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Adenovirally Expressed Noggin and Brain-Derived
Neurotrophic Factor Cooperate to Induce New Medium
Spiny Neurons from Resident Progenitor Cells in the Adult

Striatal Ventricular Zone
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Neurogenesis from endogenous progenitor cells in the adult forebrain ventricular wall may be induced by the local viral overexpression
of cognate neuronal differentiation agents, in particular BDNF. Here, we show that the overexpression of noggin, by acting to inhibit glial
differentiation by subependymal progenitor cells, can potentiate adenoviral BDNF-mediated recruitment of new neurons to the adult rat
neostriatum. The new neurons survive at least 2 months after their genesis in the subependymal zone and are recruited primarily as
GABAergic DARPP-32 " medium spiny neurons in the caudate-putamen. The new medium spiny neurons successfully project to the
globus pallidus, their usual developmental target, extending processes over several millimeters of the normal adult striatum. Thus,
concurrent suppression of subependymal glial differentiation and promotion of neuronal differentiation can mobilize endogenous
subependymal progenitor cells to achieve substantial neuronal addition to otherwise non-neurogenic regions of the adult brain.
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Introduction

Neural progenitor cells persist throughout the subependymal
zone (SZ) of the adult mammalian brain (Smart, 1961; Boulder
Committee, 1970; Doetsch et al., 1997, 1999; Goldman, 1998;
Chiasson et al., 1999). Induction of division or directed differen-
tiation of these progenitor cells via exogenous factor application
can serve as a mechanism by which to repopulate the damaged
brain. For example, SZ progenitor cells proliferate in response to
epidermal growth factor (EGF) and FGF, both in vitro and in vivo
(Vescovi et al., 1993; Palmer et al., 1995; Craig et al., 1996; Kuhn
etal., 1997). In addition, these progenitor cells respond to BDNF
with an increase in neuronal maturation and survival in vitro
(Ahmed et al., 1995; Kirschenbaum and Goldman, 1995; Pincus
et al., 1998). In vivo, BDNF delivery to SZ progenitors increases
neuronal recruitment to the olfactory bulb, a typically neuro-
genic site in the adult rodent brain (Zigova et al., 1998). Impor-
tantly, intraventricular BDNF also elicits ectopic neuronal addi-
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tion to the neostriatum, in which most of the newly added
neurons develop as GABAergic, cabindin */DARPP-32" me-
dium spiny neurons (Benraiss et al., 2001).

BDNF promotes the neuronal differentiation and survival of
newly generated SZ daughter cells (Ahmed et al., 1995; Kirschen-
baum and Goldman, 1995; Lindholm et al., 1996; Leventhal et al,,
1999; Louissaint et al., 2002). In the absence of BDNF, these same
daughter cells might otherwise generate glia or, alternatively, may
undergo apoptotic death (Morshead and van der Kooy, 1992).
Together, these observations raised the possibility that SZ pro-
genitors might be driven to neuronal phenotype not only by pro-
moting neuronal differentiation but also by suppressing glial dif-
ferentiation. This possibility was testable, in that a number of
humoral glial differentiation agents and their inhibitors have
been identified. In particular, the bone morphogenetic proteins
(BMPs) drive neural progenitors to glial fate in the adult and late
fetal rodent brain (Gross et al., 1996; Lim et al., 2000). In the adult
forebrain SZ, both the BMPs and their receptors are abundant
(Mehler et al., 1995; Gross et al., 1996), in accordance with the
gliogenic bias of most of the adult subependyma. Therefore, we
reasoned that overexpression of noggin, a soluble BMP inhibitor
(Zimmerman et al., 1996), might suppress astroglial differentia-
tion of SZ cells and thereby promote their neuronal differentia-
tion. Indeed, noggin expression has been shown to persist in
some regions of ongoing neurogenesis in the adult rodent brain
(Lim et al., 2000). Furthermore, we postulated that by suppress-
ing glial differentiation, noggin might make more SZ daughter
cells responsive to neuronal instruction by BDNF, thereby pro-
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viding a concurrently permissive and instructive environment for
neurogenesis.

