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In the peripheral nervous system, target tissues control the final
size of innervating neuronal populations by producing limited
amounts of survival-promoting neurotrophic factors during de-
velopment. However, it remains largely unknown if the same
principle works to regulate the size of neuronal populations in the
developing brain. Here we show that neurotrophin signaling
mediated by the TrkB receptor controls striatal size by promoting
the survival of developing medium-sized spiny neurons (MSNs).
Selective deletion of the gene for the TrkB receptor in striatal
progenitors, using the Dlx5/6-Cre transgene, led to a hindpaw-
clasping phenotype and a 50% loss of MSNs without affecting
striatal interneurons. This loss resulted mainly from increased ap-
optosis of newborn MSNs within their birthplace, the lateral gan-
glionic eminence. Among MSNs, those expressing the dopamine
receptor D2 (DRD2) were most affected, as indicated by a drastic
loss of these neurons and specific down-regulation of the DRD2
and enkephalin. This specific phenotype of mutant animals is likely
due to preferential TrkB expression in DRD2 MSNs. These findings
suggest that neurotrophins can control the size of neuronal pop-
ulations in the brain by promoting the survival of newborn neu-
rons before they migrate to their final destinations.
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A neural circuit consists of several connected nodes that are
composed of neurons or nonneuronal cells, and its proper

function requires a correct number of cells at each node. Thus, it
is important to understand the mechanism by which the size of
neuronal populations is determined during development. In the
peripheral nervous system (PNS), it has been well documented
that developing neurons have to compete for a limited amount of
neurotrophic factors produced by their target tissues, and that
neurons unable to obtain sufficient amounts of trophic factors
die through programmed cell death (1). In this way a peripheral
target can control the final size of the innervating neuronal
populations through neurotrophic factors. One important family
of neurotrophic factors is called neurotrophins, which include
nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin 3 (NT3), and neurotrophin 4/5 (NT4/5).
Neurotrophins exert many biological effects by binding and ac-
tivating specific Trk receptor tyrosine kinases: NGF activates
TrkA; BDNF and NT4/5 activate TrkB; and NT3 activates TrkC
(2). Deletion of neurotrophin genes causes a severe loss of
sensory and sympathetic neurons (3). Although ablation of
neurotrophic signaling increases programmed cell death in hip-
pocampal dentate gyrus and cerebellar granular layer during the
first two postnatal weeks (4, 5), no studies have identified a large
population of developing brain neurons that are dependent on
a single neurotrophic factor for survival. Therefore, it remains
unknown whether neurotrophic factors can coordinate the size
of two connected brain regions in the developing brain.
The striatum is the largest component of the basal ganglia. It is

responsible for movement control and is associated with addic-
tive behaviors. Its dysfunction is the main cause for the motor
disorders associated with Huntington disease (HD) and Parkin-

son disease (6, 7). Approximately 95% of striatal neurons are
medium-sized spiny neurons (MSNs) with the rest being inter-
neurons (8). MSNs, which use γ-aminobutyric acid (GABA) as
a transmitter, are born in the lateral ganglionic eminence (LGE)
and migrate to the striatum during embryogenesis (9). They are
divided into two populations based on their projection sites.
MSNs at the origin of the direct pathway directly project to the
output nuclei of the basal ganglia, such as the internal segment of
the globus pallidus, the substantia nigra pars reticulata, and the
ventral pallidum. The other population of MSNs sits at the origin
of the indirect pathway and projects to the output nuclei of the
basal ganglia via the external segment of the globus pallidus and
the subthalamic nucleus (10). Interestingly, MSNs of the two
pathways differ in the expression of peptide transmitters and do-
pamine receptors, such that neurons of the direct pathway express
substance P (SP) and the dopamine receptor D1a (DRD1a),
whereas neurons of the indirect pathway express enkephalin (Enk)
and the dopamine receptor D2 (DRD2) (8). Recent studies using
bacterial artificial chromosome (BAC) transgenic mice expressing
fluorescent proteins under the control of the promoter for either
DRD1a or DRD2 confirm these distinct coexpression patterns in
MSNs of the two pathways (11, 12).
In this study we examined the role of TrkB signaling in striatal

development by using mouse mutants in which TrkB signaling
was abolished in the LGE during early embryogenesis. We found
that in these mutant mice the striatal volume was halved and the
majority of newly born neurons destined to be DRD2-expressing
MSNs died before they could migrate from the LGE to the
striatum. These findings demonstrate a critical role for TrkB
signaling in striatal development.

