B), mostly on expense of KM rats (red bars on Figures 3
and 4)

Interaction of AGS*AbS factors were seen in a number of areas studied (Figure 4); such cases
were further analyzed in post-hoc tests (see Sections 3.3 and 3.4).

D2 RECEPTORS | Wistar WAG/Rj]  mWAGRI-AGS  mKM
A Anterior cingulate coriex arex/Laleral prefronial romex Adjacent regions
AGS tend acs
L AGSxAbs* AGSxAbs tend B 2
Abg Ab3 ; Ars Ab

AGS#*
A(beAl bs.

Imr\(1 I ‘ “ | I‘ I I I | ||

A2ebCing Clan

D Anterior cingulate cortex E Tnsular cortex‘Lateral prefronial corlex F Adjacent regions

..

AGSxAbs © AGSxAbs* AGS*
w ) i
AGS tend
I | ;
- I - II . :
AlahiCingl  AZaing? Al Pie Clay

G Cingulate coslex H Il cortex)] ateral prefrontal cortex Audiogenic selaures AGS

5
2 &
T Bt L

AbmCing] AMiimCing? AR AP

Figure 4. Comparison of the D2DR regional binding densities in the prefrontal cortex and some adja-
cent regions between the pooled groups (see Materials and Methods, Section 2.6). The values are given
as mean + SEM, in pmol/g of tissue. Lines of charts corresponds to anatomical levels which are AP:
+2,396-2,513 (level I - first line of charts top down), +0,173-0,192 (level II - the second line) and -0,256-
0,295 (level III - the last line) according to [29] and [34]. 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
and G show D2DR density for the anterior cingulate and midcingulate cortices (former medial pre-
frontal cortex), graphs B, E and H — insular cortex (former lateral prefrontal cortex) and graphs C and
F — D2DR density in some regions adjacent to prefrontal cortex. For anatomical abbreviations (x axis)
see Materials and Methods (Section 2.5, Table 1). 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 AGS presence and
“abs” — the absence epilepsy.

3.3. Effect of epilepsies

In the present study we saw general impacts of epilepsies on D1DR and D2DR systems, similarly
as it was recently reported for H3 histamine autoreceptors [18]. In anterior cingulate cortex (both
primary and secondary), the three groups of epileptic rats (KM, WAG/Rij and WAG/Rij-AGS) didn’t


https://doi.org/10.20944/preprints202309.1353.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 September 2023 doi:10.20944/preprints202309.1353.v1

majorly differed from each other, but displayed a concordant decrease in local binding densities (Fig-
ure 3A,D). Being pooled to form an “epileptic” group (white bars on Figure 5) and compared to the
control mother strain (Wistar rats, green bars on Figure 5), the rats with genetic generalized epilepsies
demonstrated significantly decreased in D1DR, D2DR binding densities, as measured in the primary
and secondary cingulate cortices, prelimbic and infralimbic areas (regions A24a, A24b, A25 in trans-
lational terminology [29,34]).

A D1, factor EPILEPSY, level 1 B D1, factor EPILEPSY, level I
4 4
35 tend 35
3 Lk 3 3k 5
25 25 * o
15 15
l ' m L -
05 05
= N R
A24b/Cingl A25/IL AIV A24b/Cing1 A2da/Cing2
mo 0l =001
C D2, factor EPILEPSY, level I D D2, factor EPILEPSY, level II
*% *% ok :
: - *
1 4
3 3
0 0 . .
A24b/Cing1 A24a/PL A5/ A24b/Cingl  A24a/Cing2
mo 01 mo0O1

Figure 5. Effects of genetic generalized epilepsy in D1DR and D2DR binding densities. Graphs A and
B show structures for which the D1DR density was significantly different for rats with epilepsy on
level I and II respectively. Graphs C and D show structures for which the D2DR density was signifi-
cantly different for rats with epilepsy on level I and II respectively. “0” = no epilepsy, “1” — presence
of epilepsy. For anatomical abbreviations (x axis) see Materials and Methods (Section 3. 5, Table 1).
Differences are denoted by * for p<0,05, ** - for p<0,01 and “tend” for tendency (0,05<p<0,10).

