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Abstract

We investigated the expression and role of the dopamine receptor 3 (D3R) in postnatal mouse
subventricular zone (SVZ). In situ hybridization detected selective D3R mRNA expression in the
SVZ. Fluorescence activated cell sorting (FACS) of adult SVZ subtypes using hGFAP-GFP and
Dcx-GFP mice showed that transit amplifying progenitor cells and niche astrocytes expressed
D3R whereas stem cell-like astrocytes and neuroblasts did not. To determine D3R’s role in SVZ
neurogenesis, we administered U-99194A, a D3R preferential antagonist, and bromodeoxyuridine
(BrdU) in postnatal mice. In vivo D3R antagonism decreased the numbers of newborn neurons
reaching the core and the periglomerular layer of the olfactory bulb. Moreover, it decreased
progenitor cell proliferation but did not change the number of label-retaining (stem) cells,
commensurate with its expression on transit amplifying progenitor cells but not SVZ stem cell-like
astrocytes. Collectively, this study suggests that dopaminergic stimulation of D3R drives
proliferation via rapidly amplifying progenitor cells to promote murine SVZ neurogenesis.
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Introduction

The postnatal subventricular zone (SVZ) is one of the main neurogenic regions and has
drawn much attention for its possible therapeutic usage in brain repair. This special area
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retains many features of embryonic neurogenic niches. For instance, several factors shaping
brain development also play important roles in regulating adult SVZ neurogenesis (Alvarez-
Buylla and Lim 2004). Recently, neurotransmitters, including dopamine, have become
recognized as important modulators of postnatal neurogenesis (Borta and Hoglinger 2007;
Hagg 2009). Dopamine as well as dopamine receptor agonists increased postnatal SVZ
proliferation whereas dopamine deletion in the nigrostriatal pathway decreased proliferation
(Baker et al. 2004; Hoglinger et al. 2004). Moreover, Parkinson’s patients showed decreased
proliferation in the SVZ and one of early symptoms of Parkinson’s disorder is olfactory bulb
dysfunction (Hoglinger et al. 2004).

While dopamine clearly affects postnatal SVZ neurogenesis, it remains unclear which
dopamine receptors mediate this effect. There are five different dopamine receptors: D1R,
D2R, D3R, D4R, and D5R. Dopamine 1 like (D1L) receptors (D1R and D5R) are coupled to
stimulatory G proteins whereas dopamine 2 like (D2L) receptors (D2R, D3R, and D4R) are
linked to inhibitory G proteins (Neves et al. 2002). Among dopamine receptors, D3R is the
only one specifically expressed in neurogenic areas, both in the embryonic and postnatal rat
SVZ (Diaz et al. 1997; Araki et al. 2007). Therefore in this study we focussed on
understanding D3R’s role in postnatal SVZ neurogenesis. The postnatal SVZ is composed of
three major neurogenic cell types; slowly proliferating astrocyte-like stem cells, transit
amplifying progenitor cells, and migratory neuroblasts (Alvarez-Buylla and Garcia-Verdugo
2002). Since each SVZ subtype has different biological properties, it is essential to
understand which specific dopamine receptors are expressed by which SVZ cell types.
However, the lack of reliable dopamine receptor antibodies has made it difficult to identify
dopamine receptor expression in SVZ cells. To circumvent this issue, we took advantage of
FACSorting SVZ subtypes based on marker expression and two different GFP+ reporter
mice (Nam et al. 2007; Pastrana et al. 2009).

D3R’s roles in regulating postnatal SVZ neurogenesis remain controversial. D3R receptor
stimulation in adult rats increased SVZ proliferation (Coronas et al. 2004; Van Kampen et
al. 2004). However, similar treatments with D3R specific agonists failed to show any effect
in adult mouse SVZ (Baker et al. 2005). Thus, there are several specific inconsistencies in
the literature despite ample evidence that in general dopamine affects postnatal S\VZ
neurogenesis. Here, we investigated the role and mechanism of D3R in murine postnatal
neurogenesis. We provide evidence that D3R is expressed in rapidly amplifying progenitor
cells in the postnatal SVZ and drives cell proliferation to regulate olfactory bulb
neurogenesis.

Materials and Methods

Animals

Doublecortin-GFP (Dcx-GFP) mice were originally developed by the Rockefeller GENSAT
Project (Gong et al. 2003). hGFAP-GFP mice were obtained from the Jackson Laboratory
and CD1 mice from Harlan, UK. The animal care and use was conducted in accordance with
personal and project license under the UK Animals (Scientific Procedures) 1986 Act and
NIH guideline.