Results
Generation of a Striatum-Specific TrkB Mutant. To selectively delete
the TrkB gene in striatal neurons, we used a Cre transgene under
the control of the Dlx5/6 enhancer element (Dlx5/6-Cre) (13). At
embryonic day 12.5 (E12.5), Dlx5 and Dlx6 are expressed
throughout the lateral and medial ganglionic eminences (LGE
and MGE) (14), the brain regions that give rise to striatal pro-
jection neurons and interneurons, respectively (15–17). To de-
termine in which populations of striatal neurons the Dlx5/6-Cre
transgene is expressed, we introduced this transgene into Rosa26
reporter mice, in which the Rosa26 locus expresses β-galactosidase
once Cre-mediated recombination has occurred. We found that in
the striatum the Dlx5/6-Cre transgene mediated recombination in
the vast majority of MSNs expressing the 32-kDa dopamine- and
cAMP-regulated phosphoprotein (DARPP-32; Fig. 1A) as well as
in interneurons expressing neuropeptide Y (NPY), choline ace-
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tyltransferase (ChAT), or parvalbumin (Fig. S1). Dlx5/6-Cre mice
were crossed to mice harboring a floxed TrkB allele termed fB
(Fig. S2) to generate conditional TrkB knockouts (Dlx5/6-Cre;fB/
fB, termed TrkBDlx) or control mice (fB/fB). To determine if TrkB
expression was abolished in the striatum of TrkBDlx mice, we an-
alyzed protein extracts prepared from striatal and cortical tissues
by immunoblotting. Compared with control mice, levels of both
TrkB-F and TrkB-T in the cerebral cortex were slightly reduced in
TrkBDlx mice (Fig. 1B), which is consistent with the observation
that Dlx5/6-Cre was also expressed in cortical interneurons (13).
However, TrkB-F expression in the striatum appeared to be
completely abolished in TrkBDlx mice (Fig. 1B). We were still able
to detect a small amount of TrkB-T (Fig. 1B), likely due to ex-
pression of TrkB-T in glial cells. Thus, we generated a TrkB mu-
tant that lacks TrkB signaling in striatal neurons.

Deletion of TrkB Leads to a Large Neuronal Loss in the Striatum at
Postnatal Day 21. TrkBDlx mice survived for about 3 wk and dis-
played a hindpaw-clasping phenotype when suspended by their
tails (Fig. 1C). Hindpaw clasping has been associated with motor
dysfunction observed in a number of mouse models with neu-
rological disorders (18, 19). To determine whether this abnormal
behavior corresponded to biochemical changes occurring in the
striatum of the TrkBDlx mice, we measured levels of DARPP-32,
which is expressed by all MSNs and is important for proper
striatal function (20). There was a large reduction in DARPP-32
levels in TrkBDlx mice compared with control littermates (Fig.
1D). Using an unbiased stereological method to measure striatal
volume and count striatal neurons on Nissl-stained coronal sec-
tions, we then determined if loss of striatal neurons also con-
tributed to motor dysfunction in TrkBDlx mice (Fig. 1E). The
volume and neuronal number of the striatum were reduced by
∼50% in TrkBDlx mice compared with control animals (Fig. 1 F

and G). In addition, a specific neuronal marker (NeuN) was used
to make sure we did not miss Nissl-stained neurons that might be
smaller in size due to cell atrophy in TrkBDlx mice. A similar
reduction in NeuN-positive cell counts confirmed the large
striatal neuronal loss in TrkBDlx mice (Fig. 1G). Taken together,
these results indicate that TrkB signaling is necessary for striatal
formation and/or maintenance.

