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Gestational VPA exposure
reduces the density of
juxtapositions between TH+
axons and calretinin or calbindin
expressing cells in the
ventrobasal forebrain of neonatal
mice

Cintia Klaudia Finszter, Robert Kemecsei, Gergely Zachar,
Agota Addm and Andras Csillag*

Department of Anatomy, Histology and Embryology, Faculty of Medicine, Semmelweis University,
Budapest, Hungary

Gestational exposure to valproic acid (VPA) is a valid rodent model of human
autism spectrum disorder (ASD). VPA treatment is known to bring about specific
behavioral deficits of sociability, matching similar alterations in human autism.
Previous quantitative morphometric studies from our laboratory showed a
marked reduction and defasciculation of the mesotelencephalic dopaminergic
pathway of VPA treated mice, along with a decrease in tissue dopamine in the
nucleus accumbens (NAc), but not in the caudatoputamen (CPu). In the present
study, the correlative distribution of tyrosine hydroxylase positive (TH+) putative
axon terminals, presynaptic to the target neurons containing calretinin (CR) or
calbindin (CB), was assessed using double fluorescent immunocytochemistry
and confocal laser microscopy in two dopamine recipient forebrain regions,
NAc and olfactory tubercle (OT) of neonatal mice (mothers injected with
VPA on ED13.5, pups investigated on PD7). Representative image stacks were
volumetrically analyzed for spatial proximity and abundance of presynaptic
(TH+) and postsynaptic (CR+, CB+) structures with the help of an Imaris
(Bitplane) software. In VPA mice, TH/CR juxtapositions were reduced in the
NAc, whereas the TH/CB juxtapositions were impoverished in OT. Volume
ratios of CR+ and CB+ elements remained unchanged in NAc, whereas that
of CB+ was markedly reduced in OT; here the abundance of TH+ axons
was also diminished. CR and CB were found to partially colocalize with TH
in the VTA and SN. In VPA exposed mice, the abundance of CR+ (but not
CB+) perikarya increased both in VTA and SN, however, this upregulation
was not mirrored by an increase of the number of CR+/TH+ double labeled
cells. The observed reduction of total CB (but not of CB+ perikarya) in the
OT of VPA exposed animals signifies a diminished probability of synaptic
contacts with afferent TH+ axons, presumably by reducing the available synaptic
surface. Altered dopaminergic input to ventrobasal forebrain targets during late
embryonic development will likely perturb the development and consolidation
of neural and synaptic architecture, resulting in lasting changes of the neuronal
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patterning (detected here as reduced synaptic input to dopaminoceptive
interneurons) in ventrobasal forebrain regions specifically involved in motivation

and reward.
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nucleus accumbens, olfactory tubercle, ventral tegmental area, substantia nigra,
mesolimbic pathway, calcium binding proteins, axon guidance, pattern formation

Introduction

Administration of valproic acid (VPA) to laboratory rodents
at a critical time window of gestation has been used for some
time as an experimental model for the investigation of typical
failure symptoms associated with autism spectrum disorder (ASD).
A commonly used potent antiepileptic, anticonvulsant, and mood
stabilizer (Cipriani et al, 2013), prenatal treatment with VPA
is known to cause characteristic deficits of social behavior in
the offspring post-partum (Rodier et al, 1996; Schneider and
Przewlocki, 2005; Wagner et al., 2006; Kim et al., 2011; Moldrich
et al., 2013; Roullet et al., 2013; for comprehensive reviews see
Roullet et al., 2013; Nicolini and Fahnestock, 2018; Fereshetyan
et al., 2021). VPA-treated animals also exhibit anxiety, depression-
like behavior, and abnormal nociception thresholds (Wu et al,
2017; Mahmood et al.,, 2018). The validity of embryonic exposure
to VPA as an ASD model has been extended also to a wide variety
of nonmammalian species such as fish (Baronio et al., 2017; Chen
et al., 2018) or birds (Nishigori et al., 2013; Sgado et al.,, 2018;
Lorenzi et al., 2019; Zachar et al., 2019; Adiletta et al., 2022). Of the
putative pathogenetic/risk factors, the VPA challenge corresponds
to the contribution of epigenetic/environmental factors in the
pathogenesis of ASD (Ergaz et al., 2016), as opposed to proven, if
rare, genetic components (Scherer and Dawson, 2011; Abrahams
etal, 2013), or to other candidate genes, susceptibility factors, and
signaling pathways, of diagnostic or predictive value (Satterstrom
et al., 2020).

The principal mechanism through which VPA treatment
evokes autism-like symptoms is likely an inhibition of histone
deacetylase, modifying transcription (Gottlicher et al, 2001;
Kataoka et al., 2013; Moldrich et al., 2013) at a critical time point
of embryonic development. As evidenced by previous studies,
E12-15 is the optimal time window of VPA administration for
eliciting ASD-like behaviors in rats or mice (Kataoka et al,
2013) without major teratogenic alterations. This prenatal period
coincides with the early differentiation of midbrain dopaminergic
(DAergic) neurons (Bayer et al., 1995; Blaess et al., 2011) and with
the initial outgrowth and migration of DAergic axons targeting the
ventrobasal forebrain (Blakely et al., 2011).