In situ hybridization

We performed in situ hybridization for D3R in P4 and 1 month old CD1 mice (N = 4, each
age). Total RNA was extracted from P8 mouse brain and the first strand cDNA was
synthesized using Superscript 111 reverse transcriptase together with random hexamers
(Invitrogen, Paisley, UK) following the manufacturer’s instructions. DNA fragments
corresponding to the region of the mouse D3R cDNA were generated using the following
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forward (F) and reverse (R) primers: F= 5’-gccctctcctctttggtttc-3’, R=5-
gtggataacctgccattgct3’. The resulting PCR product, a 565 bp fragment, was ligated into the
pST-Blue 1 plasmid (Novagen, Nottingham, UK). The antisense and sense (a negative
control) cRNA probes were transcribed using T7 and Sp6 RNA polymerases, respectively,
with a digoxigenin (DIG)-labelled RNA mixture (Roche, Penzberg, Germany). Frozen
sections were post-fixed with 4% paraformaldehyde in PBS, deproteinised with 0.1N HCL
for 5 min, acetylated with acetic anhydride (0.25% in 0.1M triethanolmine hydrochloride)
and prehybridized at RT for at least 1hr in a solution containing 50% formamde, 10mM Tris,
pH7.6, 200 pg/ml E.Coli tRNA, 1x Denhardt’s solution, 10% dextran sulphate, 600 mM
NaCl, 0.25% SDS and 1mM EDTA. The sections were hybridized in the same buffer with
the DIG-labeled probes overnight at 68°C. After hybridization, sections were washed to a
final stringency of 30 mM NaCl/3 mM sodium citrate at 68°C and detected by anti-DIG-
alkaline phosphatase antibody in conjunction with a mixture of nitroblue tetrazolium (NBT)
and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Roche, Penzberg, Germany).

FACSorting and dopamine receptor RT-PCR

To purify neuroblasts, P2, P6 and 8 weeks old Dcx-GFP mice were killed and the brains
were sectioned into 1-mm coronal sections approximately 1 mm rostral and caudal to
bregma using a brain mold and razor blades. Under a dissection microscope, the SVZ was
dissected into dorsal and ventral regions and the tissue was digested using papain
(Worthington LK003176) for 20 min at 37°C. The digested tissue was washed with
Neurobasal medium (Invitrogen), cell counts obtained with a hemocytometer, and GFP-
expressing cells FACS sorted. After samples were sorted, they were centrifuged and Trizol
(Invitrogen) added to extract total RNA. First strand cDNA for each sample was synthesized
using the SuperScript 111 first strand synthesis system (Invitrogen). RT-PCR was performed
on FACS sorted dorsal and ventral SVZ samples using the following primers for all five
dopamine receptors. Forward (F), reverse (R) primers, and expected sizes: F=5’-
gtgactgagattgaccaggaag-3’, R= 5’-accgcaggtgtcgaaacctgat-3’ for D1R (491bp), F=5’-
ccagaatgagtgtatcattgcc-3’, R= 5’-cttcctgcggctcategtetta-3’ for D2R (555bp), F=5’-
agtgtatcagcatcagacctgg-3’, R=5’- ccaagccatgtcgtggetctgt-3’ for D3R (564bp), F=5’-
gtccgctcatgetactgcttta-3’, R= 5’- gagtcttgcggaagacacttcg-3’ for D4R (548bp), F=5’-
cagggagatcgctgctgcectat-3’, R= 5’- agaccataccagcaattgccac-3’ for D5R (590bp). GAPDH
was used as a positive control and sizes compared to a 1kb plus DNA ladder (Invitrogen).

The detailed method for simultaneous prospective FACSorting using hGFAP-GFP mice has
been published elsewhere (Pastrana et al. 2009). Briefly, the SVZ from 2 months old
hGFAP-GFP mice (The Jackson Laboratory) was micro-dissected and dissociated. Cells
were incubated with phycoerythrin-conjugated rat anti-mCD24 (1:20, BD Pharmingen) and
biotinylated EGF conjugated with Alexa647-streptavidin (2 pl/ml, Molecular Probes) for 30
min. All cell populations were separated in a single sort experiment using a Becton
Dickinson FACS ARIA as published previously (Pastrana et al. 2009). Total RNA samples
from each FACS purified population were isolated using the RNAqueous-Micro RNA
isolation kit from Ambion. cDNA was generated and amplified with WT-Ovation Pico RNA
amplification system (NUGEN) as per manufacturer guidelines. We performed D3R RT-
PCR in each cell population with the primers used for the in situ hybridization above (PCR
performed twice).