To this end, we overexpressed noggin in the ventricular wall of
adult rats and found that noggin substantially suppressed glio-
genesis throughout the lateral ventricular subependyma. More
remarkably, coinjection of AABDNF and AdNoggin resulted in a
dramatic increase in neuronal addition to the striatum, a typically
non-neurogenic region, and did so to a much greater extent than
did AdBDNF injection alone (Benraiss et al., 2001). The newly
generated striatal neurons expressed the antigenic phenotype of
medium spiny neurons of the caudate-putamen. Over the 2
month period following their genesis, FluoroGold (FG) backfills
of AdBDNF-treated animals revealed that these cells extended
fibers to their usual target, the globus pallidus. These new pallidal
projection neurons survived and integrated, indicating that in-
duced neurogenesis from resident progenitor cells might achieve
the growth or regrowth of multinuclear circuits in the adult fore-
brain. These data indicate that noggin and BDNF cooperate to
induce medium spiny neuronal recruitment from resident pro-
genitor cells in the adult forebrain.

Materials and Methods

Adenovirus construction. Replication-incompetent AABDNF (AdCMV:
BDNEF:IRES:GFP) and AdNull (AdCMV:GFP) were constructed and
raised as described previously (Benraiss et al., 2001). Using the same
previously described techniques (Graham and Prevec, 1991; Bajocchi,
1993), a AE1 type 5 adenovirus was made to encode, under cytomegalo-
virus (CMV) control, human noggin, from which the B2 heparin-
binding domain had been deleted (Economides et al., 2000; Paine-
Saunders et al., 2002).

Experimental design and stereotaxic injection. Twenty adult (12-13
weeks old; 255-270 gm) Sprague Dawley rats received bilateral 3 ul in-
traventricular injections of saline (n = 4), AdNoggin (n = 4), AdNull
(n = 4), AABDNF (n = 4), or AABDNF/AdNoggin together (n = 4)
(Paxinos and Watson, 1986; Benraiss et al., 2001). Another group of nine
rats received bilateral 1 ul intrastriatal injections of AdNull (n = 3),
AdBDNF (n = 3), or AdBDNF/AdNoggin together (n = 3) [anterior
posterior (AP), +1.2; mediolateral (ML), *2.1; dorsoventral (DV),
—4.4] (Paxinos and Watson, 1986). Viruses were tittered to 2.5 X 10'°
pfu/ml. All rats were then given 18 daily intraperitoneal injections of
bromodeoxyuridine (BrdU; 100 mg/kg). On day 20 or 56, animals were
killed, CSF was withdrawn, and brains were processed as described pre-
viously (Benraiss et al., 2001). Additionally, a cohort of animals that
received intraventricular AdBDNF or AdNull (n = 3/group), followed by
18 daily injections of BrdU, were injected secondarily on day 42 with 1 ul
of 2% FG (Biotium, Hayward, CA), injected bilaterally into the globus
pallidus (from bregma: AP, —2.3 mm; ML, 4 mm; from dura: DV, —6.8)
(Paxinos and Watson, 1986). The injected animals were killed 1 week
later and perfused with 2% paraformaldehyde, and their brains were
processed for BrdU immunolabeling, followed by confocal identification
of BrdU "/FG-tagged striatal cells. Although FG did not diffuse signifi-
cantly from its injection site, as evidenced by the persistence of a discrete
focus of FG * cells in the ventral portion of the globus pallidus, we en-
sured that the distance between the pallidal injection site and the region
of BrdU "/FG ™ cell identification within the neostriatum was at least 2
mm.

Another cohort of animals received bilateral intraventricular injec-
tions of 3 ul of saline (n = 9) or AABDNF (n = 9). All rats were given
seven daily intraperitoneal injections of BrdU and were killed on day 9,
16, or 23 after viral injection (n = 3 rats/time point/treatment). Their
brains were then cut and stained for BrdU and doublecortin (Dcx) (see
below). Distances of Dcx "/BrdU ™ cells from the ventricular wall were
determined using Bioquant (Nashville, TN) software.

