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Neurotrophic factors, such as brain-derived neurotrophic factor
(BDNF), are associated with the physiology of the striatum and
the loss of its normal functioning under pathological conditions.
The role of BDNF and its downstream signaling in regulating the
development of the striatum has not been fully investigated,
however. Here we report that ablation of Bdnf in both the cortex
and substantia nigra depletes BDNF in the striatum, and leads to
impaired striatal development, severe motor deficits, and postnatal
lethality. Furthermore, striatal-specific ablation of 7TrkB, the gene
encoding the high-affinity receptor for BDNF, is sufficient to elicit
an array of striatal developmental abnormalities, including de-
creased anatomical volume, smaller neuronal nucleus size, loss of
dendritic spines, reduced enkephalin expression, diminished nigral
dopaminergic projections, and severe deficits in striatal dopamine
signaling through DARPP32. In addition, TrkB ablation in striatal
neurons elicits a non—cell-autonomous reduction of tyrosine hy-
droxylase protein level in the axonal projections of substantia nig-
ral dopaminergic neurons. Thus, our results establish an essential
function for TrkB in regulating the development of striatal neurons.

Huntington disease | neurotrophin

he striatum is a subcortical part of the telencephalon and

a major input component of the basal ganglia system. The
striatum plays a crucial role in regulating voluntary movements,
as well as reward-associated learning and memory. It can be
separated into dorsal and ventral parts based on known ana-
tomical and functional distinctions, with the dorsal portion as-
sociated with movement regulation and the ventral striatum
involved predominantly in mediating neurological functions
pertaining to motivation, reward, and emotion. Progressive de-
generation of the striatal medium spiny neurons (MSNs) and
their main dopaminergic inputs from the substantia nigra are the
cardinal symptoms of the neurological disorders Huntington
disease (HD) and Parkinson disease, respectively.

Like other telencephalic regions, the striatum contains in-
hibitory neurons generated from the medial ganglionic eminence.
The majority of inhibitory GABAergic neurons are MSNs that
project outside of the striatum to neighboring structures, such as
the globus pallidus and the substantia nigra. The mechanism reg-
ulating development of the striatum involves combinatorial codes
of transcription factors and parallels the development of other
neural structures; however, the molecular mechanisms underlying
the maturation and maintenance of the striatum remain largely
unknown. Recent studies have shown that brain-derived neuro-
trophic factor (BDNF) exerts prosurvival effects on striatal neu-
rons in vitro (1, 2) and delays the onset of degeneration in
a transgenic mouse model of HD (3). However, it has been shown
that during development and in adulthood, Bdnf mRNA is largely
absent from striatal neurons and glia. Instead, BDNF is produced
in the cortex and substantia nigra and is transported anterogradely
to striatal neurons (4). Indeed, cortical ablation of Bdnf leads to
cellular deficits in the striatum (5) and global gene expression
impairment (6). These findings suggest an important role for
BDNF in the striatum; however, given BDNF’s complex down-
stream signaling capacities, the nature of its intracellular signaling
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cascades pertaining to development, maturation, and function of
the striatum remains to be delineated.

In this study, we conditionally ablated BDNF or its receptor
TrkB in corticostriatal and nigrostriatal neuronal circuits. We
found that Bdnf deletion in both cortex and substantia nigra led to
complete depletion of BDNF protein in the striatum. Mutant mice
displayed dramatic developmental abnormalities and neurological
impairments. Furthermore, specific deletion of 7rkB from striatal
neurons was sufficient to produce this wide range of developmental
deficits. Thus, our results demonstrate that BDNF and TrkB play
critical paracrine and cell-autonomous roles, respectively, in the
development and maintenance of striatal neurons.

