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ABSTRACT Even before the first synapses appear, neurotransmitters and their receptors are present in
the developing brain, regulating the cell fate of neuronal progenitors in neurogenic niches, such as the
lateral ventricle. In particular, dopamine appears to play a pivotal role in the neurogenesis of the sub-
ventricular zone by controlling the proliferation and differentiation of progenitors through activation of
different receptors. Although dopamine receptor 5 (D5R) is expressed prenatally, there is little informa-
tion regarding its role in either pre- or postnatal forebrain development. To examine the role of D5Rs in
neurogenesis in the rat lateral ventricle subventricular zone (V-SVZ), we immunohistochemically defined
D5R expression, as well as BrdU incorporation in progenitor cells of various post-weaning stages (Post-
natal day (P) 20 until P80). We found that the level of proliferating cells is stable from postnatal day 20
until 50, and then declines sharply on P80. Concomitantly, D5R is expressed in all ages examined, but
we detected a progressive decrease in the density of D5R+ cells from P40 until P80. Moreover, double
immunostaining for BrdU and D5R revealed that proliferating cells in V-SVZ also express D5R. Collec-
tively, our data suggest that D5R is expressed in the post-weaning V-SVZ of rat at least until P80, and
its expression pattern coincides with that of proliferating cells in the V-SVZ, hinting at a possible role of
D5Rs in the regulation of neuronal progenitor division/differentiation.
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Introduction

The mammalian adult cerebral cortex displays a distinct cytoar-
chitecture consisting of layers of morphologically and functionally
distinct neurons. Most of these neurons are excitatory glutamatergic
cells, and the rest are GABAergic interneurons. During embryonic
and early postnatal phases, excitatory neurons are generated froma
pool of neural stem cells (NSCs), called Radial Glia (Kriegstein and
Alvarez-Buylla, 2009), in two of the many neurogenic zones of the
developing brain: the Ventricular Zone (VZ) and the Subventricular
Zone (SVZ) (Noctor et al. 2001; Miyata et al. 2001, 2004; Wu et al.
2005). Theembryonic VZisindirect contact with the lateral ventricle,
and adjacenttoitliesthe SVZ.Inboth areas, neuronal precursors are
generated that migrate radially towards the brain surface, shaping
the developing cerebral cortex. In the adult mammalian brain, only
two neurogenic niches are present: the Ventricular V-SVZ is still
active, producing inhibitory and, possibly, glutamatergic neurons;
and the Subgranular Zone (SGZ) of the dentate gyrus, generating
excitatory neurons (Altman and Das 1965; Doetsch et al. 1999;

Ming and Song 2011; Fuentealba et al. 2012).

Embryonic neurogenesis is a process that is highly regulated by
both intrinsic and extrinsic factors. A plethora of extrinsic factors
have been identified, which regulate neuronal stem cell fate, with
neurotransmitters being recognized as major modulators in shaping
various areas of the developing brain, such as the telencephalon
and the midbrain (Ohtani et al. 2003; Schlett 2006; Heng et al.
2007; Martins and Pearson 2008). Dopamine is a neurotransmit-
ter that has been shown to affect neuronal precursor proliferation
in pre- and postnatal neurogenesis in the SVZ (Baker et al. 2004;
Popolo et al. 2004; Kim et al. 2006; Kim et al. 2010), although it
is unclear through which receptors dopamine exerts its effects.

Abbreviations used in this paper: ANOVA, analysis of variance; BrdU, bromo-
deoxyuridine; D5R, Dopamine Receptor 5; E, embryonic day; i.p., intra-peritoneal;
LSD, least square differences; NDS, normal donkey serum; NSC, Neural Stem
Cell; P postnatal day; PBS, phosphate-buffered saline; PFA, paraformaldehyde;
PFC, Prefrontal Cortex; RT, room temperature; SGV, Subgranular Zone; SVZ, Sub-
VentricularZone; V-SVZ, lateral ventricle subventricularzone; VZ,Ventricular Zone.
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There are five different subtypes of dopamine receptors: D1R,
D2R, D3R, D4R and D5R.