U-99194A treatment in vivo

U-99194a (Sigma) was reconstituted in saline. For label retaining cells and olfactory bulb
interneuron subtype analysis, 2 mg/kg U-99194a, 20 mg/kg U-99194A, or saline was
injected subcutaneously (s.c.) once a day for three days. During the same three days 50-100
mg/kg BrdU was injected twice a day intraperitoneally (i.p.). Mice were killed 4 weeks after
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the last injection of BrdU (N=3 mice for saline treatment, N=4 mice for 2 mg/kg and 20 mg/
kg U-99194A). To detect new born cells reaching the olfactory bulb (OB), the same drug
treatment plan was used with 5 days survival (N=4 mice in each group). For proliferation
assays for progenitor cells, 2 mg/kg, or 20 mg/kg of U-99194a, or saline was injected from
P4 to P6 (3 days) s.c. once a day and a single pulse of 100 mg/kg BrdU injected i.p. with the
last dose of U-99194a. Animals were killed 2 hours later (N=5 brains per treatment). Then,
mice were perfused with 4% paraformaldehyde in 0.1 M sodium phosphate-buffered saline
(PBS) and post fixed overnight, transferred to 30% sucrose overnight, then frozen and stored
at —80°C until sectioning. Brains were sectioned with a sliding Microtome (Leica, UK) at 30
um thickness for immunohistochemistry.

Immunohistochemistry

To detect BrdU immunoreactivity, sections were washed with PBS 3 times for 10 min each,
incubated in DNAse buffer (10 mM Tris-HCI, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT,
50% v/v glycerol) with 0.5% Triton X-100 for 20 min, DNAse 2 mg/mL in DNAse buffer
with 0.5% Triton X-100 at 37°C for 30 min, washed with PBS 3 X for 10 min each, 50 mM
glycine for 15 min once, again PBS 3 times for 10 min each, PBS+ (10% Donkey Serum/
0.5% Triton X-100 in PBS) for one hr, and mouse x BrdU (1:200, Dako) or sheep x BrdU
(1:200, Abcam) in PBS+ at 4 °C overnight incubation. Then, slices were washed with PBS 3
X for 10 min each, biotinylated Donkey x mouse (1:400, Jackson Immunoresearch) in PBS+
for 1 hr, washed with PBS 3 X for 10 min each, Streptavidin Alexa Fluor 546 (1:500,
Jackson Immunoresearch) in PBS+ for 1 hr, PBS 3 X for 10 min each, DAPI (40 mg/mL
DAPI stock solution 1:1000 in PBS) for 10 min, PB 3 X for 10 min each, air dry, and
coverslipped with Fluorsave (Calbiochem). For double immunohistochemistry, sections
were washed with PBS 3 times for 10 min each, 50 mM glycine for 15 min once, again PBS
3 times for 10 min each, PBS+ (10% Donkey Serum/0.1% Triton X-100 in PBS) for one hr,
and rabbit x CalB (1:1000, Sigma C9848), rabbit x CalR (1:2000, Chemicon), or rabbit x
TH (1:2000, Chemicon) overnight. Sections were washed 3 times with PBS, incubated with
secondary antibodies (Alexa488 donkey x rabbit, Invitrogen) for 1hr, and followed by BrdU
protocol above. For other immunohistochemistry, we used goat anti-Dcx (1:100, Santa
Cruz) or mouse anti-Mash1 (1:200, BDscience) as primaries and Alexa546 donkey anti-goat
or anti mouse (Jackson Immunoresearch) as secondaries.

Image acquisition and quantification

Epifluorescent microscopy (Leica) was used with 20x or 40x objectives to obtain images of
BrdU+ cells and quantification was done either from captured images or with live counting.
Openlab (Improvision) was used to acquire images and Volocity (Improvision) to quantify
images. Each section was at least 180 um apart. For BrdU counting in the periglomerular
layer, four different fields were randomly selected per section and 5 different optical
sections were taken to count all positive cells in the section (N=4 section/brain). For the
BrdU and CalB, CalR and TH colocalization study, 4 or 5 randomly chosen fields per
section were imaged with a confocal microscope (Zeiss LSM510 or LSM710) and 5 optical
sections 0.34 um apart obtained to generate a z-stack. Four corresponding sections ranging
from 3.8 mm to 4.4 mm anterior to Bregma were chosen in each animal for imaging.
Confocal images were imported into Volocity (Improvision, UK) and target areas were
measured. BrdU live counting for progenitor cells in the SVZ was repeated and validated
with two different BrdU antibodies (mouse anti-BrdU and sheep anti-BrdU). All image
acquisition and quantification was done blindly. Statistical differences were determined by
Student’s T-test, and distribution expressed by SEM (Standard error of mean).
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D3 receptor mRNA is expressed in the SVZ