By comparison to numerous behavioral studies, the reports
on the anatomical correlates of gestational VPA treatment are
rather scarce. Previous studies from our laboratory have directed
attention to specific alterations of the mesotelencephalic (MT)
DAergic pathway following VPA exposure. In 7-day-old postnatal
(P7) mouse pups born to mothers injected with VPA on gestational
day 13.5, we demonstrated a prominent defasciculation of the
MT tract of VPA treated mice as compared to controls, based
on whole-mount fluorescence immunostaining against tyrosine
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hydroxylase (TH), and the tissue clearing method iDISCO (Addm
et al, 2020). In the same study, a decrease of tissue DA in
the nucleus accumbens, but not in the caudate-putamen (CPu),
was also confirmed (Addm et al, 2020). These findings have
suggested that the reduction of DA, through perturbed growth
and axon misguidance of the DAergic pathway (leading to
defasciculation), observed in VPA-exposed animals at P7 (Addm
et al.,, 2020) should also interfere with ongoing pattern formation
in the dopaminoceptive target regions of the mesotelencephalic
pathway (particularly its mesoaccumbens/mesolimbic portion).
Accordingly, we went on to investigate VPA-evoked changes at the
level of cells (apoptosis-frequency, abundance, and distribution of
calcium binding proteins (CBP)), as well as of synapses (general
vs DAergic) in selected dopaminoceptive subpallial regions, as
compared to pallial regions, at P7, the age at which the MT pathway
reduction had been observed (Adam et al., 2020). Enhanced
apoptosis frequency on VPA was found in nearly all investigated
subpallial and pallial regions, while calretinin (CR) expression was
decreased in pallial (cortical) regions but not in the subpallium
(Finszter et al, 2023). In the same study, calbindin (CB) was
selectively reduced in the CPu of VPA exposed animals at P7 but
no longer at P60, whereas TH protein was found to drop, without
simultaneous decrease of the synaptic protein, synaptophysin in
nucleus accumbens (NAc) (but not in CPu), pointing to a selective
loss of TH+ synapses (Finszter et al., 2023).

We posited that the observed reduction in DAergic input
to forebrain target regions (primarily NAc), at the critical time
window of development, might perturb the shaping of neural
and synaptic architecture in these regions, specifically involved
in motivation and reward. The ventrobasal forebrain, including
the NAc, receives dopaminergic input mainly from the ventral
tegmental area (VTA), whereas the dorsolateral striatum or CPu
receives input mainly from the substantia nigra, pars compacta
(SNc¢) (¢f. Hasue and Shammah-Lagnado, 2002; Rodriguez-Lépez
et al, 2017). Due to its composition and to the extensive
connections with limbic forebrain centers (ventral pallidum (VP),
extended amygdala, septum (sept), bed nucleus of stria terminalis
(BNST), olfactory tubercle (OT), prefrontal cortex, and certain
hypothalamic nuclei) the ventrobasal forebrain occupies a central
position in decision-making based on learned associations, reward,
and social attraction (Humphries and Prescott, 2010). Many
of these functions are potential targets for impairment due to
ASD. The mesolimbic dopaminergic reward system is amply
interconnected and overlapping with the social brain network
(Goodson, 2005) forming the phylogenetically conservative social
decision-making network (O’Connell and Hofmann, 2011, 2012;
Csillag et al., 2022).
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The association of ASD with functional impairment (Hamilton
et al,, 2013), genomic alteration (Staal et al., 2012; Nguyen et al,,
2014), or defective development (Bissonette and Roesch, 20165
Alsanie et al., 2017) of the DAergic system, has been noted for
some time. Striatal circuits, receiving ample DAergic input, have
been implicated in the development of various forms of ASD (for
review see Fuccillo, 2016). DAergic dysfunction was also verified in
animal models of autism (Chao et al., 2020; Kuo and Liu, 2022.). By
now, these results seem to have culminated in a ‘dopamine theory’
of human autism (Hara et al., 2015; Pavil, 2017; Paval and Miclutia,
2021; Laszlo et al., 2022). However, unlike most protagonists of this
promising hypothesis, we prefer to emphasize the importance of
DA as an early promoter of forebrain organization, as envisaged
by Voorn et al. (1988) for striatal development, and evidenced,
in ex vivo target neurons, by co-culture studies (Snyder-Keller
et al., 2008). By extrapolation, the extensive pattern formation
in the ventrobasal forebrain, constituting part of the social brain
network, is likely being regulated by DAergic input. According
to our working hypothesis, a weak or retarded DAergic input
(by ‘missing’ the critical time point of development), may lead to
inadequate adaptation to social signals, ultimately manifested as
different forms of ASD.

The main objective of the current study was to further
investigate the neuroanatomical sequels of gestational VPA
exposure, in particular, those representing alterations to the
pattern of dopaminergic innervation, in two specific dopamine
receptive target regions of the ventrobasal forebrain, nucleus
accumbens and tuberculum olfactorium, at P7. We opted for a
quantitative morphometric analysis of close appositions (termed
here juxtapositions) between TH+ axons and the perikarya or
dendrites of CR+ or CB+ neurons.

The age of mice (P7) was chosen for comparability with our
previous observations (Adam et al., 2020; Finszter et al., 2023).
The involvement of CBPs in VPA-related (Lauber et al., 2016),
or 6-OHDA-evoked (Petryszyn et al., 2021) responses has been
confirmed in striatal regions. Both CBPs under investigation have
been shown to be present in the NAc, with a proven pattern of
distribution, and neither CR+ nor CB+ cells showed quantitative
changes in VPA treated animals at P7 (Finszter et al., 2023). Given
a well-established and functionally stable background of these
dopamine recipient neuronal populations, any differences in the
abundance of TH/CR or TH/CB juxtapositions measured in VPA
exposed, as compared to control, mouse pups may well serve as
a model for meaningful changes in synaptic pattern formation of
DAergic afferents.

Although no previous data on VPA-associated morphological
changes of CBPs have been reported for the OT, it seemed well
justified to extend our investigation also to this eminent limbic
forebrain center (especially in a macrosmatic species).

Materials and methods

Experimental animals
For VPA treatment, 20 adult female C57BL mice (obtained

from Janvier Labs, France) were used. The animals were mated
by placing two females into a box in which a resident male had
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been kept for 24h before mating. The males were removed after
12 h of cohabitation. The progress of pregnancy was monitored by
regular weighing of the animals, and only those with a steady gain of
weight were considered pregnant and processed further (altogether
12 animals). The pregnant females were kept with ad libitum access
to standard laboratory chow and water, under a 12/12 h light/dark
cycle. On day 13.5 of pregnancy, one half of the mothers (6 animals)
received intraperitoneal injection of 500 mg/kg body weight VPA
(diluted at 100 mg/ml with physiological saline). The other half
of pregnant mice (6 animals) were injected with vehicle as control
animals, under identical conditions. After birth, the pups remained
with the dams until day 7. A maximum of two littermates were used
in each experimental group.

