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Midbrain-Derived Neurotrophins Support Survival of
Immature Striatal Projection Neurons

Maryna Baydyuk,' Yuxiang Xie,' Lino Tessarollo,> and Baoji Xu!
'Department of Pharmacology and Physiology, Georgetown University Medical Center, Washington, DC 20057, and Neural Development Section, Center

for Cancer Research, National Cancer Institute, Frederick, Maryland 21702

Neuronal death occurs at several stages during embryogenesis and early postnatal development; however, it is unknown how the survival
of immature neurons at their origin is regulated before these cells migrate to their final destination. Striatal projection neurons, known
as medium-sized spiny neurons (MSNs), in both the direct and indirect pathways are generated in the lateral ganglionic eminence (LGE).
Here we report that brain-derived neurotrophic factor and neurotrophin-3 are anterogradely transported from midbrain dopaminergic
neurons and support the survival of immature MSNs of the indirect and direct pathways, respectively, in the developing mouse striatum
and LGE. These results reveal a novel mode of neurotrophic action in the nervous system by linking neurotrophins to the survival of
immature neurons at their origin, while also suggesting that innervating neurons may control the size of their targeting neuronal

population in the brain.

Introduction

There are two crucial factors that determine neuronal population
size: proliferation of neural progenitor cells and subsequent
death of some newborn neurons. It has been well documented
that in the peripheral nervous system (PNS), developing neurons
at their final location have to compete for a limited amount of
neurotrophic factors produced by their target tissues; neurons
unable to obtain sufficient amounts of trophic factors die via
programmed cell death (Zweifel et al., 2005). In this way, a
peripheral target controls the final size of the innervating neu-
ronal population through neurotrophic factors. Neurotro-
phins are an important family of neurotrophic factors and
include nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), neurotrophin-3 (NT3), and neu-
rotrophin-4/5 (NT4/5). They exert many biological effects by
binding and activating specific Trk receptor tyrosine kinases;
NGF activates TrkA, BDNF and NT4/5 activate TrkB, and NT3
activates TrkC (Reichardt, 2006).

Neurons in the CNS originate from the ventricular zone and
subventricular zone (VZ/SVZ) and then migrate to their final
destinations (Kriegstein and Noctor, 2004). Although ablation of
neurotrophic signaling increases programmed cell death in the
hippocampal dentate gyrus and cerebellar granular layer during
the first two postnatal weeks (Minichiello and Klein, 1996;
Alcéntara et al., 1997), it remains unclear whether developing
CNS neurons that are at their final position are dependent on
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target-derived neurotrophic factors for survival, as are develop-
ing PNS neurons. Some immature neurons die before they mi-
grate out of the VZ/SVZ (Oppenheim, 1991); however, it also
remains to be determined whether immature neurons at their
origin need trophic support for survival and, if so, what is the
source of neurotrophic factors.

The striatum is a major part of the basal ganglia involved in the
control of movement. Approximately 95% of striatal neurons are
medium-sized spiny neurons (MSNs) that are equally divided
between two populations (Kawaguchi, 1997). One population
expresses D1a dopamine receptor (DRD1a) and participates in
the initiation of movement via direct projection to the output
nuclei of the basal ganglia. The other population expresses D2
dopamine receptor (DRD2) and controls movement inhibition
via the indirect pathway (Bolam et al., 2000). In a previous study,
we found that TrkB was essential for survival of immature MSNs
of the indirect pathway in their birthplace, the lateral gangli-
onic eminence (LGE), before they migrated to the striatum
(Baydyuk et al., 2011). Because TrkB can be activated through
aneurotrophin-independent manner (Lee and Chao, 2001), it
remains unknown whether these immature MSNs need neu-
rotrophins for survival and, if so, where neurotrophic support
comes from. It also is unknown which trophic factor supports
the survival of immature MSNs of the direct pathway in the
LGE. In the present study, we investigated the identity and the
source of neurotrophins that are required for the survival of
immature MSNs of both pathways.