We used in situ hybridization (ISH) to detect D3R mRNA in the SVZ. The presence of D3R
mRNA has been suggested in the mouse SVZ by laser capture micro-dissection and
subsequent RT-PCR (Araki et al. 2007). Although IHC for D3R showed expression in the
embryonic and postnatal rat SVZ (Diaz et al. 1997), it has not been performed in the
postnatal and adult murine SVZ, to the best of our knowledge. We chose ISH since
dopamine receptor antibodies lacked specificity and provided spurious results in our
preliminary studies (data not shown). In both P4 and 4 week old mouse brains, D3R was
specifically expressed in the SVZ (Fig. 1B-D, H and I). The ventral SVZ showed stronger
D3R expression than the dorsal SVZ (Fig. 1C and D). The sense control was negative (Fig,
1E). SVZ D3R mRNA was selectively expressed in the middle SVZ (between A/P bregma
+0.5 and +1.42) (Fig. 1A, area 2). D3R mRNA in the very anterior (A/P bregma over +1.42,
Fig. 1A, area 1) and posterior SVZ (A/P bregma below +0.5, Fig. 1A, area 3) was weak or
below the level of detection (Fig. 1F and G). Similar patterns of D3R expression were
observed in the adult brain (Fig. 1H-K). Ventral brain structures such as the olfactory
tubercles known to highly express D3R (Diaz et al. 1997), indeed showed clear D3R
expression, and served as an internal positive control (Fig. 1J and K).

Neuroblasts do not express the D3 receptor

Three major neurogenic cell types play distinct roles in the postnatal SVZ. Astrocyte-like
stem cells generate progenitor cells and maintain themselves through asymmetric cell
division, progenitor cells proliferate rapidly to expand the progenitor and neuroblast
populations, and neuroblasts migrate to the olfactory bulb. The D3R would have different
biological effects depending on its expression in these SVZ cell subtypes. Thus,
understanding D3R localization in SVZ subtypes is essential to interpret its effect on SVZ
neurogenesis. To investigate dopamine receptor expression in neuroblasts, we FACS sorted
GFP+ cells in the SVZ from Dcx-GFP mice. GFP expression in the SVZ and the rostral
migratory stream (RMS) of Dcx-GFP mice faithfully recapitulates endogenous Dcx
expression; almost all GFP+ cells are Dcx+ (a marker for neuroblasts) and Mash1 (a marker
for progenitor cells) negative (Fig. 2A-F). We ran RT-PCR in FACSorted GFP+ cells from
early postnatal and adult mice for all five dopamine receptors; D1R, D2R, D3R, D4R and
D5R (N>3 experiments per age). Whole brain preparations confirmed that all five probes
detected specific dopamine receptor subtypes (Fig. 2G). Dcx positive cells in both early
postnatal (P2 and P6) and adult brains did not contain detectable D3R, but did express other
dopamine receptor subtypes in the dorsal and ventral SVZ (Fig. 2H-J). D4R expression was
present at P2 and P6 but was absent in adult SVZ neuroblasts (Fig. 2H-J). These results
showed that SVZ neuroblasts express multiple DA receptors but do not express D3R. Thus,
we hypothesized that D3R is expressed by SVZ stem cells and/or progenitor cells resulting
in the positive ISH described above.