Results

Bdnf Ablation in Cortex and Substantia Nigra Depletes Striatal BDNF
Protein. The striatum does not itself produce BDNF, but rather
receives BDNF protein through anterograde transport from
cortical and nigral neurons (4). To generate conditional knock-
out (cKO) mice lacking BDNF protein in the striatum, we
crossed mice harboring flox alleles of Bdnf with a Cre recombi-
nase line that mediates recombination in both cortex and sub-
stantia nigra. It has been shown that mice expressing Cre under
the endogenous BfI promoter have widespread recombination in
the telencephalon (7). By crossing the BfI-Cre mice with R26
reporter mice (8), we confirmed that BfI-Cre was active in the
cortex and mediated effective recombination in neurons, in-
cluding those in layer V, where the majority of projections to the
striatum originate (R26%" mice; Fig. 14). X-Gal staining on
adult R26%™ mice also revealed positive cells in the midbrain
region in the proximity of the substantia nigra (Fig. 14, Right).
Double immunostaining for p-gal and tyrosine hydroxylase (TH),
a marker for dopaminergic neurons, confirmed that TH-positive
neurons also expressed f-gal (Fig. 1B, Right). To definitively dem-
onstrate the effectiveness of BfI-Cre—mediated deletion of Bdnf, we
examined Bdnf mRNA expression by in situ hybridization. We
found that although Bdnf was expressed robustly in the cortex and
substantia nigra of control mice, it was absent in the BfI-Cre;
Bdnf™"* mice (BDNFP!! mice) at age 1 mo (Fig. 1C). Deletion of
Bdnf from these two structures led to complete depletion of BDNF
protein from the striatum as measured by ELISA [(Fig. 1D);
n = 5-6 for each; P < 0.001 for control-BDNF®! comparisons].

BDNF Depletion Leads to Motor Dysfunction and Deficits in Striatal
Neuron Development. In contrast to Bdnf germline KO mice that
die shortly after birth, the BDNF®! mice were viable. However,
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Fig. 1. Bdnf ablation in the cortex and substantia nigra depletes BDNF from
the striatum. (A) X-Gal staining on coronal sections of 5-wk-old R265"" mice
at the forebrain (Left) and midbrain (Right) levels. Note the robust re-
combination in the cortex (ctx), striatum (str), and substantia nigra (sn).
(Middle) Higher-magnification view of the cortex showing X-Gal staining
throughout layers II-VI. (B) Double immunostaining for g-gal (green) and
NeuN (red) (Left) or TH (red) (Right) revealed Bf1-Cre-mediated re-
combination in neurons of the cortex and substantia nigra. (Scale bars: 50
um.) (C) In situ hybridization for Bdnf mRNA in 4-wk-old control and BDNFEf!
mice. Note the ablation of Bdnf mRNA from the cortex (Upper) and sub-
stantia nigra (Lower) of BDNFE"" mice. (Scale bars: 500 um.) (D) ELISA showed
complete removal of BDNF protein from the cortex and striatum of BDNFEf!
mice. n = 5-6 for each. Results are mean + SEM. ***P < 0.001.
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they were runty compared with littermate controls by 3 wk of age
(Fig. 24) and did not survive past 8 wk of age. In addition, the
BDNF®" mice displayed early-onset behavioral abnormalities,
including hindlimb clasping, hyperactivity, and circling (not
shown), indicative of neurological (%stunction. Although born
with normal-sized brains, the BDNF2™ mice also showed reduced
postnatal brain weight (Fig. 2 B and C; n = 4-6 for each genotype
and age; P < 0.05 at 3 wk and P < 0.001 at 5 wk). Analysis of
postnatal brain regions revealed significant volume reduction in
mutant striatum (Fig. 2D; n = 4-6 for each; P < 0.05 at 3 wk and
P < 0.001 at 5 wk), as well as reduction in dentate gyrus (DG) and
cortex volume (Fig. S1; n = 5 for each; P < 0.01 and P < 0.05,
respectively), consistent with previous reports (5, 9). Notably,
the overall architecture of the striatum in BDNFP!' mice, as
evaluated by Nissl and luxol fast blue staining at age 3 wk, was

A 25 [ Control B C 0
B BONFE Control BDNF®"
= =
%15 — € 35,
o ]
H | H
€1D c
3 o
@ g i)
0 E Control BDNF"
3 weeks 5 weeks
25
;E* =)
. o
£200 —— 8
21 g
3 2] "
Z 10 cf G:
£ 3
]
.'g 5 5%1.0
@ z
0 Eo.s
3 weeks 5 weeks e
2
a
&

e
>

15492 | www.pnas.org/cgi/doi/10.1073/pnas.1212899109

3 weeks
Control BDNF &

comparable to that in controls (Fig. S1), indicating that BDNF
depletion did not affect structural formation of the striatum.