Materials and Methods

Animals. We obtained the following mouse strains from the Jackson
Laboratory: Bdnf"’x (stock number 4339), Ntf31"x (stock number 3541)
and Wntl-Cre (stock number 3829). The TrkC-null allele, the Drdla-
tdTomato strain, the Drd2-EGFP strain, and the Th-Cre strain were pre-
viously described (Liebl et al., 1997; Lindeberg et al., 2004; Baydyuk et al.,
2011). We generated Bdnf-*“’* mice by crossing the Bdnf lox strain
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generated by Kevin Jones and colleagues (Gorski et al., 2003) to mice
expressing Cre recombinase in male germline cells. We used Bdnf-*<*/t%
as Bdnf~'~ mice. Both genders of mice were used. The Georgetown
University Animal Care and Use Commiittee approved all animal proce-
dures used in this study.

Histology. Mice at postnatal day 10 (P10) or older ages were transcar-
dially perfused with PBS and 4% paraformaldehyde. We did not perfuse
newborn mice. Brains were removed from the skull, fixed in 4% parafor-
maldehyde overnight, transferred to 30% sucrose solution for 3-5 d, and
sectioned at 50 wm. Immunohistochemistry was performed as described
previously (Baydyuk et al., 2011). Sources and dilution of primary anti-
bodies were as follows: EGFP (Abcam, 1:1000; Clontech Laboratories,
1:10,000), DRD1a (Millipore Bioscience Research Reagents, 1:1000),
B-galactosidase (Promega, 1:300; Cappel, 1:2000), NeuN (Millipore Bio-
science Research Reagents, 1:500), DARPP-32 (Cell Signaling Technol-
ogy, 1:200), calbindin (Sigma, 1:400), TuJ-1 (Covance, 1:2000), and
activated caspase-3 (Cell Signaling Technology, 1:200). Secondary anti-
bodies were obtained from the Jackson ImmunoResearch Laboratories
and used according to the manufacturer’s instruction. X-gal staining was
performed as described previously (Xu et al., 2003).

Stereology. We used Stereo Investigator software (MicroBrightField) to
count striatal neurons as described previously (Baydyuk etal., 2011). The
nucleus accumbens was excluded from the calculation. Measurements
were performed on every sixth Nissl-stained coronal sections, extending
from the most rostral to the most caudal parts of the striatum (8-10
histological sections per brain).

ELISA. BDNF and NT3 Emax ImmunoAssay Systems (Promega) were
used to measure BDNF and NT3 protein levels in lysates prepared from
the striatum at P21 and embryonic day 16.5 (E16.5).

In situ hybridization. To generate antisense riboprobes, mouse cDNA
sequences for Bdnf (GenBank accession number NM_010076, nucleo-
tides 896—1337) and Nt#f3 (GenBank accession number NM_008742,
nucleotides 214-990) were amplified by PCR and cloned into the pBlu-
script I KS (—) plasmid (Stratagene). Radioactive in situ hybridization
was performed as described previously (Xu et al., 2003).

Rotarod test. We performed the rotarod test as described previously
(Xieetal.,2010). The test was performed for three consecutive days, three
trials each day with 1 h between trials. The time mice stayed on the
rotating rod was recorded (a maximum time of 300 s).

Statistical analysis. All data are expressed as mean = SEM. Data were
analyzed using Student’s ¢ test.

Results

BDNF is required for survival of immature MSNs in the
indirect pathway

We first sought to determine whether a neurotrophin acts on the
TrkB receptor to support immature MSNs for survival. Because
of widespread expression of BDNF in the brain (Hofer et al.,
1990), we hypothesized that BDNF may be important for this
process. Using ELISA, we found that BDNF was present in lysates
prepared from the developing striatum (including the LGE) at
E16.5 and the striatum at P21 (Fig. 1A). We then counted striatal
neurons in Bdnf ~'~ -null mice and wild-type (WT) littermates at
P10-P14 and found a 40% reduction in neuronal number in the
striatum of Bdnf ~'~ mice (Fig. 1B). This neuronal loss pro-
foundly affected MSNs of the indirect pathway, as we found that
52% of DRD2-expressing MSNs, which were marked by EGFP
derived from the Drd2-EGFP transgene (Day et al., 2006), were
lost in Bdnf ~/~ mice (Fig. 1C). These phenotypes are similar to
what we observed in mice where the TrkB gene was deleted in the
precursor cells of MSNs (Baydyuk et al., 2011).