Transit amplifying progenitor cells in the SVZ express the D3 receptor

To probe D3R expression in other SVZ subtypes, we turned to a recently developed
prospective FACSorting method using hGFAP-GFP mice (Pastrana et al. 2009) to purify
SVZ subtypes: astrocyte-like stem cells (SC), progenitor cells (PC), neuroblasts (NB) and
SVZ niche astrocytes (NA) (Fig. 3A,B). These populations can be distinguished using a
combination of hGFAP-GFP, epidermal growth factor receptor (EGFR) and mCD24
expression. EGFR is a marker for stem/progenitor cells (Doetsch et al. 2002) and mCD24 is
expressed at low levels in neuroblasts and high levels in ependymal cells, but not in other
cell types (Pastrana et al. 2009). Moreover, hGFAP-GFP mice express GFP in SVZ niche
astrocytes and stem cells, but not in the progenitor cells or neuroblasts (Tavazoie et al.
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2008). Thus, SVZ niche astrocytes are only GFP+ and stem cells GFP+ and EGFR+.
Progenitor cells are only EGFR+ and neuroblasts only mCD24+ (low level) (Pastrana et al.
2009) (Fig. 3A). Striatal astrocytes (SA) were also obtained for comparison (Fig. 3B). D3R
RT-PCR in whole brain (WB) and negative control (NC) without samples confirmed the
specificity of the D3R probe (Fig. 3B). D3R RT-PCR showed that among neurogenic SVZ
subtypes, only progenitor cells in the SVZ expressed D3R (Fig. 3B). The lack of D3R
expression in neuroblasts matched our previous result from Dcx-GFP FACSorting (Fig. 2).
Interestingly, niche astrocytes in the SVZ also showed D3R expression while striatal
astrocytes did not (Fig. 3B). Taken together these results show that D3R expression in the
SVZ is highly cell specific: amongst the neurogenic cells only the transit amplifying type
progenitor cells express it.

D3 receptor antagonism decreases the number of newborn periglomerular neurons

Neuroblasts born in the SVZ migrate to the olfactory bulb (OB) via the RMS and
differentiate into interneurons in the OB. To assess the role of D3 receptors on OB
neurogenesis, we administered U-99194A (a preferential D3R antagonist) or saline (vehicle
for U-99194A) subcutaneously once a day for three days in P4 mice, injected BrdU for three
days, and killed mice 4 weeks after the final drug injection (Fig. 4A). This was enough time
to detect the majority of SVZ cells reaching the outer layers of the OB. We tested two doses
(2 mg/kg and 20 mg/kg) of U-99194A which is known to specifically affect D3R (Laszy et
al. 2005). There are three major non-overlapping interneuron subtypes in the periglomerular
(PG) layer; Calbindin (CalB), tyrosine hydroxylase (TH), and Calretinin (CalR) positive
cells (Parrish-Aungst et al. 2007). To test if specific subpopulations of OB interneurons were
preferentially affected by blocking D3 receptors, we carried out CalB, TH, or CalR and
BrdU double immunohistochemistry (Fig. 4B-D). In the 2 mg/kg U-99194A treated group,
newborn neurons of all three subtypes decreased significantly (Fig. 4E). The 20 mg/kg
U-99194A group showed similar, albeit slightly less pronounced, decreases (Fig. 4E).
Among PG subtypes, newborn CalR+ cells showed the most significant decreases upon D3R
antagonism. Interestingly, this relatively short period of U-99194A treatment did not change
the overall number of TH+ and CalB+ cells after 4 weeks of recovery whereas the total
number of periglomerular CalR+ cells significantly decreased in the 2 mg/kg U-99194A
treatment group (Fig. 4F). In contrast to the periglomerular layer, the number of BrdU+ cells
in the granular cell layer was not significantly different between controls and U-99194A
treated mice (Sal, 94.0+12.3; 2 mg/kg U-99194A, 86.7+8.2; 20 mg/kg 83.5+4.4).

D3 receptor blockade decreases the number of newborn cells in the RMS

Once born in the SVZ, neuroblasts migrate in the RMS, the anterior portion of which
extends into the core of the olfactory bulb (OB) (Fig. 5B). To measure newborn neuroblast
migration into the anterior RMS, BrdU was administered to P4 mice in conjunction with
either U-99194A or saline for 3 days and mice were killed 5 days after the last dose (Fig.
5A). We performed BrdU immunohistochemistry and measured the density of BrdU+ cells
in the anterior RMS (Fig. 5B-C). As expected, many BrdU+ cells were found in this region
after 5 days (Fig. 5D and E). The D3R antagonist treated groups showed a significant
decrease in BrdU+ cell density in the anterior RMS (Fig. 5C-E). This data suggests that D3R
antagonism reduced the number of cells which arrived in the OB.