These are grouped into D1-like (D1 and D5) and D2-like (D2, D3
and D4) receptors. Dopamine receptor mRNAs can be detected
in proliferative areas of the dorsal cerebral wall and the gangli-
onic eminences as early as Embryonic day (E) 12, and most of
them continue to be expressed at least until post-natal day (P)
60 in the dorsal and ventral forebrain as well as in SVZ (Araki et
al. 2007). A contrasting effect of D1-like and D2-like receptors
has been proposed regarding NSC proliferation: D1-like receptor
activation in lateral ganglionic eminence and neuroepithelium
of the prefrontal cortex (PFC) has anti-mitogenic effects on the
precursor cells, whereas D2-like receptor activation results in
mitogenic effects (Ohtani et al. 2003; Popolo et al. 2004).

Dopamine 5receptors (D5R) exhibitamore restricted pattern of
expression in the adult rat forebrain compared to D1Rs, and they
display increased constitutive activity and affinity for dopamine
compared with D1R (Tiberi et al. 1991). Very limited information
is available regarding the function of D5R during embryonic or
postnatal neurogenesis. Araki et al. (2007) have detected D5R
MRNA in the dorsal cerebral wall on E12 (albeit at very
low levels), as well as in the SVZ on P60.

Giventhe scarcity of available data ontheinvolvement
of D5SR in the regulation of cell divisions in the brain, in
the present study, we explored the expression of D5R
protein in the walls of the lateral ventricles of the rat
brain during post-weaning development (P20-P80), and
attemptedto associate this expression with on-going cell
divisions in this postnatal neurogenic niche.

A

Results

BrdU immunolabelingin the V-SVZ during post-weaning
development

NSCs are present in the neurogenic niches of the fetal
brainand persistinthe two neurogenic zones of the adult
brain: the SVZ and the SGZ (Jurkowski et al. 2020). We
confirmed the presence of proliferating cells in the SVZ
of post-weaning, adolescent, and young adult male rats.
Two hours after i.p. administration of the proliferating
cell marker BrdU, we observed BrdU* cells in the V-SVZ
of animals of all ages examined (Fig. 1A). Notably, the
average number of V-SVZ BrdU+ cells per section was
stable from P20 until P50, while a statistically significant
reduction was detected on P80 compared with all other
ages (One-way ANOVA with age as the independent
factor F,,,=15.269, p<0.001; LSD post-hoc P80 vs. P20
p<0.001, .vs P30 p<0.001, .vs P40 p<0.001, .vs P50
p=0.001, Fig. 1B).

D5 receptor immunolabeling in the V-SVZ during post-
weaning development

The D5receptor protein was detected, usingimmuno-
labeling, in the V-SVZ of post-weaning, adolescent and
young adult male rats (Fig. 2A). Interestingly, the number
of D5R+ cells per optic field was stable from P20 until
P40 and showed a gradual decline thereafter on P50
and P80 (One-way ANOVA with age as the independent
factor F,,=3.963, p=0.035; LSD post-hoc P80 vs. P20

P20 P40
B

Average # of V-SVZ BrdU+ cells per section

p=0.018,.vs P30 p=0.012, .vs P40 p=0.010, .vs P50 p=0.291, Fig.
2B). It should be noted that although the number of D5R+ cells
per optic field on P50 did not differ significantly from those on
P20-P40, the intensity of D5SRimmunolabeling was lower, indicat-
ing a reduction in the levels of D5R expression per V-SVZ cell.