Differential Effect of the TrkB Deletion on DRD2- and Enkephalin-
Expressing MSNs Is Due to Preferential Expression of TrkB in These
Neurons. To determine whether TrkB deletion has a differential
effect on the two distinct populations of striatal projection
neurons, we examined expression of SP and Enk, the markers for
MSNs in the direct and indirect pathways, respectively. In
TrkBDlx mice there was a marked decrease in Enk immunore-
activity in the external segment of the globus pallidus (Fig. 2A),
a projection site of MSNs in the indirect pathway, whereas SP
levels were not apparently changed in the substantia nigra pars
reticulata (Fig. 2B), a projection site of MSNs in the direct
pathway. It was not clear, however, whether the difference in
peptide immunoreactivity reflected selective changes in expres-
sion of individual genes or in the number of MSNs in each of the
two pathways. To address this issue, we measured levels of
mRNAs for DRD1a, DRD2, Enk, and SP in the striatum using
in situ hybridization. Levels of mRNAs for DRD2 and Enk,
expressed by the MSNs in the indirect pathway, were greatly
reduced in the striatum of TrkBDlx mice (Fig. 2 D and E). In
contrast, levels of mRNAs for SP and DRD1a, expressed by the
MSNs in the direct pathway, were not significantly changed (Fig.
2 D and E). Using immunohistochemistry , we further confirmed
that DRD1a expression in striatal neurons of TrkBDlx mice was
not significantly altered (Fig. 2C). These findings show that TrkB
ablation mostly affects MSNs of the indirect pathway.

Fig. 1. Deletion of the TrkB gene in the striatum leads to
a large loss of striatal neurons. (A) Dlx5/6-Cre-mediated
recombination pattern in the striatum, as revealed by X-
gal staining for β-galactosidase (blue) and DARPP-32 im-
munohistochemistry (brown) in Rosa26/+;Dlx5/6-Cre
mice. (Scale bar, 50 μm.) (B) Western blot shows the
complete absence of the full-length TrkB receptor (TrkB-
F) and a large reduction in the truncated TrkB receptor
(TrkB-T) in the striatum of a mutant mouse. Protein
extracts were prepared from striata and cortices of Dlx5/
6-Cre-mediated TrkB conditional mutant (M) and fB/fB
control (C) mice at 3 wk of age and probed with anti-
bodies against the TrkB extracellular domain and α-
tubulin. (C) The TrkB mutant (TrkBDlx) at P18 exhibited
abnormal hindpaw-clasping phenotype when suspended
by its tail. (D) DARPP-32 levels in control (C) and TrkBDlx

(M) mice, as revealed by Western blot and immunohis-
tochemistry. (Scale bar, 25 μm.) (E) Representative images
of Nissl-stained coronal brain sections from control and
TrkBDlx mice. Stm, striatum; Ctx, cerebral cortex. (Scale
bar, 500 μm.) (F) Striatal volumes of TrkBDlx and control
mice at P21. Note the striatal volume in TrkBDlx mice was
reduced by 53% compared with control mice (n = 4 mice
each). Error bars represent SEM. Student’s t test: ***P <
0.001. (G) Counts of striatal neurons in TrkBDlx and con-
trol mice at P21, obtained from Nissl- or NeuN-stained
sections. The striatal neuron counts were reduced by 45%
(Nissl) and by 58% (NeuN) compared with control mice
(n = 4 mice each). Error bars represent SEM. Student’s
t test: ***P < 0.001.
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The reduced levels of mRNAs for Enk and DRD2 in the TrkB
mutant might result from a selective loss of the MSNs in the
indirect pathway. To investigate the effect of TrkB deletion on
the survival of DRD2-expressing MSNs, we introduced a BAC
transgene expressing green fluorescent protein under the control
of the Drd2 promoter (D2-EGFP) (21) into TrkBDlx mice and
control mice. High-magnification examination of EGFP+ cells
demonstrated that the reduced level of Drd2 mRNA in the
striatum of TrkBDlx mice resulted mainly from a severe loss of
DRD2-expressing neurons (Fig. 2F). The number of EGFP-
expressing striatal neurons was reduced by 63% in TrkB mutant
mice (fB/fB;Dlx5/6-Cre;D2-EGFP) at 3 wk of age compared with
age-matched control mice (fB/fB;D2-EGFP; Fig. 2 F and G).
Because the Dlx5/6-Cre transgene also expressed EGFP due to
the inclusion of an IRES2-EGFP sequence downstream of the
Cre coding region (13), some EGFP-positive neurons in fB/fB;
Dlx5/6-Cre;D2-EGFP mice might not be DRD2 neurons, thus
causing an underestimation of the loss of DRD2 neurons in
TrkBDlx mice. To estimate the number of striatal neurons
expressing both EGFP and DRD1a in the TrkB mutant, we
counted EGFP-expressing striatal neurons in TrkBDlx (fB/fB;
Dlx5/6-Cre) and control (fB/+;Dlx5/6-Cre) mice at postnatal day
21 (P21). The number of neurons labeled with EGFP by the
Dlx5/6-Cre transgene in the control mice was small (143,400 ±
16,100) compared with the number of neurons labeled with
EGFP by the D2-EGFP transgene (520,300 ± 37,200) at P21
(Fig. 2G), indicating that the expression of Dlx5/6-Cre was turned
off in many striatal neurons by P21. Assuming that all EGFP-
expressing neurons in fB/fB;Dlx5/6-Cremice are DRD1a cells, we
subtracted this neuronal count from the total number of EGFP+