D3 receptor antagonism decreases proliferation in the SVZ but does not affect label-
retaining cells

Based on the specific D3R expression on transit amplifying progenitor cells (Fig. 3), we
hypothesized that D3R can mediate dopaminergic effects on SVZ progenitor cell
proliferation. To assess the effect of D3R in the transit amplifying progenitors, either
U-99194A or saline was given to P4 mice subcutaneously once a day for three days, BrdU
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administered once with the final dose of U-99194A, and mice killed 2 hours later (Fig. 6A).
This short pulse BrdU was designed to primarily detect progenitor cells specifically based
on their rapid proliferation, although it would also be predicted to label a small number of
mitotic radial glia and neuroblasts (Encinas et al. 2006). D3R antagonism (20 mg/kg
U-99194A treatment) significantly decreased the number of BrdU+ cells throughout the
SVZ (Fig. 6B-D). These data suggested that proliferation of transit amplifying progenitors
was affected by the U-99194A treatment. Next, we examined cells in the SVZ at long term
recovery (4 weeks) after BrdU injection (Fig. 6E). These BrdU+ cells (also called label-
retaining cells) are likely to be SVZ astrocytes that have derived from radial glia (Tramontin
et al. 2003) since slowly dividing and non-motile cells will be the major population retaining
BrdU after 4 weeks (Kippin et al. 2005). D3R antagonism did not change the number of
label-retaining BrdU+ cells in the entire SVZ (Fig. 6F), suggesting it did not affect rates of
SVZ stem cell self-renewal.

Discussion

In this study we show the dopamine D3 receptor is specifically expressed in the murine
neurogenic SVZ by transit amplifying progenitor cells and that D3R antagonism decreases
SVZ proliferation and OB neurogenesis.

Our D3R expression data in the postnatal mouse SVZ is consistent with previous D3R in
situ hybridization studies in rats (Bouthenet et al. 1991; Diaz et al. 1997) as well as with the
Allen Brain Atlas (Ng et al. 2009). D3R expression in the SVZ is further supported by a
previous report using D3R RT-PCR of laser capture micro-dissected adult SVZ cells (Araki
et al. 2007), as well as by D3R-GFP+ SVZ cells in the GENSAT BAC transgenic project
(Gong et al. 2003). Elucidating dopamine receptor expression on SVZ subpopulations will
help to explain the myriad reported effects of DA on SVZ cells. This has been difficult
because of high SVZ cell density, cell surface expression of DA receptors confounding
colabeling studies, and lack of reliable DA receptor antibodies. For these reasons, in this
study we FACS sorted SVZ cells from genetically labeled reporter mice. FACS sorted Dcx-
GFP+ neuroblasts expressed D1R, D2R and D5R receptors at all ages and D4R postnatally.
This suggests that perturbations which affect signaling of these receptors may affect
neuroblast migration, as has been shown in the embryonic MGE (Crandall et al. 2007). In
contrast to the other receptors, D3R was never detected in postnatal and adult SVZ
neuroblasts in our studies. The lack of expression by neuroblasts suggested that D3 receptors
could be expressed by astrocyte-like stem cells and/or progenitor cells. Indeed, prospective
FACSorting using hGFAP-GFP mice to separate SVZ cell types and subsequent RT-PCR
indicated that transit amplifying progenitor cells were the sole SVZ neurogenic subtype in
which D3R was detected. This expression profile matched previous immuno-electron
microscopy (EM) data, showing predominant D2L receptor expression in progenitor cells
and D1L expression in neuroblasts (Hoglinger et al. 2004). Thus D3R expression is tightly
regulated in the neurogenic lineage, primarily being expressed in the intermediate transit
amplifying progenitor cells. Surprisingly, whereas we did not detect D3R in SVZ astrocyte-
like stem cells and striatal astrocytes, we did detect it in SVZ niche astrocytes. Unlike
striatal astrocytes, niche astrocytes release instructive cues that control neurogenesis (Horner
and Palmer 2003). For example, it was recently shown that quinpirole, a D2L agonist,
increased SVZ proliferation by increasing ciliary neurotropic factor (CNTF) in SVZ niche
astrocytes (Yang et al. 2008). Thus, it is plausible that niche astrocytes also participate to
regulate SVZ neurogenesis via D3R signaling.