D5 receptor expression on V-SVZ BrdU* cells

The presence of both D5R+and BrdU+ cellsinthe post-weaning
V-SVZ prompted us to explore whether cells incorporating BrdU
(presumably actively dividing cells) express D5Rs. Thus, using
double immunofluorescence, we identified that the majority of
BrdU+ cells in the post-weaning V-SVZ (P40) were also D5R+
(98.8+0.3% of BrdU+ cells were also D5R+) (Fig. 2C).

Discussion
Many studies have focused on the factors affecting adult
neurogenesis and among others, neurotransmitters have been

implicatedinitsregulation (Banasretal. 2004; Borta and Héglinger
2007; Pallotto and Deprez 2014; Weselek et al. 2020). In this work,

BrdU immunolabelling
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Age

Fig. 1. Pattern of cell divisions in the V-SVZ during post-weaning development. (A)
Confocal images of BrdU+ immunopositive cells in the V-SVZ on P20, 40, 50, and 80.
P, post-natal days. Bar, 200um. (B) Bar-graphs depicting the number of V-SVZ BrdU*
cells per section on P20, 30, 40, 50, and 80. Values are means+SEM. n=3 per group;
One-way ANOVA followed by post-hoc LSD test; ** p = 0.001, *** p < 0.007.
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Fig. 2. Pattern of D5R expression in the V-SVZ during post-weaning development. (A) Confocal
images of D5R+ immunopositive cells in the V-SVZ on P20, 40, 50, and 80. P, post-natal days. Bar,
20um. (B) Bar-graphs depicting the number of V-SVZ D5R+cells per optical field on P20, 30, 40, 50,
and 80. Values are means+SEM. n=3 per group; One way ANOVA followed by post-hoc LSD test; *
p <0.01,*p =0.01. © Confocal image of D5R+/BrdU+ immunopositive cells in the V-SVZ on P40.
Bar, 20pm. BrdU: red, D5R: green, Doubly labelled: orange. Arrows point to doubly labelled cells, while

arrowheads to singly BrdU-immunolabeled cells.

we show that in rats between post-weaning and early adulthood,
type 5 dopamine receptors are expressed in cells in the V-SVZ of
the lateral ventricles, including proliferating ones. Our data cor-
roborate findings from other studies suggesting dopamine as a
factor that influences early and adult neurogenesis (Borta and
Hoglinger, 2007), differentiation in the SVZ (Popolo et al. 2004)
and migration (Crandall et al. 2007), by adding a new dopamine
receptor type as a possible regulator of the cell fate of NSCs.
More specifically, we confirm the presence of proliferating
(BrdU+) cellsinthelateral ventricle at various ages (P20, 30, 40, 50
and 80). Notably,the number of BrdU* cells was stable across ages
P20-50 and then dropped significantly on P80. Although multiple
studies agree that there is a decline of proliferating progenitors
betweenyoungadultand senescentanimals (Tropepeet. al. 1997;
Kalamakis et al. 2019), this is the first study, to our knowledge,
that investigates the proliferative activity of SVZ in post-weaning
and adolescent animals and shows that the proliferative activity
in that area declines sometime between P50 and P80.
Although the D5R mRNA has been detected postnatally in the
SVZ (Araki et al. 2007), there is limited information regarding the
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protein expression and its potential roles
in that brain region. We thus defined the
distribution of the D5Rs in the walls of the
lateral ventricle through the post-weaning
period until early adulthood, revealing the
presence of D5Rs protein in cells of the rat
V-SVZ throughout this developmental period,
albeit at a declining level from P40 until P80.

Dopaminereceptorsingeneral have been
implicated in the regulation of cell prolif-
eration and differentiation in the SVZ, as
pharmacological interventions have shown
that D1-like receptors regulate NPCs exit
from the cell cycle and differentiation, while
D2-like receptors maintain NPCs in the cell
cycle (Ohtani et al. 2003; Popolo et al. 2005).
Nevertheless, the precise dopamine recep-
tor types involved are still undetermined.
The similarities in BrdU and D5R staining
from P20-80 led us to hypothesize that D5R
could regulate the cell fate of NSCs. Indeed,
we detected cells in which BrdU and D5R
co-localised, strengthening the hypothesis
that D5R activation stops the progression
of the cell cycle and possibly prepares cells
to exit the latter and start the differentiation
process.