Tissue preparation

Seven-day-old (P7) VPA-treated and control mice (2 female
and 3 male pups per treatment, altogether 10 individuals),
were terminally anesthetized with an intraperitoneal injection of
ketamine (50 mg/ml) and xylazine (20 mg/ml) mixture of 2:1,
0.1 ml total volume. The animals were transcardially perfused with
a solution of 4 % paraformaldehyde in PBS, at 4°C. After removal,
the brains were postfixed in the same solution for at least 48 h.

Immunocytochemistry

The brains were immersed in 30 % sucrose (until they sank to
the bottom of the vial) and cut into 30 jum coronal sections with
a Leica SM2000R freezing microtome. The sections were stored in
0.01 % of azide-containing PBS at 4°C until further processing. Six
series of sections were prepared from each brain. We consistently
applied the same technical procedure for the sections from control
and those from VPA-treated animals, the specimens were handled
simultaneously, using the same batch of reagents under the same
conditions. The sections were washed for 3 x 10 min, in PBS, and
blocked for 30 min in normal horse serum (NHS), 5 % in PBS.
Then the sections were incubated with the respective combination
of primary antisera (diluted in PBS with 1 % NHS and 0.3 %
Triton-X-100), overnight.

The following primary antibodies were used: a-tyrosine
hydroxylase 1:1000 rabbit (LOT 3870479, Merck Millipore);
a-calretinin 1:1000 chicken (LOT 22024, Thermo Fisher Scientific);
a-calbindin 1:1000 chicken (LOT 22654, Thermo Fisher Scientific).
Following washing for 3 x 10 min, in PBS, the sections were
incubated with the respective secondary antibodies: Donkey
a-rabbit-Alexa-488, 1:1000 (LOT VC296619; Invitrogen); Goat
a-chicken-Alexa-594, 1:1000 (LOT WA316328, Invitrogen) for
1 h, followed by another washing for 3 x 10 min, in PBS. The
sections were mounted on glass slides and coverslipped using a
glycerol/PBS mixture (1:1).

Microscopy and cell counting
Abundance of immunoreactive cell bodies

For the counting of perikarya, the specimens were viewed
and photographed under a Zeiss Jena, LSM 780 confocal laser
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microscope. On tile scans of 10x magnification, the reference
frames were marked out according to the coordinates of the atlas
by Paxinos and Franklin (2001), all labeled cells (in case of double
labeling, separately for each fluorochrome) were counted manually,
in representative coronal sections of each brain, following manual
thresholding for cell body size. The latter meant that the diameter
of every labeled cell to be counted was measured using the
image viewer program Aperio ImageScope. Only those cell
bodies which were larger than 5 pm in longest diameter were
counted. Thresholding, counting, and further analysis were done
on photographic images off-line, the images were coded by one
observer and counted blind by another colleague, who was not
aware of the code until the end of the analysis. The values were
expressed as normalized density of cells per mm?.

Concerning the sampling procedure, single measuring frames
were superimposed to representative coronal sections adapted from
The Allen Mouse Brain Atlas (©2021 Allen Institute for Brain
Science. Mouse Brain Connectivity),! as defined consistently for
each region of interest (ROI), at identical A/P levels in every brain.

Both hemispheres were used for counting, but the values were
not combined, since, in some cases, only one hemisphere remained
intact. The measuring frames for each ROI were marked out by
hand, to better fit to the boundaries of nuclei, to avoid noise
from artifacts and to exclude non-relevant areas, such as brain
pathways (e.g., the anterior commissure, in the case of NAc).
The relevant anatomical landmarks and stereotaxic coordinates
defining the sectional level, as well as the boundaries for each ROI,
are summarized by diagrammatic drawings depicting the location
of the measuring frames for every brain region analyzed (Figure 1).

Using the above method, we quantified the number of CB+,
CR+ and TH+ cells in the VTA, SN, as well as that of CB+ and TH+
cells in the OT.

Volume density and spatial proximity of
immunoreactive neuronal elements

For high-resolution quantitative microscopic analysis, one
group of the mounted specimens were viewed and photographed
under a LSM 780 confocal laser microscope (Zeiss Jena, Germany),
the images were stitched using the ZEN 2010 program. Further
analysis was carried out on Z-stacks of consistent total thickness
(for each immunolabel and brain region), with a constant
distance of 2 pwm between single optical sections. Rather than
applying systematic random sampling, we identified and picked
a coronal section from each brain that contained the same
required brain ROI and used this section as a representative of
the whole region. To obtain the density values (normalized to
area or volume), we standardized the denominator of the density
measurement by systematically assigning a standard size ROI at a
standard position (in relation to visible morphological landmarks)
within the region. Anatomical precision and consistency of
location took preference over comprehensiveness, especially
since there are known subregional differences e.g., between the
layers of OT, which, by random sampling, might increase the
noise of measurement.

1 https://connectivity.brain-map.org
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NAc, OT
B:0.98

VTA, SN
B:-3.16

FIGURE 1

Diagrams depicting the location of sampling frames for each region
of interest. (A) Shows the location of sampling frames for
volumetric image analysis (using Imaris) in the nucleus accumbens
and olfactory tubercle. (B) Shows the location of the sampling
frames for cell counting in the ventral tegmental area and
substantia nigra. The coronal images were adapted from Allen Brain
Atlas (https://atlas.brain-map.org/), and marked according to
Paxinos and Franklin (2001). The outlines of the measuring frames
are projected onto the corresponding atlas image (left side), with
some key landmarks (right side) and AP coordinates from Bregma
(right corner). ac, anterior commissure; ACC, anterior cingulate
cortex; B, Bregma; cc, corpus callosum; CPu, caudate-putamen;
Hp, hippocampus; Hyp, hypothalamus; LS, lateral septum; MRN,
midbrain reticular nucleus; NAc, nucleus accumbens; OT, olfactory
tubercle; PAG, periaqueductal gray; RSC, retrosplenial cortex; SI,
substantia innominata; SN, substantia nigra; TH, thalamus; VL,
lateral ventricle; VTA, ventral tegmental area. Scale bar: 1 mm.