Thus, the effects of generalized epilepsies in the present study were seen as fainted binding (Fig-
ure 6), specifically localized in the regions of medial/anterior cingulate prefrontal cortex, and found
both for D1DR and D2DR system. To check whether such a concordant decrease might be related to
a secondary factor (like mechanical qualities of brain tissue), we run a correlation analysis of the
whole dataset (Table 2A,B). The results show, that the D1IDR and D2DR subsets were largely inde-
pendent, both for in control and epileptic rats” subsets.

D2DR

KM Wistar

~

Cingl/A24b

” ~

PL/A24a

TL/A25

Figure 6. An example of D2DR binding densities’ regional distribution in medial prefrontal/anterior
cingulate cortex of an epileptic (left) and normal (right) rat brains.
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Table 2A. Correlations of local D1DR and D2DR binding densities in
structures of medial and lateral aspects of prefrontal cortex in non-epileptic (Wistar) rats
Spearman rank order coefficients are given for significant correlations; non-significant correlations not shown.

™ bp o o o o o o o o o o oo b p b D
1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2
D D D D D D D D D D D D D D D D D D
R R R R R R R R R R R R R R R R R R
A 2 A D G D A A Cc A 2 A D G D A A Cc
2 4 2 P I I I I | 2 4 2 P | | | | |
4 a 5 v D a 4 a 5 v D a
b u b u
_ DIDR Cing1/A24b 0,84 094 095 091 086 096 0,80 0,64
g D1DR PL/A24a 0,84 0,87 0,88 086 083 086 087 068 083
E D1DR IL/A25 0,94 087 0,94 094 085 092 088 0,71 066
_D1DR DP 095 088 0,94 090 084 09 090 0,72
[DIDR Gl 084 0,73
— | D1DRDI 0,91 086 0,94 0,90 098 096 084 073 073
E D1DR AID 086 083 085 084 0,98 094 0,80 067 067
£ | DIDRAIV 0,96 086 092 0,96 0,96 0,94 0,84 0,69 0,69
__D1DR Clau 0,80 087 088 090 084 080 084 068 071 063
_ | D2DR cing1/A24b 0,68 0,68 068 075
% D2DR PL/A24a 064 083 0,71 0,72 084 0,73 067 069 071 0,68 0,83
E D2DR IL/A25 0,66 0,73 0,73 067 069 0863 0,75 083
| D2DR DP 0,87 090 072 070 065
[ D2DRGI 0,87 095 082 081 0,76
% | D2DRDI 090 095 076 082 077
& | D2DRAID 0,72 0,82 0,76 092 090
= | D2DR AV 070 081 082 092 0,96
|_D2DR Clau 065 076 077 090 096
Table 2B. Correlations of local DIDRDR and D2DRDR binding densities in
prefrontal structures of medial and lateral aspects of prefrontal cortex in epileptic rats
Spearman rank order coefficients are given for significant correlations; ignificant correlations not shown.
D D D D D D D D D D D D D D D D D D
1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2
D D D D D D D D D D D D D D D D D D
R R R R R R R R R R R R R R R R R R
A 2 A D G D A A Cc A 2 A D G D A A c
2 4 2 P I | I | | 2 4 2 B I | | | |
4 a 5 Vv D a 4 a 5 v D a
b u b u
D1DR Cing1/A24b 084 087 082 056 0,75 072 0869 084 0,40 0,42
E D1DR PL/A24a 0,84 083 074 072 075 078 073 083
E D1DR IL/A25 0,87 083 081 057 074 074 073 082 0,40 0,41 0,36
~D1DRDP 082 074 081 047 068 069 071 078 0,40
[DIDRGI 056 072 0,57 047 075 075 074 074
= DIDRDI 075 0,75 0,74 068 075 096 095 093 0,46
E D1DR AID 0,72 0,78 0,74 069 075 096 087 091 0,46
< | DIDR AV 069 073 073 071 074 095 097 0,92 041
 D1DR Clau 084 083 082 078 074 093 091 092 0,42
_ | D2DR cingt/a24p 048 047 051 072 047
-_E D2DR PL/A24a 0,40 0,50 0,49 046 048 0,39
E D2DR IL/A25 0,50 0,64
__D2DR DP 049 0,64
_ | D2DRGI 0,40 0.41 046 046 041 042 0,48 055 052 063 061
E D2DR DI 047 046 0,55 075 079 093
& | D2DRAID 0,51 048 0,52 0,75 072 0,71
D2DR AIV 0,72 0,63 079 072 0,78
_D2DR Clau 042 36 040 047 039 061 093 071 078