In summary, our data show that there
is proliferative activity and D5R expres-
sion in the walls of the lateral ventricle of
post-weaning rats that slowly declines in
adolescence and early adulthood ina similar
pattern. Also, these dividing cells express
D5Rs, indicating a possible connection
between the two observations. While D5Rs
activation could be implicated in the regula-
tion of NSCs proliferation/differentiation, it
is certainly part of a broad network of inter-
playing neurotransmitters as well as other
factors determining the production of new cells in the V-SVZ of
adolescent and adult rat brain.

P80

Material and Methods

Animals

All experiments were carried out in accordance with the ethical
recommendations of the European Communities Council Direc-
tive of 22 September 2010 (2010/63/EU) and the experimental
protocol was approved by the Ethical Committee of the Faculty of
Nursing, NKU (#139/16-1-2015). All experiments were conducted
with male Wistar rats that were born and reared in our colony. Rats
were keptin 425x 266 x 185 mm cages (Tecniplast Spa, Italy) with
standard wire lid, food and water ad libitum. Standard conditions
of 12:12 hour light/dark cycle at 22-23 °C and 45-55% humidity
were maintained in the animal housing facility.

BrdU-administration
Male Wistar rats were i.p. injected at different developmental
stages (Postnatal day (P) 20, 30, 40, 50 and 80), using a 28-gauge
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needle and a 5 ml syringe, with a BrdU-containing saline solution
(Biochemica, A2139) (10 pl per gr of body weight of a 10mg/ml
solution). Foreach of the developmental stages investigated, three
males from three different litters were used.

Tissue preparation

Brains were isolated 2 hours post BrdU injection. Prior to tissue
isolation, animals were deeply anaesthetized using isoflurane in
a sealed chamber and decapitated. Brains were isolated and im-
mediately transferred in 2-methylbutane in dry ice. Tissues were
then stored at -80°C until usage.

Brains were coveredin Leica Tissue Freezing Medium (Cat Numb.
14020108926) and placed in a Leica cryostat (CM 1900-1-1) at-15
°C. Tissues were dissected into 20 pm coronal sections. Sections
were collected on silane (TCI, A0439) coated microscope slides.
Multiple sections were placed on each slide (6 slices per slide),
with a 120 pym interval between sections, to ensure concurrent
staining of sections at multiple depths in the region of interest.
Slides were stored at -80 °C until usage.

BrdU immunostaining

Slidesthawed atroomtemperature (RT) andthenunderwent the
following procedures: a) submersion in 4% PFA in PB at 4 °C for 1
hour, b) washing in 1x PBS pH=7.4 at RT (3X10min) c) washing in
distilled H,0 (ddH,0) (3X10min), d) transferin 2N HCI solutionat 37
°C for 20 min for DNA denaturation, e) washing in 1x PBS pH=7.4
at RT (6X10min) to normalize the pH, f) washing in 0.4% Triton X-
100/1x PBS pH=7.4 (2 times for 5 and 10 min), g) application of
10%normal donkey serum (NDS)/0.4% Triton X-100/1x PBS solution
on the slides to block antibody non-specific binding, h) incubation
with mouse anti-BrdU primary antibody (Cell signaling, 5292S),
diluted 1:200in 4% NDS /0.4% Triton X-100/1x PBSfor48 hat 4 °C
in a sealed humidity chamber, i) washing in 1x PBS pH=7.4 at RT
(3X10min),j) incubation with Donkey anti-mouse CF568 secondary
antibody (Biotium, Cat Numb. 20105), diluted 1:200 in 2% NDS/1x
PBS at RT in a sealed humidity chamber for 2 h, k) washing with
1x PBS pH=7.4 in the dark (4X10 min) and finally, I) application of
fluorescence protecting medium (Biotium, Cat Numb. 23001) and
coverslipping. Non-specific staining was negligible as identified on
sections incubated in the absence of the primary antibody. Slides
were stored at 4°C in the dark until they were observed under a
confocal microscope (Olympus Fluoview FV1000).