The confocal image stacks were analyzed using an Imaris
software package (Bitplane AG, Switzerland, version 9.9.1.)
operating on a HP Z4 control system.

To analyze the percentage of specific surface contacts between
TH+ axons (presynaptic element) and CR+ or CB+ perikarya and
their dendrites (postsynaptic elements), we followed previously
elaborated guidelines of methodology (Schitzle et al., 2012; Fogarty
et al., 2013; Klenowski et al., 2015). Briefly, confocal image stacks
were loaded onto Imaris, and the immunoreactive fluorescent
tissue elements were reconstructed in 3D with the help of the
surface rendering function, for calculation of volumetric density
of juxtaposed elements within the ROI. A representative example
of the procedure is demonstrated by a short video (Supplementary
Video 1), made from a selected image slab of NAc doubly stained
against TH and CR, prior to quantitative analysis. Following
manual rotation of the view angle, the TH+ axonal varicosity
marked Juxt+ remains tightly apposed to a CR+ perikaryon,
whereas the other TH+ bouton marked Juxt- appears to lose contact
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with the cell body, showing parallactic displacement of apparent
position. The automated functions of Imaris are based essentially
on such a procedure for selection of ‘true’ juxtapositions within
the entire volume of ROI, without the need for the intervention of
human operator.

Two different volumetric approaches were applied for the
quantitative analysis of juxtapositions, as demonstrated in Figure 2.
The first one is based on spatial proximity of the surfaces
enwrapping TH+ structural elements on the one hand, and
those enveloping CR+ or CB+ structural elements on the other
hand. For systematic surface renderings of tissue elements,
the fluorescent level threshold was set to a fixed value (11
%), predetermined according to an optimal discernibility of
the fluorescent signal, which was then used throughout the
measurements. For determination of juxtapositions, the contact
surface between the TH+ axons (green channel) and the CR+
or CB+ perikarya (red channel) was defined as the region
with 0 wm separation between the rendered surfaces. The
volume represented by the contacting surfaces as percent of
total volume was measured by automated 3D computation. The
consistency of automated computation was tested by rendering,
in an image stack from OT (Figure 2A), the CB+ structures
(red channel) juxtaposed to TH+ structures (green channel)
(Figure 2B) or vice versa: TH+ structures juxtaposed to CB+
structures (Figure 2C). The resulting juxtaposition values did not
differ from each other, indicating that the image analysis software
reliably spotted the contacts between the structures labeled by
the different fluorochromes, regardless of which one served as a
reference.

The other method utilized the ‘spot detection’ function of
Imaris, applied for the presynaptic (TH+) elements (Figure 2D).
Since the axons and axonal boutons fall within a well-defined
size range, it seemed reasonable to let Imaris generate puncta
with a diameter of 1 wm and above, and a fluorescence
intensity threshold of 5.5 %. Thereafter, the program counted
those spots (generated from TH+ axons according to preset
size and intensity parameters), that were located within a
given distance (1 or 0 pm) from the surfaces rendered
through 3D scanning of CB+ or CR+ structural elements.
In our experience, albeit both two different methods yielded
essentially similar results, the first approach (based upon bilateral
surface rendering) resulted more often in tighter datasets
with statistically significant differences between the treatment
groups.

For assessment of the co-expression of labels within the same
anatomical structure (TH and CB or TH and CR, in the TH+
axons) we applied the ‘Coloc’ feature of Imaris. This implements the
Costes & Lockett method (Costes et al., 2004), based on automated
selection of colocalized voxels, thereby eliminating operator-related
bias. Colocalization of TH with CR or TH with CB was determined
on a per-pixel basis. A summary of the above procedural steps is
given in the workflow chart of Supplementary Figure 1.

Statistics

Statistical analysis of results was based on individual
hemispheric data (with the animals as random factor), using
the R Studio program. To determine the effects of treatment
(VPA vs control) as fixed effects, we applied a generalized linear
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FIGURE 2

Representative confocal laser scanning images (top view of image
stacks) demonstrating the methods for the quantitative analysis of
close appositions (juxtapositions) between calbindin-
immuoreactive (CB+) (red fluorochrome) and tyrosine hydroxylase
immunoreactive (TH+) (green fluorochrome) tissue elements in the
OT. Similar procedures were used for analysis of CB+/TH+ or
calretinin immunoreactive (CR+) /TH+ juxtapositions in the NAc.
(A) Source image stack loaded onto Imaris 9.9.1., with overlaid
measuring frame of ROI; (B) surface rendering of red elements
juxtaposed to green elements within the ROI; (C) surface rendering
of green elements juxtaposed to red elements within the ROI; (D)
particle rendering (with the help of spot detection function of
Imaris) of green elements, appearing here as puncta juxtaposed to
red elements (generated by surface rendering). For further details of
volumetric analysis see section "Materials and methods.” Scale bar:
30 pm.

mixed model (GLMM) based on negative binomial regression
with a Log link function (Yu et al., 2022). For analysis of the data
of perikaryal counts in SN, VTA and OT, a negative binomial
regression was used in every brain region. The linear mixed model
included the data of the two hemispheres separately to control for
within-subject variance but, since the ID of the individuals was
included as a random effect, the two hemispheres’ data were NOT
treated as statistically independent. Accordingly, the datapoints
on the graphs represent the values of the given brain region from
unilateral hemispheres, rather than the mean value of those regions
from bilateral hemispheres. Notably, for the statistical analysis,
the measured variables (spots, surface contacts) were taken into
account, whilst the values of area/volume were used only as an
offset variable.

Results

CB, CR, and TH perikarya in VTA and SN

Before focusing on the ventrobasal limbic target regions, we
first looked at the mesencephalic source regions (VTA, SN) of the
MT for any differences in the abundance of CR+, CB+ and TH+
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cell bodies between VPA-exposed and control mice. We found a
significant increase of CR+, but not CB+, perikarya, in both regions,
in the VPA-treated group (Figures 3, 4). No significant changes of
TH+ cells were detected in either region (Figures 3, 4).