To study the D3 receptor’s role in the postnatal SVZ, we used a D3R preferential antagonist
(U-99194A). U-99194A has 20-fold higher affinity for D3R than D2 receptors and does not
bind to any other dopamine receptors (Waters et al. 1993; LaHoste et al. 2000). We provide
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evidence that D3R antagonism by U-99194A decreased SVZ neurogenesis in vivo by
selectively acting on transit amplifying progenitors. Interestingly, U-99194A treatment
decreased SVZ proliferation as detected with pulses of BrdU, but our label-retaining data
suggests it did not change slow rates of division, which in the adult SVZ are associated with
stem cell self-renewal. This well matched our data of D3R expressed by progenitor cells but
not stem cells. It also suggests that dopamine normally stimulates SVZ proliferation via D3
receptors. U-99194A decreased proliferation in the dorsal and ventral SVZ despite the fact
that D3R was expressed at higher levels ventrally. These results suggest that even low levels
of D3R signaling can influence proliferation. We also showed that fewer newborn cells
reached the anterior part of the RMS 5 days after BrdU and U-99194A treatment. Although
D3 receptors regulate T cell migration (Watanabe et al. 2006), they are unlikely to affect
SVZ cell migration because migratory neuroblasts do not express D3R. However, we can
not completely rule out the possibility because niche astrocytes might affect neuroblast
migration indirectly after D3R stimulation. In fact, 2 mg/kg U-99194A treatment did not
change proliferation of progenitor cells, yet significantly fewer cells were found in the RMS
5 days after this U-99194A dose. Thus, this low dose of U-99194A might specifically act on
niche astrocytes to regulate SVZ cell migration.

It is possible that, in addition to D3R, U-99194A also blocked D2 receptors. However, we
used the same low dose of U-99194A to predominately block D3 receptor effects as in other
studies (Rodriguez-Arias et al. 1999; Laszy et al. 2005; Jeanblanc et al. 2006). Moreover,
haloperidol treatment in rats and mice increased stem cell self-renewal in vivo via D2R
blockade (Kippin et al. 2005) and U-99194A treatment here did not change label-retention
of stem cells, suggesting that it did not affect D2R signaling. The effect of D3R stimulation
on the rodent SVZ has been controversial. When 7-OH-DPAT, a preferential D3R agonist
(Levesque et al. 1992), was given to rats, it stimulated proliferation of stem/progenitor cells
in vivo (Van Kampen et al. 2004) and in vitro (Coronas et al. 2004). However, similar
treatments by Baker et al., failed to affect cell proliferation in the adult mouse SVZ (Baker
et al. 2005). Interesting differences have been noted between rat and mouse neurogenesis
(Szele and Chesselet 1996; Goings et al. 2002; Snyder et al. 2009) and it may be that
differences in response to the D3R underlie some of these discrepancies. In contrast to Baker
et al., our study showed that dopaminergic stimulation of the D3 receptor normally drives
mouse postnatal SVZ proliferation and neurogenesis. These discrepancies may be explained
by the following differences between our study and Baker’s (Baker et al. 2005). We used
early postnatal P4 outbred CD1 mice, and intraperitoneal antagonist (U-99194A)
administration for 3 days. We examined its effect on progenitors and stem cells separately
by applying either short pulse or label-retaining BrdU protocols and focused our
quantification in the anterior and middle part of the SVZ where most D3 receptors are
expressed. In contrast, Baker et al., used adult inbred mouse strains and 14 days of
continuous D3R agonist (7-OH-DPAT) or U-99194A (Baker et al. 2005) infusion. It is
possible that homeostatic feedback loops modulated D3 receptors in Baker’s chronic 14 day
experiments and thereby obscured the drugs’ short-term effects. Since we administered
U-99194A peripherally, it may have changed dopamine release and thereby affected SVZ
neurogenesis. However, similar treatments of U-99194A in vivo did not affect dopamine
release in the striatum or the nucleus accumbens (Waters et al. 1993).

Each interneuron subtype in the PG layer is produced in a distinct temporal manner. TH+
cells are born in early development, CalB+ cells in late and early postnatal development, and
CalR+ mostly in adults (Batista-Brito et al. 2008). When we blocked the D3R in early
postnatal SVZ, CalB+ cell generation was the most significantly decreased among PG layer
newborn neuron subtypes. In contrast, CalR+ cell production was not significantly affected
in the higher concentration. This data matches the temporal production of PG layer subtypes
during our early postnatal treatment. Interestingly, the total number of CalB+ and TH+ cells
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were at control levels 4 weeks after U-99194A but the total number of CalR+ cells showed
significant decreases. This may be explained by late generation of CalR+ cells (Batista-Brito
et al. 2008). Decreasing progenitor cells in this critical period could have a profound effect
on CalR+ cell genesis.