To assess whether BDNF depletion resulted in striatum defi-
cits at the cellular level, we evaluated expression levels and
distribution of DARPP32 (dopamine- and cAMP-regulated
phosphoprotein, 32 kDa), a major target of dopamine-activated
adenylyl cyclase and the key mediator of dopamine signaling
(10). We saw a dramatic reduction in the intensity of DARPP32
immunoreactivity throughout the striatum of BDNFP! mice at
age 1 mo (Fig. 2E, Upper). High magnification revealed loss of
DARPP32 protein in both the soma and processes of striatal
neurons (Fig. 2E, Lower). We further examined striatal MSN
morphology using Golgi staining, and found significantly fewer
spines on secondary dendritic branches in 3-wk-old BDNFP!!
mice (Fig. 2 F and G; n = 7 mice for each; P < 0.01), as well as
shorter spines (Fig. 2H; n = 7 mice for each; P < 0.05). Taken
together, these results indicate impaired striatal neuronal mat-
uration in the BDNF®! mice.

TrkB Is Required for Striatal Development. BDNF signals through
its high-affinity receptor TrkB, and the pan-neurotrophin, low-
affinity receptor p75. Although both receptors are reportedly
present in the developing striatum (11), only 77kB is robustly
expressed in postnatal and adult striatum (12) (Fig. 34). To
evaluate the requirement for TrkB in striatal development
in vivo, we examined TrkB ™~ mice at postnatal days 4 and 8. We
previously reported that although the majority of TrkB~'~ mice
die at birth (13), a small percentage are viable in the first post-
natal week. Compared with littermate controls, these mice had
decreased striatal volume and a dramatic reduction in DARPP32
protein level (Fig. 3 B and C). We also generated a line of 7rkB
cKO mice using the BfI-Cre mice, which lack TrkB in the
striatum, in addition to other brain regions including cortex,
hippocampus, and substantia nigra (TrkB®"! mice). The TrkB"!
mice displagfed developmental abnormalities similar to those of
the BDNFP! mice, including reduced brain and body weight,
hindlimb clasping, postnatal lethality, circling behavior, and
ataxia (not shown). Cellular analysis revealed reduction in
DARPP32 immunostaining and decreased spine density on
secondary dendrites at 3 wk postnatal age (Fig. 3 D-F; n = 6
mice for each; P < 0.001). Thus, a loss of TrkB impairs normal
striatal development. However, whether the requirement for
TrkB lies within the striatum or elsewhere could not be assessed
in these mutant mice, owing to global deletion of TrkB.

To examine whether striatal-specific deletion of TrkB would
recapitulate the BDNF®! and TrkB®!' phenotypes, we used
a well-characterized DIx5/6i-cre transgenic line (14) that medi-
ates robust recombination in the GABAergic cells of the stria-
tum and olfactory bulb (OB) (Fig. 44). Limited recombination
was also observed in the inhibitory neurons of the cortex and

Fig. 2. BDNF depletion impairs striatal de-
velopment. (A) BDNF®' mice had lower body
weight at postnatal 3 wk and 5 wk. n = 4-6 for each.
(B and C) At postnatal age 3 wk (C) and 5 wk (B and
C), the BDNFEf! mice had significantly lower brain
weight compared with littermate controls. n = 4-6
for each. (D) BDNFB' mice had lower striatal vol-
\ umes at postnatal age 3 wk and 5 wk compared