ELISA. Noggin levels in the CSF were determined with a two-site
ELISA using two rat-derived anti-human noggin monoclonal antibodies.
Coat antibody RP57-16, which binds at the N-terminal half of noggin,
was coated at 2 ug/ml in PBS, followed by an incubation with 10 mg/ml

Chmielnicki et al. « Noggin Potentiates BDNF-Induced Striatal Neurogenesis

BSA solution in PBS for 2 hr to block any free protein-binding sites. On
the ELISA plate, serial twofold dilutions of a known concentration of
noggin protein were performed in triplicate, and CSF samples were
added. One hundred microliters of a 1 pg/ml solution of the anti-noggin
biotinylated monoclonal RP57-21-biotin, which binds to the cysteine-
rich domain of noggin, were added to each well. To detect RP57-21-
biotin, the plates were then incubated with a streptavidin—-HRP conju-
gate (Invitrogen, Gaithersburg, MD) at a 1:5000 dilution for 1 hr.

In situ hybridization. Noggin RNA probes were made from pBlue.m-
NOG. This DNA plasmid was linearized with BamH]1 for the sense con-
trol probe or with Norl for the antisense probe and in vitro transcribed
with T3 RNA polymerase for the sense probe and T7 RNA polymerase for
the antisense probe. The probes were radioactively labeled with S**>-UTP.
In situ hybridization was then performed on 15 wm sagittal brain sections
of AdNoggin (n = 3) or AdNull (n = 3)-injected animals, as described
(Valenzuela et al., 1993).

Immunochemistry and quantification. Sagittal 15 um sections were
stained for BrdU and neuronal/glial markers using double-
immunofluorescence, as described previously (Benraiss et al., 2001;
Nunes et al., 2003). Briefly, sections were denatured in 2N HCl at 37°C
and stained for BrdU using a anti-BrdU rat IgG antibody (1:200; Serotec,
Raleigh, NC), followed by a goat anti-rat Alexa-488 2 ° antibody (Molec-
ular Probes, Eugene, OR). The sections were then washed and stained for
one of the following: BIII-tubulin (monoclonal antibody TuJ1 at 1:400; a
gift from Dr. A. Frankfurter, University of Virginia, Charlottesville, VA)
(Lee et al., 1990), MAP2 (clone AP-20; 1:50; Sigma, St. Louis, MO),
NeuN (mouse anti-NeuN; 1:400; Chemicon, Temecula, CA), DARPP-32
(1:5000; a gift from Dr. H. Hemmings, Cornell University, New York,
NY) (Ivkovic and Ehrlich, 1999), GAD67 (rabbit anti-GAD67; 1:100;
Chemicon), Dcx (rabbit antisera; 1:100; a gift from Dr. Chris Walsh,
Harvard, Boston, MA), GFAP (rabbit anti-GFAP; 1:400; Sigma), and
S1008 (clone SH-B1; 1:400; Sigma). Immunostaining for green fluores-
cent protein (GFP) was performed using mouse anti-GFP (1:400; BD
Biosciences—Clontech, Palo Alto, CA). All secondary antibodies (Molec-
ular Probes) were preabsorbed to avoid nonspecific staining.

Striatal BrdU ™ cells counts were done on six 15 wm sagittal sections
per animal; every 16th section was analyzed at 240 wm intervals. The
striatal region sampled began with the first appearance of striatal fascicles
and proceeded 1.2 mm laterally. Section volumes were measured using
Bioquant software. The number of striatal BrdU */BIII-tubulin * cells/
mm? in a given section was determined by multiplying the percentage of
BrdU * cells determined by confocal microscopy to express BIII-tubulin
(see below) by the mean number of BrdU * cells/mm’. Comparisons of
the numbers of BIII-tubulin/BrdU* cells/mm? in saline-, AdNull-,
AdNoggin-, AJBDNF-, and AdNoggin/AdBDNF-injected animals were
performed using ANOVA, followed by post hoc Boneferroni t tests. Oth-
erwise, pairwise comparisons were performed using two-sample Stu-
dent’s ¢ test. All statistical analyses were performed using GB-Stat (Dy-
namic Microsystems, Silver Spring, MD).