striatal neurons in fB/fB;Dlx5/6-Cre;D2-EGFP mice to estimate
the size of the D2-EGFP-expressing neuronal population in the
mutant. The adjusted number revealed that up to 80% of DRD2-
expressing striatal neurons might be lost in TrkBDlx mice (Fig.
2G). Therefore, deletion of the TrkB gene in the LGE leads to
a 63–80% loss of DRD2 neurons in the striatum.

We next asked if any MSNs of the direct pathway were also
lost in TrkBDlx mice by generating fB/fB;Dlx5/6-Cre;Drd1a-tdTo-
mato (mutant) and fB/fB;Drd1a-tdTomato (control) mice. In
Drd1a-tdTomato BAC transgenic mice a red fluorescent protein
marks MSNs of the direct pathway (12). Counts of tdTomato-
expressing cells revealed a 22% loss of DRD1a MSNs in mutant
mice at P21 compared with control mice (Fig. S3 A–C). By con-
trast, no significant changes were found in the numbers of ChAT-,
parvalbumin-, or NPY-expressing striatal interneurons (Fig. S3D),
although TrkB was expressed in some interneurons expressing ei-
ther parvalbumin or NPY (Fig. S4). Taken together, these obser-
vations indicate that deletion of the TrkB gene in the striatum leads
to a severe and relatively selective loss of DRD2-expressing MSNs
in the striatum.
The relatively specific effect of TrkB deletion on DRD2/Enk

MSNs led to the hypothesis that TrkB expression was restricted
to this striatal population. To test this hypothesis, we generated
D2-EGFP;TrkBLacZ/+ mice by crossing D2-EGFP transgenic
mice to TrkBLaz/+ mice in which expression of β-galactosidase is
under the control of the TrkB promoter and thus recapitulates
the expression pattern of the TrkB gene (22). Fluorescent im-
munohistochemistry indicated that β-galactosidase was localized
in the cytoplasm as well as in neuropils (Fig. 3). We considered
those cells with higher cytoplasmic staining than the surrounding
neuropil staining as TrkB-expressing neurons. Using this crite-
rion, we found that 75% (91/122) of TrkB-expressing neurons
were positive for EGFP and 43% (91/211) of EGFP+ neurons
expressed TrkB in the striatum of adult D2-EGFP;TrkBLacZ/+

mice (Fig. 3 A–C). In concordance with this observation, TrkB
was detected in 37% (34/92) of DARPP-32-expressing neurons
(Fig. 3 D–F), approximately half of which are DRD2-expressing
MSNs (23, 24). These findings may explain the preferential effect
of TrkB deletion on DRD2 MSNs, but do not explain the loss of
up to 80% of DRD2 neurons in the striatum of the TrkB mutant
at P21 (Fig. 2G). To investigate this discrepancy, we examined
the TrkB expression pattern in the striatum of young D2-EGFP;
TrkBLacZ/+ mice. At P10, TrkB was expressed in many more