o with littermate controls. n = 4-6 for each. (E) (Up-
lll

5 weeks

per) Immunostaining demonstrated reduced levels
of DARPP32 protein in the striatum of BDNFf! mice.
(Lower) Higher-magnification images showing loss
of DARPP32 in both the soma and processes of
MSNSs. ctx, cortex; str, striatum. (Scale bars: Upper,
500 pm; Lower, 50 pm). (F-H) BDNF depletion led to
fewer and shorter dendritic spines on striatal MSNs.
(Scale bar: 10 pm.) n = 7 mice for each. Results are
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. Global TrkB ablation impairs striatal de-
velopment. (A) In situ hybridization for TrkB mRNA
detected expression in the cortex and striatum of
WT mice. (Scale bar: 500 pm.) (B and C) (Upper)
Whereas control mice at postnatal day 4 (B) and day
8 (C) had progressively higher DARPP32 levels in
Control TrkB o F s 3 Control striatum, TrkB~~ mice had dramatically lower
kB DARPP32 levels at both ages. (Lower) Higher-mag-
nification views. P, postnatal. (Scale bars: Upper, 200
um; Lower, 50 pm.) (D) Bf1-Cre-mediated ablation
of TrkB led to reduced DARPP32 protein in striatum.
(Scale bar: 500 pm.) (€ and F) TrkB®" mice had less
spine formation on the secondary dendrites of
striatal MSNs. (Scale bar: 10 pm.) n = 7 mice for each.
Results are mean + SEM. ***P < 0.001.
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hippocampus (Fig. 44). In striatum, B-gal-expressing cells were ~ Double immunostaining revealed the presence of TrkB protein
positive for the neuronal marker NeuN (Fig. 4B, Left), but did  in NeuN-positive striatal neurons in control mice (Fig. 4C, Left).
not colocalize with the astrocytic marker GFAP (Fig. 4B, Right).  DIx5/6i-cre—mediated ablation of TrkB protein was observed in
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Fig. 4. DIx5/6i-cre-mediated recombination in
striatal neurons. (A) R26 reporter revealed DIx5/6i-
cre-mediated recombination in the striatum, OB,
and cortex. (Scale bar: 500 pm.) (B) Double immu-
nostaining for p-gal (green) and NeuN (red) (Left) or
E GFAP (red) (Right) showed DIx5/6i-cre-mediated
169 Fullength Ts (145 ko) Kl control,, recombination in striatal neurons, but not in astro-

I e Truncated TrkB (35 kDa) cytes. (Scale bar: 50 pm.) (C) Immunostaining for
NeuN (red) (Top) and TrkB (green) (Middle) dem-
onstrated specific ablation of TrkB protein from
striatal, but not cortical, neurons of TrkB®™* mice.
ctx, cortex; cc, corpus callosum; str, striatum. (Scale
bar: 50 pm.) (D and E) Immunoblot analysis for TrkB
revealed specific ablation of full-length TrkB pro-
e . tein from striatum of TrkB®™ mice (D). Note that the
=== levels of full-length TrkB in cortex and hippocampus

- o S : ;n (D), as well as truncated TrkB in all three regions (D

At w and E), were unaffected in TrkB®* mice. n = 3 for

each. Results are mean + SEM. ***P < 0.001.
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striatal, but not cortical, neurons (TrkBP™ mice; Fig. 4C). Fi-
nally, immunoblotting showed complete absence of the full-
length TrkB protein from striatum of 3-wk-old TrkBP™ mice
(Fig. 4D; n = 3 for each; P < 0.001). It has been reported that
a truncated TrkB splice variant is selectively expressed by
astrocytes and mediates neurotrophin-evoked calcium signaling
(15). We found that truncated TrkB expression in striatum of
TrkBP™ mice was not affected (Fig. 4 D and E; n = 3 for each;
P > 0.02 for all control-TrkBP™ comparisons), further confirm-
ing the neuron-specific ablation of TrkB by DIx5/6i-cre. Expres-
sion of both forms of TrkB protein was unaffected in cortex and
hippocampus (Fig. 4 D and E). These results demonstrate
a complete and specific ablation of 7TrkB from striatal neurons,
permitting us to investigate TrkB cell-autonomous function in
this cell population.