Confocal imaging. In sections double-stained for BrdU and PBIII-
tubulin, Dcx, NeuN, MAP2, DARPP-32, GAD67, S1003, or GFAP, or in
FG-injected animals immunostained for BrdU alone, single striatal
BrdU ™ cells were imaged using a Fluoview confocal microscope (Olym-
pus, Lake Success, NY), images were acquired using an argon—krypton
laser and were analyzed as described previously (Benraiss et al., 2001).

Results

Intraventricular AdNoggin yielded high-level noggin
expression by the ventricular wall

Noggin overexpression was achieved via transduction of the ven-
tricular wall with a recombinant adenovirus encoding human
noggin. To ensure widespread local availability of the vector-
encoded noggin, we used a noggin mutein, from which the hep-
arin binding site was deleted to permit sustained solubility of
secreted noggin (Paine-Saunders et al., 2002). To assess the pro-
duction of noggin by this vector, we first used in situ hybridiza-
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Figure 1.  Intraventricular AdNoggin targets viral transgene overexpression to the ventricu-
lar wall. A—C, Sagittal sections of AdNoggin-injected (A, () or AdNull-injected (B) rat brains
were treated with antisense (A, B) or sense ( () probes for mouse noggin. Expression of the viral
transgene is limited to the wall of the lateral ventricle. D, Dorsal; V, ventral; A, anterior; P,
posterior. Scale bar, 2 mm.

tion to visualize noggin expression in both normal controls and
in rats treated with adenoviral noggin. To this end, six adult rats
were given injections of either AdNoggin or AdNull and killed 3
weeks later. Their brains were sectioned sagitally at 15 wm and
subjected to in situ hybridization for noggin mRNA, using S°°-
UTP-labeled probes for mouse noggin. Endogenous noggin ex-
pression was seen in the septum and olfactory bulb as well as the
dentate gyrus and CAI-3 of the hippocampus in both the
AdNoggin- and AdNull-injected animals. Significant periven-
tricular noggin, however, was only seen in animals that received
AdNoggin (Fig. 1).

We next asked whether AdNoggin injection raised noggin
protein levels in the CSF. To this end, ventricular CSF was with-
drawn by cisterna magna puncture 3 weeks after virus injection.
In the AdNoggin-injected animals (n = 3), ELISA revealed that
CSF noggin averaged 52.0 = 4.5 ng/ml or 42.9 = 7.2 ug/g protein
(mean * SE). In contrast, noggin was undetectable in the CSF of
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AdNull-injected animals (n = 3; p < 0.0001; two-sample Stu-
dent’s t test).

Noggin overexpression suppressed gliogenesis by the adult SZ
We had previously noted that AABDNF induced ectopic neuro-
nal addition to the neostriatum (Benraiss et al., 2001). Unlike the
anterior subventricular zone and rostral migratory stream, the
precursor cells of which are mostly committed to neuronal phe-
notype (Menezes et al., 1995), the striatal subependyma includes
a mixed population of multipotential stem cells and committed
progenitors and, hence, generates both neuronal and glial daugh-
ter cells (Doetsch et al., 1997; Goldman and Luskin, 1998). On
this basis, we postulated that if noggin could suppress glial differ-
entiation of striatal SZ daughter cells, then AdNoggin infection
might be associated with a lower incidence of BrdU-labeled sub-
ependymal astrocytes, as defined by their coexpression of GFAP *
and S1008 7. To this end, we scored the incidence of both
BrdU ™, GFAP */BrdU ™, and S1008 */BrdU ™ cells in the sub-
ependyma (Fig. 2A, B) of AdNull- and AdNoggin-treated rats, at
their respective 3 week survival points. We used both of these
markers because whereas GFAP is an established marker of dif-
ferentiated astrocytes, it is frequently lacking from immature or
reactive astroglia. In contrast, S10083 is more ubiquitously ex-
pressed by astrocytes, whether reactive or quiescent (Zhang and
McKanna, 1997).