To determine whether the loss of striatal neurons in Bdnf '~
mice is the result of increased cell death, we used immunohis-
tochemistry of activated caspase-3 to detect apoptotic cells. In
newborn WT mice, the density of apoptotic cells was sevenfold
higher in the LGE VZ/SVZ than in the striatum (Fig. 1D,E),
suggesting that programmed cell death of MSNs occurs mainly at
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the site of their origin. In newborn Bdnf '~ mice, the density of
apoptotic cells in both the LGE and the striatum was drastically
increased (Fig. 1D,E), indicating the importance of BDNF in
survival of MSNs at both their origin and their final position.

To further characterize the identity of cells undergoing apoptosis
in the LGE VZ/SVZ and the striatum, we performed double immu-
nofluorescence labeling using antibodies to activated caspase-3 and
specific neuronal markers for different developmental stages. We
found that the majority of caspase-3-positive cells in the VZ/SVZ
and the striatum at PO expressed BIII-tubulin TuJ-1, an early marker
for immature and differentiating neurons (Lee et al., 1990) [74%
(31/42) and 58% (19/33), respectively; Fig. 1F]. These dying cells
were also positive for NeuN, a marker for both immature and ma-
ture neurons [81% (30/37) in the VZ/SVZ and 81% (13/16) in the
striatum; Fig. 1F]. Furthermore, we found that apoptotic cells ex-
pressed a marker for immature MSNs, calbindin [82% (18/22) in the
VZ/SVZ and 57% (13/23) in the striatum; Fig. 1F]. However, these
apoptotic neurons did not show immunoreactivity to DARPP-32, a
terminal differentiation marker of MSNs (0/37 in the VZ/SVZ and
0/17 in the striatum, Fig. 1F).

Together, these results indicate that BDNF serves as the main
ligand for the TrkB receptor to promote survival of immature
MSNs in the indirect pathway. A previous observation that the
striatum has a normal number of neurons in a Bdnf conditional
knock-out is likely a result of incomplete Bdnf deletion in the
embryonic brain (Rauskolb et al., 2010).

Striatal BDNF is derived from dopaminergic neurons of

the midbrain

To identify the source of BDNF that is critical for survival of
immature MSNs, we examined the expression of the Bdnf gene in
the developing brain using a Bdnf-**’* knockin mouse strain, in
which B-galactosidase, a product of the LacZ gene, marks cells
that normally express BDNF. In adult mice, striatal BDNF pro-
tein is synthesized in and anterogradely transported from cell
bodies located in the cerebral cortex, substantia nigra, and thala-
mus (Altar etal., 1997). Consistent with a previous report (Gorski
et al., 2003), we observed high levels of BDNF expression in the
cerebral cortex and substantia nigra, but not in the striatum, at
P21 (Fig. 2A, B). However, we found very little BDNF expression
in the cerebral cortex, LGE, and striatum at PO (Fig. 2C) and
E16.5 (Fig. 2E), but did detect BDNF expression in the substantia
nigraat PO (Fig. 2D, arrow) and E16.5 (Fig. 2E, arrow). Moreover,
BDNF expression was found in cells expressing tyrosine hydrox-
ylase (TH), a marker for dopaminergic neurons, in the substantia
nigra at E16.5 (Fig. 2F).