Colocalization of CBPs with TH in the
perikarya of mesencephalic source
regions

A considerable percentage of TH+ cell bodies of both SN and
VTA were observed to co-express CR or CB (Figures 3A, C, 4A,
C). In the VTA, a substantial percentage (14-16%) of all TH+
neurons also contained CR (Figure 3B), and 40-42% of all TH+
neurons were double labeled for CB (Figure 3D). The density of
CR+ neurons was significantly increased in the VPA exposed group
(Figure 3B), however, the abundance of those cells double labeled
for CR+/TH+ was not enhanced, nor did those cells double labeled
against CB+/TH+ show a significant difference in number between
the treatment groups (Figures 3B, D). In the SN, the percentage of
CBP containing neurons was considerably less than in VTA; CR+
cells amounted to approx. 5-6% of all TH+ neurons, whereas CB+
cells constituted 7-9% of TH+ neurons (Figures 4B, D). Here again,
the only significant change on VPA treatment was an increase of the
density of CR+ neurons but, of the double labeled neurons, neither
those positive for CR+/TH+, nor those positive for CB+/TH+ did
show any significant difference between the treatment groups.

Non-colocalization of CBPs with TH in
the axons innervating NAc and OT

Neither of the CBPs under investigation were detected in
substantial amount in the axons expressing TH, in the NAc or
the in OT. As determined by the Coloc function of Imaris, with
the widest detection window (meeting the strictest criteria for
colocalized emittance), the colocalization ratios for CB/TH were:
0.38% (VPA), 0.39% (control) in OT; 0.39% (VPA), 0.36% (control)
in NAc; whereas those for CR/TH were 0.29% (VPA), 0.26%
(control) in NAc.

TH/CB and TH/CR
axosomatic/axodendritic juxtapositions
in NAc

In the NAg, the region of investigation encompassed the core
(see the overview images from control mouse (Figures 5A, 6A),
and the matching reconstruction images rendered with the help
of Imaris image analysis software (Figures 5B, 6B). No change in
volume ratio dependent on treatment (VPA exposed vs. control)
was detected either with CR+ (Figure 5C) or CB+ (Figure 6C)
structures. Using the same method, we also determined the volume
ratio of TH+ elements. Here, the values were not significantly
different in the control and VPA exposed groups (Figures 5C, 6C).

TH/CR juxtapositions were significantly reduced in VPA mice,
both when measured with bilateral surface rendering, taking
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either TH or CR as reference (graphs Juxta_surface/TH and
Juxta_surface/CR, respectively, of Figure 5C) and by spot detection
of TH+ elements combined with surface rendering of CR+ elements
(graph Juxta_spot = 0 pm of Figure 5D). Notably, although
the tendency was similar, the latter difference failed to attain
significance when the distance between the adjacent structural
elements was extended to 1 pm (graph Juxta_spot < 1 pm of
Figure 5D).

By contrast, TH/CB juxtapositions did not differ significantly
between control and VPA exposed samples in NAc, regardless of
the method applied (graphs Juxta_surface/TH, Juxta_surface/CB
of Figure 6C, and Juxta_spot < 1 pm, Juxta_spot = 0 pm of
Figure 6D).

TH/CB axosomatic/axodendritic
juxtapositions in OT

In the OT, the region of investigation was set to layer III
(see the overview images from control (Figure 7A) and VPA
treated (Figure 7B) mice, and the matching reconstruction images
rendered with the help of the Imaris image analysis software
(Figures 7C, D). We determined the density of CB+ perikarya, and
also measured the total volume ratio of CB by surface rendering.
No change was detected in cell density (Figure 7E), whereas, by
the surface rendering method, a significant decrease of CB was
found in VPA-exposed animals, as compared to controls (graph
CB/Total of Figure 7F). Abundance of TH+ elements (essentially
axons) were also markedly reduced in the OT of VPA treated mice
(graph TH/Total of Figure 7F). CR+ cells were only sporadically
observed in the given ROI; therefore, quantitative analysis of these
cells was not considered to be feasible.
in the NAc, TH/CB
juxtapositions of the OT were significantly reduced in VPA exposed

By contrast with the situation
mice, both when measured with bilateral surface rendering, setting
TH as reference (graph Juxta_surface/TH of Figure 7F), and by
spot detection of TH+ elements combined with surface rendering
of CR+ elements (graph Juxta_spot < 1 um of Figure 7G).

Discussion

CB, CR, and TH perikarya in VTA and SN

We found a significant elevation of CR+, but not CB+,
perikarya, in the VPA-treated group in both of dopaminergic
midbrain regions. No significant changes of TH+ cells were
detected in either region. However, the tendencies of changes seem
to correspond to our earlier observation (decreased density of TH
in VTA and elevated density of TH in SN; Adam et al., 2020), which
was based upon computerized reconstruction and cell counting
in cleared whole-mount specimens (iDISCO method). Apparently,
that technique permitted a more refined and complete analysis of
entire brain regions than the currently performed cell counting
method using spatially limited sampling. This likely explains why
the present results regarding TH+ cells fail to reach the level of
significance (even if the tendencies do not contradict to those
published previously). The marked elevation of CR in the VTA
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Representative confocal laser scanning images demonstrating the colocalization between tyrosine hydroxylase (TH) immunolabeled perikarya and
those immunoreactive to calretinin (A) or calbindin (C) in the VTA of control mice (Scale bar: 50 wm). Lower magnification images of the regions are
presented in the top right insets. Characteristic cell types of the region are shown under high magnification (Scale bar: 20 pm) in the bottom right
insets. The diagrams on panels (B,D) show the areal density of CR+, TH+ and double labeled perikarya (B) as well as that of CB+, TH+ and double
labeled perikarya (D) in VTA, comparing VPA-exposed and control P7 mice (n = 10 hemispheres, representing 5 animals per treatment group). The
values are expressed as M + S.E.M. *<0.05. CB, calbindin; CR, calretinin; Ctr, control; SN, substantia nigra; TH, tyrosine hydroxylase; VTA, ventral

tegmental area.

and SN of VPA-exposed animals, as reported in the present study,
may signify a response to the loss and derangement of the axons
emanating from the source neurons, as shown by Addm et al. (2020)
for TH+ projections.