We found that in the forebrain, the AdNoggin-injected rats
exhibited substantial suppression of subependymal glial differen-
tiation, as manifested by 80-90% reductions in both GFAP */
BrdU ™ and S1008 */BrdU ™" subependymal astrocytes. Specifi-
cally, whereas 46.8 = 5.8% of BrdU * SZ cells in AdNull-injected
animals expressed GFAP, only 5.7 * 1.1% of BrdU * SZ cells were
GFAP " in AdNoggin-injected animals (Fig. 2 D, F,G). Further-
more, whereas 39.9 + 0.5% of BrdU * SZ cells in AdNull-injected
animals expressed glial S1003, only 6.8 = 0.9% of BrdU * SZ cells
were S1008 * in AdNoggin-injected animals (Fig. 2E, H,I) (p <
0.001 for each marker; two-sample ¢ test). The marked reduction
in the proportion of GFAP* and S1008 ™ cells among BrdU-
incorporating SZ cells was noted although the incidence of SZ
BrdU labeling was not significantly different between AdNoggin-
and AdNull-injected rats (Fig. 2C). These data indicated that
noggin overexpression reduced the production of subependymal
astrocytes.

We next asked whether progenitors of the striatal SZ, which
overlies subcortical gray matter, and those of the fimbrial and
callosal SZ, which appose white matter, respond analogously to
AdNoggin. For this purpose, sagittal sections were taken that
spanned the mediolateral extent of the striatum (L1.9-L3.9);
these were divided into rostral (striatal) and dorsal/caudal (white
matter) segments (Paxinos and Watson, 1986). In the white mat-
ter SZ of AdNull-injected animals, 64.9 = 8.1% of all BrdU * cells
were GFAP ™, and 49.9 * 4.9% expressed S1008. In contrast, in
AdNoggin-injected animals, only 7.6 = 0.4% of BrdU * cells were
GFAP ™ and 8.8 + 0.3% S1008™ (p < 0.001 for each marker;
two-sample ¢ test) (Figs. 2D, E). Similarly, in the AdNull striatal
SZ, 38.0 = 4.7% of BrdU " cells were GFAP " and 28.3 * 2.6%
$1008 ™" in AdNull-injected animals, whereas in their AdNoggin-
injected counterparts only 3.1 * 1.9% were GFAP * and 6.4 *
1.1% S1008™ (p < 0.001) (Fig. 2D,E). These data confirmed
that AdNoggin significantly decreased the proportion of GFAP ©
and S100B ™ astrocytes arising from SZ progenitor cells and did
so in the subependymal layers adjacent to both gray and white
matter.
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AdNoggin and AdBDNEF collaborated to
increase neuronal addition to

the neostriatum

We next postulated that by virtue of its
suppression of gliogenesis, noggin overex-
pression might make more subependymal
progenitor cells responsive to neuronal in-
struction by BDNF. As such, noggin and
BDNF co-overexpression might be ex-
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We found that AdNoggin-treated ani-
mals had an average of 1436 + 43 BrdU*
cells/mm? in their striata, no different
from the AdNull-treated animals that ex-
hibited an average of 1455 = 25 BrdU ™"
striatal cells/mm’. Among a randomly
chosen sample of 750 BrdU * striatal cells
located in sections (1 = 24) selected at ran-
dom from four AdNoggin-treated brains,
18 cells were confirmed as labeled for both
BrdU and BIII-tubulin by confocal imag-
ing. By this criterion, 2.4 = 0.1% (18/
750 X 10°) of the BrdU™" cells in the
AdNoggin-treated rat striata, or 34 cells/
mm?, were neurons. This was not significantly different from
AdNull-injected animals, in which 2.1 = 0.2% of the BrdU * cells
expressed BIII-tubulin. Thus, noggin alone had no significant
effect on striatal neuronal addition (Table 1; Fig. 4).