3.4. Effect of social phenotype.

A post-hoc comparisons were made to assess the difference between the three groups of “socially
normotypic” rats (i.e., Wistar, WAG/Rij and WAG/Rij-AGS) and the rats with ASD-like phenotype
(i.e., KM rats). The analysis revealed a difference between KM rats and three other rat groups pooled
to form “socially normotypic” cohort. Namely, the regions affected were mainly structures of lateral
prefrontal cortex: dysgranular and dorsal agranular insular cortex, together with neighboring claus-
trum and piriform cortex (Figures 7 and 8). The effects for DIDR were opposite to those seen for
D2DR. The pooled group of normotypic rats demonstrated higher binding densities to D1DR in dys-
granular insular cortex and two adjacent areas (claustrum and piriform cortex) as compared to so-
cially deficient KM rats (Figure 7A,B). In a contrast, the group of “normotypic” rats was lower in local
binding to D2DR, as measured in dorsal agranular insular cortex and dysgranular insular cortex (Fig-
ure 7 C,D).
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Figure 7. Impacts of ASD-like phenotype in D1DR and D2DR binding densities. Graphs A and B show
structures for which the D1DR density significantly differed between rats with ASD-like phenotype
(red bars) and normotypic rats (pooled group, white bars), on anatomical level I and II respectively.
Graphs C and D show structures for which the D2DR density significantly differed between the rats
with ASD-like phenotype (red bars) and normotypic ones (white bars), on anatomical level I and II
respectively. “0” = normotypical social traits, “1” — ASD-like phenotype. For anatomical abbreviations
(x axis) see Materials and Methods (Section 2. 5, Table 1). 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 8. An example of D1DR (A) and D2DR (B) regional binding densities’ distribution in medial
prefrontal/anterior cingulate cortex of an “autistic” (left) and “normotypic” (right) rat brains.

3.3. Correlations between local binding densities to DIDR and D2DR within the prefrontal regions

The subsets of local values for DIDR and D2DR binding densities were studied by Spearman
rank order correlations, to see putative functional interrelations of 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 D1IDR and D2DR local
bindings (low left quadrants of Table 2A,B).
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The D1DR data were seen to be closely interrelated, since the majority of regions revealed sig-
nificant positive correlations (upper left quadrants of Table 2A,B). It means that a local value for
D1DR in a region of prefrontal cortex might serve as a predictor for any other D1DR local binding
density; remarkably the medial and lateral aspects of prefrontal cortex were well correlated.

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

4. Discussion

4.1. Effects of specific epilepsy types.

The effects of particular epilepsy types were moderate in this study, in a contrast to the previous
ones [16,18,19]. The prefrontal regions studied are not directly involved in generation of seizures of
absence and/or audiogenic epilepsies. Rather, the changes reported above might be attributed to be-
havioral comorbidities of epilepsies, found in a significant part of patients and affecting their quality
of life [22,23].