Like BDNF®! mice, TrkB®* mice were runty and did not
survive past age 4 wk. Significant decreases in body weight and
striatal volume were evident at 2 wk and 3 wk of age (Fig. 54 and
C; n = 5-7 for each; P < 0.001), and a significant reduction in
brain weight was evident by 3 wk (Fig. 5B; n = 5-6 for each; P <
0.05). Attesting to the restricted recombination pattern mediated
by the DIx5/6i-cre, we found no overt difference in the size of the
DG or cortex (Fig. S2; n = 5-6 for each). Striatal neurons in the
TrkBP™ mice had reduced soma size, as evaluated by NeuN
immunostaining (Fig. 5 D and E; n = 92-98 neurons from five
mice of either genotype; P < 0.001). Neurons in the striatum of
TrkBP™ mice were more compact, and quantitative analysis
revealed a significant increase in the density of NeuN-positive
striatal neurons (Fig. 5 D and F; n = 9 for each; P < (.5). Along
with the reduction in striatal volume (Fig. 5C), TrkB”™ mice had
approximately 13% fewer NeuN-positive striatal neurons com-
pared with their littermate controls at age 3 wk (1.58 x 10°vs.1.81 x
10°). Golgi staining demonstrated reduced spine density and
length in TrkB"™ mice compared with littermate controls (Fig. 5
G-I; n = 8-9 mice for each; P < 0.001 and P < 0.05, respectively).
We further assessed the development of striatal MSNs by
DARPP32 immunostaining and found reduced protein expression
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in both the soma and the processes (Fig. 5/). In addition, the
densig/ of DARPP32-positive MSNs was reduced in the striatum of
TrkB®™ mice (Fig. 5/). Given the increased density of NeuN-pos-
itive cells in the TrkB™™ mice (Fig. 5F), along with the fact that
DARPP32-positive MSNs represent more than 90% of all neurons
in the striatum, the loss of DARPP32 staining likely reflects a de-
cline in gene expression rather than cell loss.

BDNF has been implicated in regulating the development of
a subgroup of striatal MSNs, including the striatopallidal neu-
rons that express the neuropeptide enkephalin (16). To de-
termine whether TrkB loss impairs the development of these
neurons, we examined enkephalin expression using an antibod
against the mature form of the peptide. By age 3 wk, TrkB"
mice showed a substantial reduction in the intensity of enkeph-
alin immunostaining in both the soma and the surrounding
dendrites (Fig. 5K). Similar to the loss of DARPP32, this re-
duced enkephalin expression was not accompanied by a compa-
rable loss of NeuN-positive cells (Fig. 5F), and thus most likely
reflects impaired terminal maturation and maintenance on the
level of individual cells.

Taken together, these findings indicate that a lack of striatal
TrkB signaling was responsible for the deficits associated with
BDNF depletion in the cortex and substantia nigra.

X

TrkB Ablation Attenuates Intracellular Signaling. Our findings in the
TrkBP™ mice demonstrated impaired cellular striatal development
and maturation. The decrease in DARPP32 protein level in the
absence of BDNF or TrkB further indicates a disruption in normal
dopamine signaling. Consequently, we examined the level of total
DARPP32 protein and phospho-Thr’* DARPP32 in striatum of
3-wk-old mice. Recent studies have shown that activation of the
D1 class dopamine receptors elicits phosphorylation of DARPP32
on Thr**, which conveys key signal transduction to the protein
kinase A cascade (17). Immunoblot analysis revealed a significant
loss of total DARPP32 protein in the TrkB”™ mice, confirming
the immunohistochemistry results (Fig. 6 4 and B; n = 3 for each;
P <0.001), as well as a loss of phospho-Thr** DARPP32 (Fig. 64).

3 weeks

TrkBD"x
o |
J
}’ q Fig. 5. Removal of TrkB in striatal neurons impairs striatal
4= development. (A-C) TrkB®™ mice had reduced body weight
1 (A) and brain weight (B), as well as decreased striatal volume
— (C), at postnatal age 2 wk and 3 wk. n = 5-7 for each. (D)
NeuN immunostaining showed a comparable striatal structure
in 3-wk-old TrkB®™ mice. (Insets) Higher-magnification views
of NeuN-positive striatal cells. (Scale bars: Upper, 200 pm;
Lower, 50 um; Insets, 10 pm). (E) Quantification revealed sig-
nificantly smaller neuronal nucleus size in striatum of 3-wk-old
TrkB®™ mice. n = 92-98 neurons from five mice of each ge-
notype. (F) The density of NeuN-positive striatal neurons was
higher in 3-wk-old TrkB®™ mice. n = 9 for each. (G-I) Golgi
staining showed that the TrkBP* mice had fewer and shorter
spines on the secondary dendrites of striatal MSNs. (Scale bars:
10 pm.) n = 8-9 mice for each. (J) Immunostaining revealed
significant loss of DARPP32 protein in the striatum of TrkBP™
mice. (Scale bars: Upper, 200 pm; Lower, 50 um.) (K) Enkeph-
alin-positive striatopallidal neurons were reduced in TrkB®*
mice. (Scale bars: Upper, 500 pm; Lower, 50 pm.) Results are
mean + SEM. *P < 0.05; ***P < 0.001.
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Quantitative analysis demonstrated a significant reduction in the
ratio of phospho to total DARPP32 (Fig. 6C; n = 3 for each; P <
0.001), indicating that the loss of phospho-Thr** DARPP32
reflects a reduction in total protein, as well as impaired activation
of the dopamine signaling pathway in the basal state.