Colocalization of CBPs with TH in the
perikarya of mesencephalic source
regions

In agreement with the literature data (Liang et al, 1996;
Nemoto et al., 1999; Mongia et al.,, 2019), a substantial percentage
of CBP containing neurons were double labeled, co-expressing TH,
(altogether more in the VTA than in SN). Notably, only the CR+
cells showed an enhanced expression in the VPA treated group in
both the VTA and SN. However, those cells which were double
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labeled for CR and TH did not show a significant difference in
number between the treatment groups.

Non-colocalization of CBPs with TH in
the axons innervating NAc and OT

In the present study, we did not intend to further elaborate
on the degree of perikaryal colocalizations, the problem has been
extensively dealt with in other studies (Liang et al., 1996; Nemoto
et al, 1999; Mongia et al., 2019). More importantly, however, we
had to assess the degree of TH+ - CBP colocalization (if any)
within the axons heading for the forebrain targets (NAc, OT).
A substantial co-expression here would have presented a serious
obstacle when evaluating TH/CBP juxtapositions within the target
regions. Fortunately, neither of CBPs were detected in substantial
amount in the axons expressing TH, in either the NAc or the
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Representative confocal laser scanning images demonstrating the colocalization between tyrosine hydroxylase (TH) immunolabeled perikarya and
those immunoreactive to calretinin (A) or calbindin (C) in the SN of control mice (Scale bar: 50 .wm). Lower magnification images of the regions are
presented in the top right insets. Characteristic cell types of the region are shown under high magnification (Scale bar: 20 wm) in the bottom right
insets. The diagrams on panels (B,D) show the areal density of CR+, TH+ and double labeled perikarya (B) as well as that of CB+, TH+ and double
labeled perikarya (D) in SN, comparing VPA-exposed and control P7 mice (n = 10 hemispheres, representing 5 animals per treatment group). The

values are expressed as M + S.E.M. *<0.05. Abbreviations as in Figure 3.

OT. Since CB and CR are known to be present in many TH+ cell
bodies of VTA, including those projecting on NAc and OT (Mongia
et al,, 2019), and CR was even found to upregulate in the VPA-
exposed group (present study), the scarcity of CB/TH or CR/TH
co-expression in the axons innervating the ventrobasal forebrain is
somewhat unexpected. We assume that, in young postembryonic
mice, the CBPs coexpressed in TH+ neurons remain close to the
perikaryal compartment, rather than migrating along with the
outgrowing axons, or at least they fail to enter the telencephalic
target regions by P7. Of the sparse colocalizations still detected
here, at least with CB/TH, some may correspond to a contingent of
VGIuT2-CB neurons of VTA, with proven projections to the NAc
(Mongia et al., 2019).

TH/CB and TH/CR axosomatic and
axodendritic juxtapositions in NAc and
oT

The key findings of the current study are as follows: In VPA
mice, TH/CR juxtapositions are significantly reduced in the NAc
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core, while no similar change was observed in the case of TH/CB
juxtapositions. However, the TH/CB juxtapositions were strongly
reduced in layer III of the OT. The volume ratio of CR+ and CB+
elements remained unchanged in the NAc, whereas that of CB+
structures was markedly reduced in the OT.

Regarding the NA, surface rendering of select immunoreactive
structures, required for the determination of juxtapositions,
enabled a re-evaluation of the abundance of CR+ and CB+
structures in relation to our previously reported observation
(Finszter et al., 2023). Rather than counting CBP expressing
cell bodies in representative fluorescent microscopic images (as
reported previously), we now measured the total CB or CR content
in confocal image stacks, expressed as the volume enclosed by
the surface rendered for each marker as percent of total volume
(volume ratio). This means that not only perikarya but also
neuronal processes were taken into account. Notably, the present
results did not differ from those of the previous report (Finszter
etal,, 2023), i.e., no change of CB or CR in VPA exposed vs. control
P7 mice was detected, regardless of the measuring technique.

Since we did not specifically analyze the OT previously
(Finszter et al,, 2023), we now did both the counting of CB+
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FIGURE 5

Representative confocal laser scanning images demonstrating the simultaneous occurrence of TH+ axons (presynaptic elements) together with
CR+ (A,B) perikarya and dendrites (postsynaptic elements) in the NAc of P7 mice. (A) Overview image from control mice (Scale bar: 50 um),
characteristic cell types of the region are shown under higher magnification in insets (Scale bar: 20 wm). (B) High magnification quasi-3D
reconstruction image from control mice rendered with the Imaris image analysis software (for location of sampling in the core of NAc see white
asterisk in panel (A) The top panel demonstrates Z-stacks (side views exposing the Z axis), whereas the bottom panels show tilted image stacks
viewed from the top, exposing the X-Y axes (Scale bar: 30 wm). (C,D) The diagrams show the results of quantitative volumetric analysis of
juxtapositions in VPA-exposed animals (VPA, red columns) compared to control animals (control, blue columns). Two different methods were
applied for computation. The first was based on the reconstruction of both the TH+ tissue elements (essentially axons) and the CR+ (C) elements
(essentially perikarya and dendrites) using the surface rendering function, expressed as volume ratios. First, the total ratios of TH+ and CR+
structures were calculated (graphs denoted TH+/Total and CR+/Total, respectively). Then, the volume ratio of contacting surfaces (distance = 0 um)
of TH+ vs. CR+ structures was calculated using the respective function of Imaris. The resulting values were divided either by the total surface of ROl
(graph denoted as Juxta_surface/Total), or alternatively, by the whole surface of TH+ (graph denoted Juxta_surface/TH) or CBP+ elements (graphs
denoted Juxta_surface/CR). Using the other method (image panel D), the presynaptic elements (TH+ axons) were visualized as puncta generated by
the spot detection function of Imaris. First, all puncta (particles) that passed the threshold of a diameter of 1 wm were counted by the program, and
the values were divided by the total area of ROl (graph denoted Spot_sum/Total). Next, we measured the number of those spots which fell within a
given distance (1 or 0 wm) to the rendered surface of CR+ (D) structural elements, divided by the total area of ROI (graphs denoted