Since it has been shown that nigrostriatal projections are
formed by E16.5 (Voorn et al., 1988), we hypothesized that
BDNF is anterogradely transported from midbrain dopaminer-
gic neurons and released in the LGE to promote survival of im-
mature MSNs. To test this hypothesis, we selectively deleted the
Bdnf gene in dopaminergic neurons by crossing mice containing
afloxed Bdnfallele (Bdnf**) to mice where the IRES-Cre sequence
was knocked in at the 3’ untranslated region of the gene for TH
(Th-Cre) (Lindeberg et al., 2004) to produce Bdnf“"/lo" (control)
and Th-Cre;Bdnf*** (mutant; termed Bdnf'"). In situ hybrid-
ization confirmed abolishment of BDNF expression in the sub-
stantia nigra of Bdnf'™ mice (Fig. 2G). Bdnf"" mice had a
phenotype nearly identical to that observed in Bdnf ~'~ mice,
which includes a reduction in striatal neuronal counts at PO and
P21 by 38% and 33%, respectively (Fig. 2H) and an increased
density of apoptotic cells in the LGE VZ/SVZ and striatum at PO
(Fig. 2] ), when compared with control mice. We also observed
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Figure1.  BDNF promotes survival ofimmature MSNs of the indirect pathway. A, BDNF proteinlevelsin the striatum at E16.5and P21. B, Counts of striatal neuronsin WT and Bdnf ~/~ miceatP10-P14(n =
3 for each genotype). €, Counts of striatal DRD2-expressing cells in Drd2-£GFP and Drd2-EGFP;Bdnf ~'~ mice at P10—P14 (n = 3—4 per genotype). D, Immunohistochemistry of activated caspase-3,
counter-stained with Nissl. Scale bar, 25 um. E, Density of cells containing activated caspase-3 in the striatum and the LGE VZ/SVZ of WT and Bdnf "~ miceat PO (n = 3). F, Colocalization of caspase-3-positive
cells with specific neuronal markers in the LGE VZ/SVZ and the striatum of Bdnf '~ mice at P0. Scale bar, 5 wum. Error bars indicate SEs. *p << 0.05; **p << 0.01; ***p < 0.001.

this phenotype in mutant mice where deletion of the Bdnf gene  and control mice to bacterial artificial chromosome (BAC) trans-
was mediated by Wnt1-Cre (Danielian et al., 1998) in the devel-  genic mice expressing fluorescent proteins under the control of
oping midbrain and hindbrain (data not shown). the promoter for either DRD1a (Drdla-tdTomato) (Shuen et al.,

To determine which population of striatal neurons was af- ~ 2008) or DRD2 (Drd2-EGFP) (Day et al., 2006). By using these
fected by the Bdnf deletion in the midbrain, we crossed Bdnf™  two fluorescent proteins as markers, we found that the number of
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Figure2.  Midbrain dopaminergic neurons are the source of BDNF required for survival of MSNs of the indirect pathway. A-D, BDNF expression in Bdnf-"? " brain at PO and P21, as revealed with

X-gal staining for 3-galactosidase (blue). Scale bars: A-C, 500 um; D, 250 m. E, BDNF expression in Bdnf-“* embryos at E16.5, as revealed with immunohistochemistry of B-galactosidase. The

arrow denotes the substantia nigra. Scale bar, 250 wm. F, Colocalization of TH with 8-galactosidase in the substantia nigra of Bdnf“*“/ embryos at E16.5. Arrows denote representative neurons
expressing both TH and BDNF. Scale bar, 25 um. G, Th-Cre-mediated deletion of the Bdnf gene. Arrows denote the substantia nigra. H, Counts of Niss|-stained striatal neurons in control and Bdnf™ mice at
POand P21 (n = 3-5 mice per group). /, Immunohistochemistry of activated caspase-3 in control and Bdnf™ mice at PO. Scale bar, 25 um. J, Density of cells containing activated caspase-3 in the striatum and
the LGE of control and Bdnf™ mice at PO (n = 3-5). K, Counts of EGFP- and tdTomato-expressing striatal neurons n control and Bdnf™ mice hatboring either Drd2-EGFP or DrdTa-tdTomato at P21 (n = 3-S5 mice
pergroup). L, Control and Bdnf™ mice (n = 11 and 7, respectively) at 6 months of age were tested on a rotarod. Data represent averages of scores from three trials each day for three consecutive days (left) and

best score on the third day (right). Ct, Cerebral cortex; Hp, hippocampus; SN, substantia nigra pars compacta; Stm, striatum. Error bars indicate SEs. *p << 0.05; **p << 0.01; ***p << 0.001.