TrkB activation can be propagated through downstream
pathways common to receptor tyrosine kinases, including the
ERK and PI3-kinase pathways, which promote neuronal growth,
differentiation, and survival. We examined the levels of phospho-
ERK1/2 at Thr**/Thr*** and phospho-Ser*’* AKT in striatum by
immunoblot analysis. At age 3 wk, TrkBP™ mice showed a sig-
nificant reduction in the levels of both phospho-proteins com-
pared with littermate controls (Fig. 6 D and E; n = 3 for each;
P < 0.001 for both). Thus, ablating 7rkB in striatal neurons leads
to deficits in key intracellular signaling.

TrkB Ablation Leads to Non—Cell-Autonomous Loss of Dopaminergic
Projections. The BDNF™"' and TrkB"™ mice displayed severe
neurological phenotypes, including shortened lifespan and loco-
motor defects. In particular, the TrkB®™ mice were hypoactive,
reminiscent of phenotypes seen in other mutant mice with im-
paired nigral dopamine signaling, including dopamine-deficient
TH mutant mice (18). A previous study suggested that Bdnf ab-
lation in midbrain neurons leads to age-dependent dopaminergic
neuron loss (19). We and others have shown that the Dk5/6i-cre
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Fig. 6. TrkB®* mice have striatal molecular and cellular phenotypes. (A-C)
Immunoblot analysis of striatal lysates from control and TrkB®™ mice showed
a significant reduction in total DARPP32 levels (A and B), as well as phospho-
Thr3* DARPP32 levels (A and C). n = 3 for each. (D and E) TrkB ablation in
striatal neurons led to reduced activity of the ERK and AKT pathways, as shown
by immunoblot analysis for phospho-Thr?°2/Thr?%4 ERK and total ERK proteins,
as well as phospho-Ser’’? and total AKT proteins. n = 3 for each. (F) Coim-
munostaining for TH (red) and p-gal (green) on sections of R26°™ mice dem-
onstrated lack of recombination in dopaminergic neurons of substantia nigra.
(Scale bars: 100 pm.) (G) TH immunostaining in substantia nigra showed com-
parable numbers of dopaminergic neurons in control and TrkB®* mice. (Scale
bars: 200 um.) (H and /) (Upper) Three-week-old TrkB®* mice displayed reduced
dopaminergic terminals in striatum, labeled by TH (H) or dopamine transporter
(/). (Lower) Higher-magnification views. (Scale bars: Upper, 200 pm; Lower,
50 pm.) (/) Immunoblot analysis showed a 50% reduction in TH protein in the
striatum of TrkB®™ mice. n = 3 for each. Results are mean + SEM. ***P < 0.001.
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does not mediate recombination in the substantia nigra (Fig. 6F)
(14, 20). We examined the substantia nigra dopaminergic neurons
in the TrkBP™ mice by TH immunostaining. We found no overt
difference in the number of TH-positive dopaminergic neurons at
age 3 wk (Fig. 6G); however, in the striatum, we found a sub-
stantial reduction in the area and intensity of TH immunostaining
in 3-wk-old TrkB®™ mice compared with controls (Fig. 6H). We
confirmed this finding by immunostaining for dopamine trans-
porter, a protein residing in dopaminergic terminals (Fig. 6I).
Finally, we measured TH levels in striatal protein lysates and
found a 50% reduction in TrkB”™ mice (Fig. 6/; n = 3 for each;
P < 0.001). These data demonstrate that ablation of 7rkB in
striatal neurons results in a loss of dopaminergic projections to the
striatum through a non—cell-autonomous mechanism.