Juxta_spot < 1 wm/Total; Juxta_spot = O pm/Total, respectively), comparing P7 control and VPA-exposed mice (n = 10 hemispheres, representing 5
animals per treatment group). For further details see section "Materials and methods.” The values are expressed as M + S.E.M. *<0.05, **<0.01. ac,
anterior commissure; CR, calretinin; sept, septum; TH, tyrosine hydroxylase; VL, lateral ventricle

10.3389/fnana.2024.1426042

perikarya, and the measurement of total CB by surface rendering.
Apparently, CR+ cells were too scarce in the OT, at least at
this age, to be analyzed. Curiously, while no decrease in CB+
perikarya could be detected by ‘classical” cell counting, the surface
rendering approach yielded here a prominent drop of CB in the

Frontiers in Neuroanatomy

OT of VPA-exposed, compared to control, animals. This finding
may indicate an overall reduction in the arborization of CB+
neurons within the OT (without a significant loss of perikarya),
one possible reason for the observed reduction of TH+/CB+
juxtapositions.
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FIGURE 6

Representative confocal laser scanning images demonstrating the simultaneous occurrence of TH+ axons (presynaptic elements) together with
CB+ (A,B) perikarya and dendrites (postsynaptic elements) in the NAc of P7 mice. (A) Overview image from control mice (scale bar: 50 um),
characteristic cell types of the region are shown under higher magnification in insets (scale bar: 20 wm). (B) High magnification quasi-3D
reconstruction image from control mice rendered with the Imaris image analysis software (for location of sampling in the core of NAc see white
asterisk in panel (A). The top panel demonstrates Z-stacks (side views exposing the Z axis), whereas the bottom panels show tilted image stacks
viewed from the top, exposing the X-Y axes (Scale bar: 30 um). (C,D) The diagrams show the results of quantitative volumetric analysis of
juxtapositions in VPA-exposed animals (VPA, red columns) compared to control animals (control, blue columns). Two different methods were
applied for computation. The first was based on the reconstruction of both the TH+ tissue elements (essentially axons) and the CB+ (C) elements
(essentially perikarya and dendrites) using the surface rendering function, expressed as volume ratios. First, the total ratios of TH+ and CB+
structures were calculated (graphs denoted TH+/Total and CB+/Total, respectively). Then, the volume ratio of contacting surfaces (distance = 0 um)
of TH+ vs. CB+ structures was calculated using the respective function of Imaris. The resulting values were divided either by the total surface of ROI
(graph denoted as Juxta_surface/Total), or alternatively, by the whole surface of TH+ (graph denoted Juxta_surface/TH) or CBP+ elements (graphs
denoted Juxta_surface/CB). Using the other method (image panel D), the presynaptic elements (TH+ axons) were visualized as puncta generated by
the spot detection function of Imaris. First, all puncta (particles) that passed the threshold of a diameter of 1 wm were counted by the program, and
the values were divided by the total area of ROI (graph denoted Spot_sum/Total). Next, we measured the number of those spots which fell within a
given distance (1 or 0 wm) to the rendered surface of CB+ (D) structural elements, divided by the total area of ROI (graphs denoted

Juxta_spot < 1 pm/Total; Juxta_spot = O wm/Total, respectively), comparing P7 control and VPA-exposed mice (n = 10 hemispheres, representing 5
animals per treatment group). For further details see section "Materials and methods.” The values are expressed as M &+ S.E.M.; ac, anterior
commissure; CB, calbindin; sept, septum; TH, tyrosine hydroxylase; VL, lateral ventricle
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Abundance of TH+ structures (essentially axons) was also
reduced in the OT of VPA treated mice. This phenomenon has been
noted previously as a qualitative observation (Finszter et al., 2023),
now substantiated in a quantitative manner by the present report.
On the other hand, the current observation on the abundance
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of TH+ elements in the NAc (Figures 5C, 6C) does not quite
concur with (though does not directly contradict to) the previously
reported decrease of DA in the NAc following VPA exposure
(Adam et al., 2020). The apparent controversy is possibly due to
the fact that the brain samples of NAc dissected for the DA assay of
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FIGURE 7