Observed rostro-caudal D1DR and D2DR densities’ gradients, as well as the fact that significant
differents were found only in the anterior regions are in line with the known anterior and posterior
divisions of rodent and human insular cortex [46].

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. Namely, structures of medial and lateral aspects of
prefrontal cortex demonstrated a widespread significant fainting in local binding densities to H3 his-
tamine receptor: primary cingulate and secondary midcingulate areas, dorsal agranular cortex, gran-
ular and dysgranular cortexi [18].

Here, we saw a more localized decrease in brain dopaminergic receptor bindings: 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 depended on those
seen for D2DR (see SubChapter 4.3 and Table 1). So, we might hypothesize that the observed 20-50%
lowering in anterior cingulate binding to D1DR and D2DR does not stem from a single process. Tak-
ing into a consideration the wider pattern of receptor binding decrease seen for H3 histamine recep-
tors of the same animals [18], it is possible to expect an epilepsy-related multi-staged degeneration of
brain aminergic systems. Also, it was shown that H3-reverse agonist significantly increased extracel-
lular dopamine concentration in the rat prefrontal cortex [47].

Neuroinflammation would be a putative candidate for a triggering such a multi-step process
resulting in independent diffuse lowering of aminergic tone.

4.3. Effects of social phenotype

It was shown that rats with any form of epilepsy, like humans, show various comorbid condi-
tions which makes them both more valid and valuable and, at the same time, more difficult in terms
of interpreting the results.

Comparisons of KM rats (with ASD-like phenotype) versus the pooled cohort of the three groups
(i.e., Wistar, WAG/Rij, WAG/Rij-AGS) of rats without social deficits [48], resulted in a specific pattern
of D1DR, D2DR bindings affected (Figures 7 and 8). Namely, the regions of insular cortex, together
with neighboring claustrum were altered in KM rats as compared to socially “normotypic” group
(Figure 7). Interestingly, this putatively ASD-related pattern was specifically localized in the lateral
aspects of prefrontal cortex. Insular cortex is a place of convergence for interoceptory sensory inflow
and emotional processing in limbic circuits [46,49]. In humans, the insular cortex is referred as a struc-
ture responsible for “embodied emotions [49]. Although any conclusive remarks on the insular
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dopaminergic effects on ASD-like phenotype would be immature at this stage, future researches are
warranted to clarify the matter.

It has to be mentioned that the results reported above does not produce a straightforward con-
clusion on desired neurochemical correlates of social deficits, since KM strain is also characterized by
arterial hypertension [50,51]. Dopaminergic dysfunctions of the insular regions and claustrum might
be also related to that. In literature, more caudal insular region (namely, posterior agranular insular
cortex) is referred as responsible for arterial pressure in rats [52], which was not marked by altered
binding densities to D1DR or D2DR in our study (Figures 3H and 4H). Taking in mind that in general,
the granular and dysgranular insular cortices are considered as the primary interoceptive cortex [53],
and agranular regions of insular cortex are referred as association sensory cortex [53-55], we might
hypothesize that interception is rather dysfunctional in KM rats. It doesn’t contradict with a putative
involvement of insular dopaminergic system in pathophysiology of social deficits in KM rats, since
interoception is aberrant in ASD patients [56]. In parallel, it is known that ASD patients suffer from
a significantly higher number of somatic medical issues [57], as compared to the general populations.
So, the arterial hypertension might be one of the somatic dysfunction comorbiding with ASD-like
phenotypes. A growing incidence of ASD diagnosis in clinical practice warrants future experimen-
tations to clarify a role of dopaminergic innervations of insular cortex in behavioral deficits. KM rats
might serve as an experimental animal model for this.

A clear limitation of this study is an absence of female rats in this study. However, the results
obtained should be to taken rather to map the cortical regions enrolled in pathological processes re-
lated to epilepsy and its psychiatric comorbidities. Further research is needed to specify the partic-
ular roles of each receptor systems in these regions.
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