MSNs in the indirect pathway (expressing EGFP) was reduced by
42% in BdnfTh mice, whereas the number of MSNs of the direct
pathway (expressing tdTomato) was not significantly affected
(Fig. 2K). These results indicate that BDNF produced by the
dopaminergic neurons of the midbrain support survival of im-
mature MSNs in the indirect pathway. Bdnf'" mice performed
poorly on rotarod tests at 6 month of age (Fig. 2L), which rein-
forces the importance of MSNs of the indirect pathway in motor
coordination.

NT3-to-TrkC signaling promotes survival of immature MSNs
of the direct pathway

Since the survival of MSNs of the direct pathway was not affected
in Bdnf™ mice, we investigated whether another neurotrophin
might play a role in survival of this neuronal population. Using
ELISA, we detected the NT3 protein in lysates prepared from the
striatum dissected from mouse embryos at E16.5 and mice at P21

(Fig. 3A). TrkC mRNA was found throughout the adult striatum
(Fig. 3B). To further document TrkC expression in striatal neu-
rons, we cultured striatal neurons isolated from newborn mice
and stained the cultures with antibodies to TrkC, NeuN, and
DRD1a. We found that 79% (76/96) of NeuN-expressing neu-
rons and 86% (96/111) of DRD1a-expressing neurons were pos-
itive for TrkC (Fig. 3C,D). This expression data prompted us to
hypothesize that NT3-to-TrkC signaling might be crucial for the
survival of MSNs. Indeed, TrkC ~/~-null mice showed 33% re-
duction in the total striatal neuron number at PO, compared with
WT mice (Fig. 3E).

We performed in situ hybridization to locate a brain region
that may produce NT3 to support survival of developing MSNss.
We found that in newborn mice N#f3 mRNA for NT3 was not
present in the striatum (Fig. 4A), but it was present in the sub-
stantia nigra (Fig. 4B). This observation prompted us to posit that
NT3, like BDNF, is transported to the developing striatum from
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Figure 3.

NT3-to-TrkCsignaling is important for survival of striatal neurons. A, NT3 protein levels in the striatum were measured at E16.5 and P21. B, Radioactive in situ hybridization shows TrkC

mRNA expression in the adult striatum (Stm) and cortex (Ctx). ¢, Many cultured striatal neurons, labeled by an antibody to neuronal marker (NeuN), express TrkCat 14 d in vitro. D, The majority of
the MSNSs of the direct pathway, labeled by an antibody to DRD1a, express TrkC. Scale bar, 25 wm. E, Counts of striatal neurons from Nissl-stained sections in WT and TrkC ™'~ mice at PO (n = 3).

Error bars indicate SEs. *p << 0.05.

the dopaminergic neurons of the midbrain. To test this hypoth-
esis, we crossed mice carrying a floxed Ntf3 allele to Th-Cre mice
and obtained Ntf3l""/ tox (control) and Th-Cre;Ntf3["’C/ lox (mutant,
termed N3'™). In situ hybridization confirmed abolishment of
NT3 expression in the substantia nigra of Nt3"" mice (Fig. 4C,D).
Stereological analysis showed that the number of striatal neu-
rons was reduced by 30% and 22% in Nt3™" mice at PO and P21,
respectively, compared with age-matched control mice (Fig. 4E).
N3™ mice also displayed increased apoptosis in the LGE VZ/
SVZ and the striatum at PO (Fig. 4 F, G). The majority of apoptotic
cells expressed TuJ-1 (71% in VZ/SVZ and 54% in striatum),
NeuN (71% in VZ/SVZ and 81% in striatum), and calbindin
(89% in VZ/SVZ and 59% in striatum), but not DARPP32 (0% in
both VZ/SVZ and striatum), indicating that most of them are
immature MSNs. We then examined which population of MSN's
was influenced by the Nif3 deletion by introducing Drdla-
tdTomato and Drd2-EGFP transgenes to Nt3™" and control mice.
Remarkably, the number of the MSNs of the direct pathway (td-
Tomato ™) was reduced by 35%, whereas the number of the
MSNs of the indirect pathway (EGFP ) was not significantly
affected (Fig. 4H). This neuronal loss led to impaired motor
coordination, as assessed in 6-month-old mice using rotarod
tests (Fig. 4I). Therefore, NT3 derived from the midbrain dopa-
minergic neurons is a key trophic factor for the survival of devel-
oping MSNs of the direct pathway in the LGE and striatum.