Fig. 2. Differential effects of TrkB deletion on DRD2- and enkephalin-expressing MSNs at P21. (A) Reduced Enk immunoreactivity in the external segment of
the globus pallidus (GPe) of TrkBDlx mice. (B) Normal SP immunoreactivity in the substantia nigra (SN) of TrkBDlx mice. (Scale bar, 250 μm.) (C) Normal ex-
pression of DRD1a in the striatum (Stm) of TrkBDlx mice. (D) In situ hybridization showing reduced EnkmRNA levels but normal SPmRNA levels in the striatum
of TrkBDlx mice. (E) Quantification of in situ hybridization signals for Drd2, Enk, Drd1a, and SP mRNAs. Note that levels of mRNAs for DRD2 and Enk but not
for DRD1a and SP were significantly reduced in TrkBDlx mice (n = 3 mice each). Error bars represent SEM. Student’s t test: **P < 0.01; ***P < 0.001. (F)
Representative high-magnification images showing fewer EGFP-expressing striatal neurons in fB/fB;Dlx5/6-Cre;D2-EGFP mice (mutant) compared with fB/fB;
D2-EGFP mice (control). (Scale bar, 25 μm.) (G) Counts of EGFP-expressing neurons in the striatum. EGFP-expressing striatal neurons were counted in several
genotypes of mice to reveal a severe loss of DRD2-expressing MSNs in TrkB mutant mice (n = 4 mice for each genotype). EGFP could be expressed from the
Dlx5/6-Cre transgene (Dlx-EGFP) and/or the D2-EGFP transgene. Error bars represent SEM. Student’s t test: ***P < 0.001.
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neurons, so that 98% of EGFP+ striatal neurons (657/670)
expressed TrkB (Fig. 3 G–I). To examine TrkB expression in
MSNs of the direct pathway, we crossed TrkBLacZ/+ mice to
Drd1a-tdTomato mice. We found that 18% (125/690) of DRD1a
neurons expressed TrkB in Drd1a-tdTomato;TrkBLacZ/+ mice at
P10 (Fig. 3 J–L). Thus, the relative selective loss of DRD2
neurons in TrkBDlx mice results from the preferential expression
of TrkB in MSNs of the indirect pathway.

Increased Apoptosis in Developing Striatal Neurons of TrkBDlx Mice.
The severe neuronal loss observed in the striatum of TrkBDlxmice
at P21 could be due to increased cell death during the postnatal
period or impaired striatal development during embryogenesis.
Wefirst asked if striatal neurons die during the first three postnatal
weeks in the absence of the TrkB receptor. We measured striatal
volumeand counted striatal neurons inTrkBDlx and controlmice at
P10 and P0. We found that the magnitudes of the reductions in
striatal volume and number of striatal neurons in TrkBDlx mice at
these two ages were similar to those observed at P21 (Fig. 4 A and
B). These findings ruled out the possibility that the loss of striatal
neurons in TrkBDlx mice results from increased cell death during
the first three postnatal weeks.

The observation that the loss of striatal neurons in TrkBDlxmice
was nearly completed by P0 suggests that TrkB signaling is re-
quired for striatal neurogenesis and/or survival of developing
striatal neurons. Some studies indicate that TrkB signaling regu-
lates adult neurogenesis in the subventricular zone, affecting
production of olfactory bulb interneurons and striatal neurons
(25–27). Furthermore, TrkB signaling has been shown to promote
proliferation and differentiation of neuronal precursors in the
mouse cerebral cortex (28). To examine the effect ofTrkB deletion
on striatal neurogenesis, which extends from embryonic day 12
(E12) to P2 (29), we used BrdU to label newborn cells. At E14.5,
E16.5, and E18.5, pregnant female mice were injected with BrdU
(50 mg/kg), and 2 h later embryos were removed to achieve short-
term labeling. Numerous BrdU-positive cells were detected in the
ventricular and subventricular zones (VZ and SVZ) of the LGE in
control and TrkBDlx embryos (Fig. 4 C and D). Quantification
revealed no difference in the density of BrdU-labeled cells in the
VZ/SVZ between control and TrkBDlx embryos at all three em-
bryonic stages (Fig. 4E). Thesefindings suggest that deletion of the
TrkB gene in the LGE does not affect striatal neurogenesis.
We next asked whether ablation of TrkB signaling leads to in-

creased cell death of striatal neurons during the period of striatal
neurogenesis. To this aim, we used immunostaining for activated
caspase-3 to detect cells undergoing apoptosis. We observed
a great increase in caspase-3-positive cells in the striatal VZ/SVZ
of TrkBDlx mice at P0 and E16.5 (Fig. 5 B and F) compared with
littermate controls (Fig. 5 A and E). In addition, some caspase-3-
positive cells were observed in the TrkBDlx striatum at P0 (Fig. 5D)
but not in the control striatum (Fig. 5C). We quantified the
number of cells containing the activated caspase-3 at P0 and found
that apoptosis increased by 20-fold in the VZ/SVZ and sevenfold
in the striatum in TrkBDlx mice compared with littermate controls
(Fig. 5G). In agreement with this apoptosis phenotype, the TrkB
receptor was expressed in the striatal VZ/SVZ at P0 and E16.5
(Fig. S5). Thesefindings suggest that TrkB signaling is essential for
the survival of developing striatal neurons, especially those new-
born neurons that still reside in the LGE.