Discussion

The striatum is the largest CNS structure lacking a detectable
endogenous source of BDNF. Instead, striatal neurons receive
BDNF from projection neurons of the cortex and substantia
nigra via anterograde transport (4). BDNF is important to the
survival of striatal neurons in vitro (1, 2), and global ablation of
Bdnf in the CNS leads to selective impairment in striatal MSN
development (2). Furthermore, modulation of BDNF levels by
genetic deletion or overexpression in mice harboring HD-related
mutations led to acceleration or amelioration, respectively, of
the cellular phenotypes associated with HD (3, 16, 21). Here we
demonstrate that Bdnf ablation in cortex and substantia nigra
depletes BDNF in the striatum and leads to developmental
deficits. Taken together, these findings suggest that striatal
neurons are critically dependent on BDNF.

BDNF and its downstream signaling pathways have been im-
plicated in regulating the development and functioning of the
rodent brain (22). Removal of BDNF from the cortex and sub-
stantia nigra (regions that supply the striatum with BDNF) affects
the physiology of these brain regions (19, 23). We used the TrkBP™
mice generated in this study to specifically examine the role of
BDNF downstream signaling in striatal neurons, while leaving the
cortical and nigra neurons largely unaffected. These mutant mice
exhibited a panel of molecular, cellular, and behavioral pheno-
types demonstrating severe developmental abnormalities, thus
establishing a cell-autonomous role for TrkB in striatal neurons.

Our findings support the notion that neurons in the striatum
are highly sensitive to the availability of BDNF. We previously
reported that ablating TrkB in neurons of the cerebral cortex,
hippocampus, OB, and cerebellum does not lead to drastic cel-
lular degeneration or Bostnatal lethality (9, 24, 25). Here we
demonstrate that TrkBP™ mice, in which TrkB is selectively ab-
lated in striatal neurons, have severe locomotor deficits, reduced
body and brain weight, and postnatal lethality, phenotypes al-
most identical to those seen in mice with broader ablation of
TrkB (TrkB®" mice). This finding is consistent with a compara-
tively prominent role for TrkB in the striatum. In addition, a lack
of TrkB in striatal MSNs resulted in reduced cell size, fewer
dendritic spines, and diminished expression of a key signaling
peptide (enkephalin) and a key protein (DARPP32). We further
note that DARPP32 reduction coincided with dramatically im-
paired activation of DARPP32 in the form of Thr** phosphor-
ylation, indicating reduced basal dopamine signaling. A recent
study using a different DIx5/6-Cre transgenic mouse line reported
that deletion of TrkB in the striatum led to profound reduction
of striatal volume (by 53%) and NeuN-positive striatal neurons
(by 58%) (26). Further investigation revealed normal pro-
liferation but dramatically higher apoptosis. However, we cau-
tion that this particular line of DIx5/6-Cre transgenic mice was
reported to have higher cell death levels during embryogenesis
compared with control mice lacking the transgene (27). Baydyuk
et al. (26) used only mice homozygous for the floxed TrkB alleles
as controls for their TrkB mutant mice; thus, whether the ob-
served cell death was caused by the DIx5/6-Cre transgene alone
or was affected by 7rkB deletion remains unclear. In the present
study, we used a Cre line that did not cause cell death or striatal
volume reduction (20) and used littermate TrkB ">/~ TrkB/ """,
and TrkB""cre/wt mice as controls to eliminate a potential
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effect of the DIx5/6-Cre transgene on striatal development. Our
results demonstrate that lack of TrkB leads to substantial im-
pairment in striatal cellular functionality.