Discussion

Our results clearly show that neurotrophic factors are crucial for
survival of immature striatal neurons at their origin as well as at
their final destination. Genetic studies have demonstrated that
PNS neurons depend on neurotrophic factors for survival during
embryogenesis and early postnatal life. For example, deletion of

the gene for NGF leads to >70% neuronal loss in dorsal root
ganglia and >95% neuronal loss in the superior cervical ganglia
(Smeyne et al., 1994). However, the role of neurotrophic factors
in the survival of developing brain neurons remains unclear.
Most brain regions are very large in size compared with PNS
ganglia, which makes detection of neuronal loss difficult. The
stereological method is essential to assess neuronal loss in the
brain; however, this method was not widely used at the time when
mouse knock-outs of neurotrophic factors and their receptors
were generated. This technical challenge may have hindered
progress in evaluation of the role of neurotrophic factors in neu-
ronal survival of the developing brain. Using stereological analy-
sis, we previously observed that selective deletion of the TrkB
gene in the progenitor cells of striatal neurons led to a large loss of
MSNs of the indirect pathway (Baydyuk et al., 2011), suggesting
that the TrkB ligands, BDNF and NT4/5, should play a key role in
survival of this population of striatal neurons. In this study, we
confirmed this prediction and identified BDNF produced in the
midbrain dopaminergic neurons as the source of neurotrophic
factors crucial for survival of developing MSNs of the indirect
pathway. Furthermore, this study shows that the midbrain dopa-
minergic neurons also produce NT3 to promote survival of im-
mature MSNs of the direct pathway. These results indicate that
neurotrophic factors are key to the survival of at least some neu-
ronal populations in the developing brain.

Our results indicate that neurotrophins promote neuronal
survival in the PNS and the CNS at different locations and via
distinct modes. No evidence indicates that immature PNS neu-
rons depend on neurotrophins for survival at their origin. Once
they reach their final position and form connections with their
targets, many of them have to compete for a limiting amount of
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harboring either Drd2-EGFP or Drd1a-tdTomoato at P21 (n = 3-5).1, Nt3™ mice (n = 8) exhibited poor motor performance and impaired motor learning compared with control mice (n = 7),
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direct pathways, respectively. Ctx, Cerebral cortex; Stm, striatum; SN, substantia nigra. Error bars indicate SEs. *p << 0.05; **p < 0.01; ***p << 0.001.

target-derived neurotrophins for survival. These neurotrophin
molecules are internalized at axonal terminals and retrogradely
transported to cell bodies to activate pro-survival signaling cas-
cades (Zweifel et al., 2005). In this way, target tissues determine
the final size of the innervating neuronal population. However, in
the striatum developing MSNs become dependent on neurotro-
phins for survival even before they reach their final position, as
our results show that there are some apoptotic cells in the LGE in
newborn WT mice and that deficiency of either BDNF or NT3

greatly increases apoptotic cell number in the LGE. Furthermore,
our results indicate that the BDNF and N'T3 proteins critical for
survival of developing MSNs are produced in the midbrain do-
paminergic neurons and anterogradely transported to the LGE
and striatum. It is important to note that the loss of MSNs, par-
ticularly the neurons in the direct pathway, is not as striking as
neuronal losses observed in the PNS of mice lacking neurotro-
phins or their receptors. This is likely due to the presence of
additional survival factors for MSNs.
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In conclusion, our study provides genetic evidence that BDNF
and NT3 produced in the midbrain dopaminergic neurons play a
key role in the survival of immature striatal projection neurons of
the indirect and direct pathways in the LGE and striatum (Fig.
4]). This finding suggests that innervating neurons can regulate
the size of their targeting neuronal population in the brain by
regulating their survival through neurotrophins during embryo-
genesis and early postnatal development.
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