Discussion
The vital role of neurotrophins in the survival of developing neu-
rons in thePNShas beenwell established. For example, deletion of
the gene for NGF or its TrkA receptor leads to over 70%neuronal
loss in the trigeminal and dorsal root sensory ganglia, and over
95%neuronal loss in the superior cervical sympathetic ganglia (30,
31). Similarly, Bdnf knockout mice exhibit severe neuronal loss in
several sensory ganglia (32, 33). Although it has been shown that
neurotrophins participate in the maintenance of adult neuronal
populations in the brain (34, 35), the role of neurotrophins in the
survival of developing neurons in the central nervous system
remains largely unknown. A modest increase in postnatal apo-
ptosis was observed in hippocampal and cerebellar granule cells of
TrkB and TrkC knockout mice; however, these deletions do not
appear to affect the size of these two neuronal populations (4, 5).
The redundancy of neurotrophin-mediated signaling pathways in
brain regions where more than one Trk receptor is present in
a specific neuronal population can provide an explanation for the
rather minor effect when one receptor or its ligands are removed.
However, the present study supports the idea that a single neu-
rotrophin might be sufficient and necessary to support the survival
of some neuronal populations in the brain, because we show here
that TrkB signaling is necessary for the survival of immature
striatal neurons that will become MSNs of the indirect pathway.
Furthermore, this study shows that a large population of de-
veloping neurons in the brain is dependent on ligands of a single
neurotrophin receptor for survival. Systemic and stereological
analysis is necessary to determine whether other populations of
neurons in the brain are also dependent on neurotrophic factors
for survival during development.

Fig. 3. TrkB is preferentially expressed in DRD2-positive MSNs. (A–C)
Colocalization of TrkB with DRD2 in the striatum of adult TrkBLacZ/+;D2-EGFP
mice in which β-galactosidase and EGFP serve as indicators for expression of
TrkB and DRD2, respectively. Fluorescent immunohistochemistry with anti-
bodies to β-galactosidase and EGFP shows that the majority of TrkB-
expressing neurons also express DRD2 in the adult striatum. (D–F) TrkB ex-
pression in striatal MSNs. Antibodies to DARPP-32 and β-galactosidase were
used to reveal MSNs and TrkB-expressing cells in the striatum of adult
TrkBLacZ/+ mice. (G–I) High coexpression of TrkB and DRD2 in the young
striatum. Nearly all EGFP+ cells expressed β-galactosidase in the striatum of
TrkBLacZ/+;D2-EGFPmice at P10. (J–L) Low coexpression of TrkB and DRD1a in
the striatum of TrkBLacZ/+;Drd1a-tdTomato mice at P10. (Scale bar, 50 μm.)
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Our results suggest that neurotrophins promote neuronal sur-
vival via different modes in the PNS and the striatum. In the PNS,
developing neurons depend on neurotrophins for survival after
they innervate target tissues (3). However, our findings show that
the majority of cell death occurs within the LGE in the absence of
TrkB signaling, indicating that developing MSNs need trophic
support before they migrate to the striatum and send out axons.
These observations suggest that the timing of neurotrophic de-
pendence is different for PNS neurons and CNS neurons. Fur-
thermore, because BDNF, the main ligand for TrkB, is expressed
in the substantia nigra but not in the striatum and the cerebral
cortex of newborn mice (35, 36), and because nigrostriatal pro-
jections have been formed by E16.5 (37, 38), it is possible that
BDNF transported anterogradely from the substantia nigra sup-
ports the survival of newborn MSNs within the LGE (i.e., in-
nervating neurons controlling the size of their targets). This
trophic action is different from the one commonly observed in the
PNS, i.e., target tissues controlling the size of innervating neuronal
populations. In addition to promoting the survival of developing
MSNs during embryogenesis, BDNF-to-TrkB signaling also plays
a key role in postnatal dendritic growth of striatal neurons (35, 39).
Our findings show that TrkB is preferentially expressed in