Representative confocal laser scanning images demonstrating the simultaneous occurrence of TH+ axons (presynaptic elements) together with
CB+ perikarya and dendrites (postsynaptic elements) in the OT of P7 mice. (A,B) Overview images from control (A) and VPA-exposed (B) mice (scale
bar: 50 wm), characteristic cell types of the region are shown under higher magnification in insets (scale bar: 20 pm). (C,D) High magnification
quasi-3D reconstruction images from control (C) and VPA-exposed (D) mice rendered with the Imaris image analysis software (for location of
sampling in layer Ill of OT see white asterisks in panels (A,B). The top panels demonstrate Z-stacks (side views exposing the Z axis), whereas the
bottom panels show tilted image stacks viewed from the top, exposing the X-Y axes (Scale bar: 30 pm). (E) The diagram shows the areal density of
CB+ perikarya in OT, comparing VPA-exposed and control P7 mice (n = 10 hemispheres, representing 5 animals in both treatment groups). (F,G) The
diagrams show the results of quantitative volumetric analysis of juxtapositions in VPA-exposed animals (VPA, red columns) compared to control
animals (control, blue columns). Two different methods were applied for computation. The first approach (image panel F) was based on the
reconstruction of both the TH+ tissue elements (essentially axons) and the CB+ elements (essentially perikarya and dendrites) using the surface
rendering function, expressed as volume ratios. First, the total ratios of TH+ and CB+ structures were calculated (graphs denoted TH+/Total, and
CB+/Total, respectively). Then, the volume ratios of contacting surfaces (distance = 0 wum) of TH+ vs. CB+ structures were calculated using the
respective function of Imaris. The resulting values were divided either by the total surface of ROI (graph denoted as Juxta_surface/Total), or
alternatively, by the whole surface of TH+ (graph denoted Juxta_surface/TH) or CB+ elements (graphs denoted Juxta_surface/CB). Using the other
method (image panel G), the presynaptic elements (TH+ axons) were visualized as puncta generated by the spot detection function of Imaris. First,
all puncta (particles) that passed the threshold of a diameter of 1 um were counted by the program, and the values were divided by the total area of
ROI (graph denoted Spot_sum/Total). Next, we measured the number of those spots which fell within a given distance (1 or O pm) to the rendered
surface of CB+ structural elements, divided by the total area of ROI (graphs denoted Juxta_spot < 1 wum/Total; Juxta_spot = O pm/Total,
respectively). For further details see section “Materials and methods.” The values are expressed as M + S.E.M. *<0.05, **<0.01, ***<0.001. CB,
calbindin; Ctr, control; TH, tyrosine hydroxylase; OT, olfactory tubercle (I-lll layers); VP, ventral pallidum; VPA, valproate exposed.
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the quoted study (Adam et al., 2020) also contained parts of the OT
(duly noted in Methods). Apparently, an intense response of OT
far outweighing its mass ratio might have biased the overall result,
then attributed to the NAc. Yet, despite the likely contribution of
OT, the VPA-associated decrease of TH protein, determined by
WB, could only be detected as a non-significant trend in the NAc
(with no change in the CPu) in our previous study (Finszter et al,
2023). However, when normalized by synaptophysin, the drop of
TH in VPA exposed animals became already prominent, indicating
astrong reduction of TH+ axons in relation to the available synaptic
sites. In other words, the likelihood of TH+ axons establishing
synaptic contacts in the NAc (notably, the WB sample termed
‘NAC also included the OT) seems to have decreased. Our current
findings on a significant reduction of TH+/CB+ juxtapositions in
OT, and of TH+/CR+ juxtapositions in NAc seem to support this
suggestion. Converging evidence suggests a diminished occurrence
of those DAergic fibers establishing synaptic contacts, at least in
two dopamine recipient regions of the ventrobasal forebrain, NAc
and OT. Moreover, the results of the present study help specify
a group of CBP expressing interneurons as potential targets for
synaptic reorganization, following alteration of DAergic input to
the ventrobasal forebrain, in VPA exposed mice.

Several studies have already pointed to the importance
of synaptic reorganization in limbic forebrain regions, from
enhanced dendritic arborization and spinogenesis in NAc, likely
representing defective pruning (Bringas et al., 2013), to reduced
spine density and lower expression of synaptic protein mRNAs in
the hippocampus of VPA-exposed mice (Yamaguchi et al., 2017).
Most of these observations were made on adult or adolescent (in
any case, post-weaning) animals, i.e., after the consolidation of
dopaminergic organization, starting in the late embryonic period,
yet undergoing prolonged postnatal development (Antonopoulos
et al., 2002). Our results from P7 mice attempt to tackle those
processes which occur at the early phase of pattern formation, prior
to cessation of the ingrowth and synapse formation of DA ergic
fibers and their recipient structural elements.

The question rises to what extent can the observed changes
of pattern formation and synaptic organization be ascribed to
defective DA input to the limbic forebrain. There is little doubt
that a definite defasciculation, affecting the TH+ fibers of the
mesolimbic tract, is taking place in VPA exposed mouse pups,
evident at P7 (Adam et al, 2020). Similar alterations of the
mesolimbic pathway have been reported to occur also in autistic
children (Supekar et al., 2018). This may lead to a net loss of fibers
reaching the limbic forebrain targets, or a misdirection of tegmental
DAergic fibers from ventral (limbic) to dorsal striatum. We also
reported a decrease of DA (measured by ELISA) in the NAc, but
not in CPu (however, most of this effect may have been due to a
disproportionately high contribution by OT) (Adam et al., 2020).
Both the decrease of the synaptic component of TH protein in ‘NAC’
(including OT) (as determined by immunoblotting) (Finszter et al.,
2023) and the diminished incidence of TH+/CR+ or TH+/CB+
juxtapositions in NAc and OT, respectively, (current finding) seem
to support the notion of a genuine attenuation of dopaminergic
input at a critical time point of early postembryonic development.
Whilst other independent literature sources did not confirm a
reduction of TH+ cells in VTA, nor did they find a decrease in TH
protein in the NAc at P21 (Maisterrena et al., 2022), there are also
reports on the upregulation of DA receptors, in the NAc of rats born

Frontiers in Neuroanatomy

12

10.3389/fnana.2024.1426042

to VPA-exposed mothers (Schiavi et al., 2019), likely reflecting a
compensatory mechanism following earlier deprivation of ligand
(i.e., DA), as indeed it was detected by us in P7 mice. Selective
depletion of TH in the ventrobasal forebrain regions, OT and NAc
(shell), but not in the dorsal striatum, together with an upregulation
of DI and D2 receptors and phosphorylated DARPP-32 have
been observed in En1¢¢/*, Otx2flox/flox pyytant mice, following
a prominent reduction of midbrain DAergic neurons (Borgkvist
et al, 2006). Apparently, the dopamine recipient ventrobasal
forebrain is highly vulnerable to genomic and transcriptional
defects affecting axonal pathfinding and neural organization. Based
upon accumulating literature data (for review see Cansler et al,
2020), also supported by our current findings, pattern formation
in the OT is likely to play a prominent role in early DAergic

regulation.
The present results bear relevance also for an
alternative/additional element of synaptic reorganization:

alterations on the recipient side. The observed reduction of total
CB (but not of CB+ perikarya) in the OT of VPA exposed animals
(not reported previously) may further decrease the probability
of synaptic contacts with afferent TH+ axons, presumably by
reducing the available synaptic surface. Whether such reduction
is due to enhanced pruning of dendritic spines, remains to be
investigated. In any case, the declining ability of just one well-
defined neuronal type (CB+) to receive dopaminergic input may
exemplify and predict lasting synaptic reorganization, similar to
those observed in non-human primates (Martin and Cork, 2014) in
motivation-associated forebrain regions (such as OT), potentially
leading to failure symptoms characteristic of human ASD.
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