In contrast, the concurrent use of AABDNF and AdNoggin
greatly enhanced neuronal addition to the striatum. Among 709
BrdU ™ striatal cells sampled randomly from four AdNoggin/
AdBDNF brains, 95 (13.4 £ 0.3%) were found on confocal im-
aging to be double-labeled for BrdU and BIII-tubulin (Fig. 3A).
Thus, ~273 new neurons/mm° (13.4% X 2036 BrdU ™ cells/
mm?) were added to the rat striatum within 3 weeks of AdNog-
gin/AdBDNF infection. This was substantially more neuronal ad-
dition than that which we observed in response to AABDNF alone
(8.3% X 1573 BrdU ™ cells/mm*, or 131 new neurons/mm?; p <
0.01) and greatly exceeded the rare striatal neuronal addition
noted in AdNull-injected rats, in which only 2.1 * 0.2% of
BrdU " cells, or 31/mm?, expressed BIII-tubulin ( p < 0.01) (Ta-
bles 1, 2; Fig. 4).

The rise in striatal neuronal addition in AABDNF/AdNoggin
coinjected animals was accompanied by a fall in subpendymal
gliogenesis in these same striata, as had been noted in animals
treated with AdNoggin alone (Fig. 2). Thus, whereas 38.0 = 4.7%
of BrdU ™ striatal subependymal cells in AdNull-injected animals
expressed GFAP, only 4.8 = 0.8% of BrdU ™ striatal subependy-

Figure 2.

subependymal zone.

AdNoggin suppresses glial production by the adult SZ. A, Schematic of sagittal rat brain section indicating the SZ
scored for the incidence of BrdU ™ /GFAP *-51008™ cells. The area in the red box is shown in B as a cresyl violet-stained section,
with the SZ border indicated by the dashed lines. Scale bar, 64 m. C, Despite a stable incidence of total SZ BrdU labeling between
AdNoggin- and AdNull-injected animals, AdNoggin-injected rats exhibited substantial lower frequencies of BrdU */GFAP *
subependymal astrocytes. D, £, In these graphs, the subependyma,which has a roughly triangular profile in the sagittal section,
was divided into the striatal and callosal/fimbrial white matter segments, each of which was scored independently for GFAP */
BrdU * (D) and 510083 */BrdU *
substantial lower frequencies of BrdU */GFAP ™ subependymal astrocytes. F~/, Orthogonal views of subependymal BrdU * cells
(green), as viewed in the xz and yz planes, verify colabeling with GFAP (F, G) and S1008(H, /) (red). Fewer BrdU
colabeled with the astrocytic markers in AdNoggin-injected rats (G, /) than in AdNull-injected animals (F, H). Scale bars, 16 m.
D, dorsal; V, ventral; R, rostral; C, caudal; Ctx, cortex; cc, corpus callosum; LV, lateral ventricle; i, fimbria; Str, striatum; SZ,

(E) cells. In all regions of the lateral ventricular lining, AdNoggin-injected rats exhibited

cells were

mal cells were GFAP * in the AdBDNF/AdNoggin-injected ani-
mals. This 87% decline in the incidence of GFAP */BrdU * cells
in the AdBDNF/AdNoggin-treated SZ was accompanied by the
aforementioned increase in BIII-tubulin */BrdU ™" striatal neu-
rons in AJBDNF/AdNoggin animals. The incidence of striatal
neuronal recruitment, therefore, increased in the same AABDNEF/
AdNoggin-treated striata in which the incidence of subependy-
mal gliogenesis fell by 87%. At the same time, the AJBDNF/
AdNoggin-triggered onset of striatal neuronal addition was
associated with an increment in the incidence of striatal BrdU *
cells, to 2036 + 374/mm? (p < 0.01; two-sample ¢ test). To-
gether, these data indicated that noggin overexpression signifi-
cantly potentiated BDNF-induced neuronal addition to the adult
striatum, pare passu with its suppression of subependymal
gliogenesis.