D5R staining

Slides that contained slices immediately adjacent to those
stained for BrdU were left to thaw and were treated as follows: a)
submersion in PFA 4% at 4°C for 1hr, b) washing in 1x PBS pH=7.4
at RT (4X 10 min), c) washing in 0.4% Triton X-100/1x PBS pH=7.4
(twice for 5 and 10 min), d) blocking of the non-specific antibody
binding sites by application of 10% NDS/0.4% Triton X-100/1X
PBS solution on the slides for 1 h in a sealed humidity chamber,
e) incubation with rabbit anti-D5DR (EMD Millipore Corp., Cat:
324408), diluted 1:2000 in 4% NDS/0.4% Triton X-100/1x PBS
pH=7.4 at 4°C in a sealed humidity chamber for 48 h, f) washing
in 1x PBS pH=7.4 at RT (3X10 min each), g) incubation with don-
key anti-rabbit CF488A secondary antibody (Biotium, Cat Numb.
20015), diluted 1:200in 2% NDS/1x PBS pH=7.4 for 2 hin a sealed
humidity chamber, h) washing with 1x PBS pH=7.4 (4X 10 min) and
application of fluorescence protecting medium and a coverslip on

the slides. Non-specific staining was negligible as identified on
sections incubated in the absence of the primary antibody. Slides
were stored at 4°C in the dark until they were observed under a
confocal microscope (Olympus Fluoview FV1000).

D5R/BrdU double immunostaining

Three animals on PND40 were i.p. injected with BrdU, and 2
h later were deeply anesthetized with isoflurane, transcardially
perfused with PB pH=7.4, and then with 4% PFA in PB (both solu-
tions at 4°C). Brains were dissected, transferred to 4% PFA in PB
overnight at 4°C, and stored at-80°C. Sectioning was performed at
-25 °C into 40 pm thick coronal sections. Sections were collected
in 1x PB pH 7.4 (up to 6 sections per well with a 120 um interval
between sections) and kept at 4°C until further processed. The
protocol described above for BrdU was employed, and sections
were incubated for 3 overnights with both antibodies (anti-BrdU
and anti-D5R) as described above. Following incubation with the
primary antibodies, sections were incubated at the same time
with both secondary antibodies, as described above, coverslipped
and examined under a confocal microscope (Olympus Fluoview
FV1000).

Quantification of BrdU+, D5R+ and D5R/BrdU double labeled cells

Fromeach brain and foreach antigen or combination of antigens,
three sections were randomly but systematically selected within
the following antero-posterior extent: 2.20-2.60, with a spacing of
120um. For BrdU+ quantification, all immunolabeled cells were
countedinthe V-SVZ of each hemisphere. For D5R+ quantification,
immunostained cells were counted inthe medial part of V-SVZ along
thedorso-ventral axis of the brain. For D5R/BrdU colocalization, the
number of doubly stained cells, as well as that of all BrdU+ cells,
was counted in the medial part of V-SVZ along the dorso-ventral
axis of the brain, and the % of BrdU+ cells that were also D5R+ was
calculated. Allmeasurements were performed by two independent
observer; their correlation was >95%. For all measurements, the
average value was calculated for each animal.

Statistical analyses

The effect of age on the number of V-SVZ BrdU+ cells/section
or D5R+ cells/optical field was determined with one-way analysis
of variance (ANOVA) tests with age as the independent factor,
followed by least square differences (LSD) post-hoc comparisons
between different age groups, using the SPSS v.26 software. The
level of statistical significance was set at p=0.05.
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