DRD2MSNs at P10 and that the loss of these neurons in TrkBDlx

mice is mainly attributable to increased apoptosis within the LGE.
These observations suggest that TrkB should be preferentially

expressed in newborn neurons destined to be DRD2MSNs in the
LGE; however, it is difficult to demonstrate directly this prediction
because themajority of cells in theLGEhave not started to express
dopamine receptors yet. The observed preferential TrkB expres-
sion in DRD2-expressing MSNs of the mature brain may provide
some insights into the selectivity of degeneration associated with
HD. HD, a dominantly inherited neurodegenerative disorder
characterized by abnormalities of movement and cognition along
with changes in psychiatric symptoms, is caused by expansion of
a polyglutamine tract at the N terminus of huntingtin (htt). The
clinical signs and symptoms result from relatively selective de-
generation of striatal neurons (6); however, striatal neurons are
not uniformly affected in HD. Immunohistochemical studies in
patients with HD show a greater decrease in the number of neu-
rons coexpressing DRD2 and Enk (40). These neurons act to
terminate movement associated with the basal ganglia or suppress
unwanted sequences of movements (10). Hence, the loss of the
indirect pathway neurons leads to disinhibition of the thalamus
and increased facilitation of the motor cortex, producing hyper-
kinesias in HD patients (41). Alternatively, direct-pathway neu-
rons coexpressing DRD1a and SP are less affected, and striatal
interneurons are mostly spared in patients with HD (42, 43). The
CAG expansion in the HD gene has been shown to inhibit Bdnf
gene expression and axonal transport of the BDNF protein,
leading to a reduction in striatal BDNF levels (44, 45). The de-

Fig. 4. Loss of striatal neurons in TrkBDlx mice is not due to
impaired striatal neurogenesis. (A) Striatal volumes of TrkBDlx

and control mice at P10 and P0. Striatal volume in TrkBDlx mice
was reduced by 50% at P10 and 44% at P0 compared with
control mice (n = 4 mice each). Error bars represent SEM.
Student’s t test: **P < 0.01. (B) Striatal neuron counts of
TrkBDlx and control mice at P10 and P0. Note that the striatal
neuron counts in TrkBDlx mice was reduced by 40% at P10 and
44% at P0 compared with control mice (n = 4 mice each). Error
bars represent SEM. Student’s t test: *P < 0.05; **P < 0.01. (C
and D) Representative images of BrdU-labeled cells in the VZ
and SVZ of the LGE at E16.5. (Scale bar, 25 μm.) (E) Quanti-
fication of BrdU-positive cells in the VZ and SVZ of the LGE
shows no significant difference between control and TrkBDlx

embryos at E14.5, E16.5, and E18.5. Error bars represent SEM.

Fig. 5. Striatal neuronal loss is due to increased apoptosis
in the striatal proliferative zone. (A–D) Immunohisto-
chemistry against activated caspase-3 in the VZ/SVZ and
striatum at P0. Numerous apoptotic cells were observed in
the LGE VZ/SVZ and striatum of TrkBDlx mice. Sections were
counterstained with Nissl. (E and F) Immunohistochemistry
against activated caspase-3 in the LGE VZ/SVZ of embryos
at E16.5. (Scale bar, 25 μm.) (G) Density of cells containing
activated caspase-3 in the LGE VZ/SVZ and the striatum of
control and TrkBDlx mice at P0. Error bars represent SEM.
Student’s t test: ***P < 0.001.
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ficiency in BDNF may selectively affect DRD2-expressing MSNs
due to preferential TrkB expression in these neurons. However, it
remains to be determinedwhether deletion of theTrkB gene in the
adult brain causes degeneration of DRD2-expressing MSNs.

Materials and Methods
Animals.Mice were maintained on a 12-h/12-h light/dark cycle with food and
water ad libitum. The Georgetown University Animal Care and Use Com-
mittee approved all animal procedures.

Stereology. We used Stereo Investigator software (MicroBrightField Inc.) to
calculate striatal volume and neuronal number as described previously (46).

Additional methods are provided in SI Materials and Methods.
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