AdBDNF/AdNoggin-induced neurons survived

striatal integration

By 8 weeks after viral infection and 5 weeks after the cessation of
BrdU injection, the AdNoggin/AdBDNF-treated animals re-
tained an average of 1986 = 185 BrdU ™ striatal cells/mm*, com-
pared with 1351 * 65 BrdU * striatal cells/mm° noted in AdNull-
injected controls (p < 0.02; two-sample t test). Among 180
BrdU " striatal cells selected at random from three AdNoggin/
AdBDNTF-treated brains, 20 cells (11.1 = 1.7%) were identified
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Figure 3.

by confocal analysis as BrdU */BIII-tubulin *. Even at this late
time point, an average of 220 new striatal neurons/mm” re-
mained in AdNoggin/AdBDNF coinjected animals, significantly
more (p < 0.05) than AdNull-injected animals, in whom only
0.6 = 0.6% of BrdU * cells, or 8 cells/mm?, fulfilled our antigenic
criteria for neuronal designation (Fig. 3E). Taken together, these
data indicate that newly generated, AdNoggin/AdBDNEF-induced
neurons survive in the adult neostriatum, long after their mitotic
generation and initial parenchymal recruitment.

AdNoggin/AdBDNF-induced striatal neurons developed medium spiny phenotype. 4, £, Composite images of newly
generated neurons (arrows), double-immunostained for 3-IIl tubulin ™ (red) and BrdU * (green), in the striata of rats injected
either 20 d (A) or 56 d (£) before with AdBDNF and AdNoggin. The insets show orthogonal views. B—D, AdBDNF/AdNoggin-
induced striatal cells double-immunostained for DARPP-32 (B), GAD67((), or Dcx (D) (red) and BrdU (green), all shown with
corresponding orthogonal views. F—H, AdBDNF/AdNoggin-induced striatal neurons (arrows), double-immunostained for BrdU
(green) and Dex (£), NeuN (G), or MAP-2 (H) (red). Scale bar, 12 um.
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AdBDNF/AdNoggin-induced striatal
neurons differentiated into medium
spiny cells

We had previously noted that AABDNF-
induced striatal neurons express markers
characteristic of medium spiny neurons,
including calbindin, glutamic acid decar-
boxylase (GAD67), an enzyme involved in
the synthesis of GABA from glutamate,
and DARPP-32, a dopamine-regulated
phosphoprotein specifically expressed in
the neostriatum by medium spiny neurons
(Ivkovic and Ehrlich, 1999; Benraiss et al.,
2001). To determine whether AABDNF/
AdNoggin-induced cells likewise differen-
tiated as medium spiny neurons, we im-
munolabeled  sections taken  from
AdBDNF/AdNoggin-injected ~ animals
killed at 3 weeks for BrdU and either
GAD67 or DARPP-32 (Fig. 3B,C). We
found that 8.5% of the imaged BrdU™
cells (11 of 130) coexpressed GAD67 ™,
whereas 7.9% (15 of 189) coexpressed
DARPP-32. This compared with the
13.4 = 0.3% of striatal BrdU ™ cells that
were defined antigenically as neurons by
their coexpression of BIII-tubulin. The
high proportion of both GAD67 */BrdU *
and DARPP32 */BrdU * cells to total BIII-
tubulin */BrdU * cells in these animals,
63.4 and 59.0%, respectively, suggests that
most AdBDNF/AdNoggin-induced stria-
tal cells indeed matured as GABAergic me-
dium spiny neurons.