This study begins to dissect the subregional, cell type, and temporal expression and function
of dopamine receptors in the subventricular zone. Recent studies suggested that EGFR+
progenitor cells mediate dopamine’s regulation of SVZ proliferation(O’Keeffe et al. 2009)
and over 95% of EGFR+ cells in the SVZ were transit amplifying progenitor cells
(Hoglinger et al. 2004). Our current study showed that the D3 receptor is specifically
expressed by these neurogenic progenitor cells. Taken together the data suggest that
dopaminergic signaling via D3 receptors increases transit amplifying progenitor
proliferation and OB neurogenesis. These studies may have clinical relevance: Parkinson’s
disease and schizophrenia are characterized by disrupted dopaminergic activity and are
treated with drugs that target dopamine receptors. It is possible that reduced olfaction in
Parkinson’s patients is due to reduced D3R mediated neurogenesis. Atypical antipsychotics
preferentially target the D3R and may also alter human progenitor proliferation. Future
studies are needed to clarify the role of the D3R in regulating human neurogenesis.
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Fig. 1. Dopamine receptor 3 is expressed in the subventricular zone in P4 and adult brains

A: SVZ area division, 1: anterior, 2: middle, 3: posterior SVZ, left panel shows sagittal view
of the SVZ, right panels coronal schematics of each position.

B: Low magnification picture of P4 brain, note the strong D3R signal in the ventral SVZ.
C, D: Progressively higher magnification views of the SVZ. Scale bars = 250 um (C), = 50
um (D).

E: Sense control; no D3R signal was detected.

F: Anterior SVZ in the P4 brain, note lack of signal in the SVZ.

G: Posterior SVZ in the P4 brain showed very weak signal in the SVZ.

H-K: 4 weeks old mouse SVZ.

H: Entire SVZ, Scale bar = 250 pm.

I: ventral SVZ, Scale bar =50 um.

J: Olfactory tubercle.

K: Islands of Calleja, Scale bar = 50 um.
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Fig. 2. Neuroblasts do not express the D3R receptor in postnatal and adult brains

A-C: Dcx immunohistochemistry (red) in Dcx-GFP mouse coronal RMS sections. White
arrows indicate examples of colocalized cells, note near perfect colocalization.

D-F: Mash1 immunohistochemistry (red) in Dcx-GFP coronal RMS sections. White arrow
heads indicated examples of Mash1+ cells that are Dcx-GFP negative, note lack of
colocalization.

G: Dopamine receptor RT-PCR from whole brains of Dcx-GFP mice. All five receptors
were detected.

H-J: Dopamine receptor RT-PCR from GFP+ neuroblasts of P2 (H), P6 (1), and adult (J)
Dcx-GFP mice. Note the D3R expression was not found in neuroblasts in any of the
samples. G = GaPDH.
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Fig. 3. D3R receptor is expressed in SVZ progenitor cells, but not in stem cells or neuroblasts

A: SVZ subtype schematic showing differential expression for FACSorting criteria.

B: D3R RT-PCR on SVZ subtypes, NA: SVZ niche astrocytes, SC: astrocyte-like stem cells,
PC: progenitor cells, NB: neuroblasts, SA: striatal astrocytes, WB: whole brain, NC:
negative control.
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Fig. 4. D3R antagonism significantly decreased the number of CalB, TH, and CalR cells in the
periglomerular layer of the olfactory bulb

A: Drug treatment plan for long-term survival group.

B-D: Double immunohistochemistry and confocal microscopy showing CalB+ (B), TH+
(C), or CalR+ (D) cells colocalized with BrdU. Scale bar = 50 pum.

B1-D1: High magnification pictures of cells in B-D (white arrows) showing colocalization.
Scale bar = 10 pum.

E-F: The number of newborn interneuron subtypes in the PG layer (E). The total number of
PG layer cell subtypes shown in (F) * = P<0.05.
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Fig. 6. U-99194A treatment decreased the number of progenitor, but not label-retaining cells in
the SVZ

A: Drug treatment plan to detect rapidly proliferating progenitor cells.

B: BrdU immunohistochemistry (red) in saline treated group, B1: dorsal SVZ, B2: ventral
SVZ. Arrows point to BrdU+ cells. Blue = Dapi.

C: BrdU immunohistochemistry in 20 mg/kg U-99194A treated group, C1: dorsal SVZ, C2:
ventral SVZ, scale bar = 50 um. Blue = Dapi.

D: Total number of BrdU+ cells in the entire SVZ, * = P<0.05.

E: Drug treatment plan to detect SVZ label-retaining cells.

F: Number of label-retaining cells in the SVZ after D3R antagonism.
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