Our findings are in agreement with previous reports showin
that cortical ablation of Bdnf using Emx-Cre (Emx-BDNFX
mice) (5) or global deletion of Bdnf in the postmitotic neurons of
the CNS using Tau-Cre (2) leads to a significant reduction in
striatal BDNF and striatal impairment. Interestingly, these lines
of Bdnf mutant mice were viable and survived into advanced age,
whereas the BDNF®! mice generated in the current study had
an average lifespan of 2 mo. A possible cause of this difference is
the complete deletion of Bdnf in the substantia nigra pars
compacta mediated by the BfI-Cre. It has been demonstrated
that dopaminergic neurons of the substantia nigra express Bdnf
(19) and supply 14% of BDNF protein in the ipsilateral striatum
(4). Although this is a smaller contribution compared with the
corticostriatal input (66% ipsilateral) (4), the nigrostriatal pro-
jection apparently supplies sufficient BDNF to maintain basal
striatal function for survival of the Emx-BDNF*® mice. Dopa-
minergic neurons emit extensive axonal arborizations in the
striatum, with each neuron forming axonal terminals that cover
up to 5.7% of the total striatal volume (28), thus establishing
a strong delivery system for neurotransmitters (dopamine) and
trophic factors (e.g., BDNF). Thus, by ablating Bdnf in neurons
of both the cortex and substantia nigra, we created a cKO mouse
with more severe neurological impairment and demonstrated
that striatal BDNF could play a role in postnatal survival.

Taken together, our results demonstrate that ablation of TrkB
signaling in striatal neurons impairs the development of these
neurons and their associated neural circuits. Future studies on
the role of TrkB signaling in the pathophysiology of the striatum
and the potential benefits of restoring TrkB signaling may pro-
vide insight into preventing, delaying, and reversing the pro-
gression of striatal neurodegeneration.

Methods

Mice. The TrkB*"~, TrkB"**, BDNF"*, Bf1-Cre, and DIx5/6i-cre mouse lines
were generated as described previously (7, 13, 14, 24, 25). R26 mice were
obtained from Jackson Laboratory. For generation of the BDNF®f' mice,
BDNF™cre/wt mice were interbred with BDNF©1°% or BDNF*'t mice.
Littermate BDNFoxflox  BDNFIoX'Wt and BDNF"*"‘:cre/wt mice were in-
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distinguishable and thus were pooled as the control group. TrkB cKO mice
(TrkBE"" and TrkBP™) were derived by crossing TrkB™*"%:crefwt mice with
TrkB0flox o TrkB o™t mice. Littermate TrkB 0% TrkBfo"t and TrkB"!**;
cre/wt mice served as the control group. All animals were maintained on the
129/SvEv and C57BL/6 mixed background. All mouse protocols used in this
study were approved by the University of Texas Southwestern Medical Cen-
ter’s Institutional Animal Care and Research Advisory Committee.

Histology. Mice were anesthetized and perfused transcardially with PBS fol-
lowed by 4% (wt/vol) paraformaldehyde (PFA), and the dissected brains post-
fixed in 4% (wt/vol) PFA at 4 °C. For Golgi staining, mice were perfused with
PBS alone, and the dissected brain was incubated in Golgi solution for 12 d, as
described previously (24). In situ hybridization for Bdnf and TrkB mRNA was
done using 14-um-thick fresh-frozen sections (24, 29). X-Gal staining was per-
formed on 50-um-thick floating brain sections prepared on a vibratome (20).

Immunoblot Analysis. Immunoblot analysis was performed as described
previously (30) using the following primary antibodies: actin (Sigma-Aldrich),
phospho-Ser®”® and total AKT (Cell Signaling), phospho-Thr** DARPP32 (Cell
Signaling), total DARPP-32 (BD Biosciences), phospho-Thr?°%/Thr?®* and total
ERK (Cell Signaling), TH (Chemicon), and TrkB (Dr. Louis Reichardt, University
of California San Francisco). HRP-conjugated secondary antibodies (Santa
Cruz Biotechnology) were used to detect primary antibodies, and visualized
using the ChemiGlow kit (Alpha Innotech) in accordance with the manu-
facturer’s instructions. Membranes blotted for phosphoproteins were strip-
ped and reprobed with antibodies against total proteins. Quantification of
bands was performed using Kodak 1D Image Analysis software (30). Values
for phosphoproteins were normalized to total proteins, and the levels of
actin protein were used as controls for total DARPP32, and TrkB proteins.

BDNF ELISA. The concentration of BDNF protein in cortical and striatal lysates
was measured using a BDNF ELISA Kit (Promega) as described previously (9, 24).
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