Newly generated striatal neurons
developed projections to the

globus pallidus

We next asked whether the new neurons of
the rat caudate-putamen extended pro-
cesses to their normal developmental tar-
get, the globus pallidus. To address this
question, we injected the retrograde tracer
FG into the globus pallidus of rats injected
with AdBDNF 6 weeks earlier, who had
been given daily BrdU injections for the
first 18 d after viral injection. One week
after FG delivery, the rats were killed, and
their striata were assessed for the incidence
of BrdU "/FG ™ cells, which we thereby de-
fined as newly generated pallidal projec-
tion neurons (see Materials and Methods).
We found that 2.3 * 1.1% of striatal
BrdU * cells in AABDNF-injected animals,
or17.1 = 1.9 cells/mm?, projected to the globus pallidus (Fig. 5).
In these same sections, 3.1 * 0.2% of the striatal BrdU* cells
coexpressed NeuN of the 770 + 174 total BrdU ™ cells/mm”°.
Thus, these striata harbored an average of 24.6 NeuN */BrdU *
cells/mm°. (Of note, NeuN rather than BIII-tubulin was used to
identify neurons in FG-labeled sections, because the light fixation
required for FG visualization diminished BIII-tubulin immuno-
labeling but did not noticeably affect NeuN.) Because 17.1 £ 1.9
cells/mm? BrdU ™ cells in the same striata incorporated FG, one
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Table 1. Total scored BrdU™* cells/mm? and percentage of B-1Il tubulin* /BrdU™*
cells as a function of treatment

A.BrdU™ B. B-ll tubulin ™/ C.BrdU™/B-1ll tubulin™
Treatment cells/mm? BrdU (%) cells/mm?
Saline 1198 + 45 0 0
AdNull 1455 = 25 21+0.2 313
AdNoggin 1436 + 43 24£0.1 34+2
AdBDNF 1573 £ 23 83+0.2 1B1+2
AdBDNF/noggin 2036 * 374 134+03 273 + 46

The counts (column A) and their derived percentages (column B) were obtained from six striatal sections derived from each
gf four animals per treatment group. The data were then used to predict the number of BrdU™/@-Ill tubulin
cells/mm? for each animal; the per animal values were averaged to give the numbers reported in column C.
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Figure 4.  AdNoggin significantly increased AdBDNF-induced neuronal addition to the stri-

atum. The mean density of B-lll tubulin */BrdU * cells in the neostriata of saline-, AdNull-,
AdNoggin-, AdBDNF-, and AdNoggin/AdBDNF-injected rats compared with animals killed on
days 20 (left) and 56 (right).

Table 2. Post hoc pairwise comparisons of B-IIl tubulin* /BrdU™ cells/mm® data (see Table
1) after one-way ANOVA

Treatment Saline AdNull AdNoggin ~ AdBDNF  AdBDNF/noggin
Saline 0 6.32 9.82 141.48%  596.19*

AdNull 6.32 0 0.38 88.00%  479.75*
AdNoggin 9.82 0.38 0 76.75%  452.96*
AdBDNF 141.48% 88.00% 76.75% 0 156.81%
AdBDNF/noggin ~ 596.19*  479.75*  452.96* 156.81* 0

Numbers indicate the post hoc Boneferroni ¢ value for each comparison. *Significant to p << 0.01.

can extrapolate that ~70% (17.1/24.6 X 10°) of newly generated
striatal neurons extended processed to the globus pallidus within
the observed time frame, which spanned the 7 weeks after Ad-
BDNF injection.

Because the globus pallidus is the major target of caudate-
putaminal medium spiny axons, these results suggest that newly
generated medium spiny neurons can project axons to appropri-
ate postsynaptic targets. Most strikingly, these observations argue
that induction of endogenous progenitor cells may be sufficient
to initiate this process in the adult brain.

Parenchymal progenitors did not contribute to
AdBDNF/AdNoggin-induced neurogenesis

We next considered whether those new striatal neurons added in
response to AABDNF, with or without AdNoggin treatment, were
derived from the ventricular subependyma or from the paren-
chymal progenitor pools of the striatum or striatal white matter
(Palmer et al., 1995, 1999; Nunes et al., 2003). To address this
issue, we first asked whether direct injection of AABDNF and
AdNoggin into the striatal parenchyma, in the absence of
periventricular viral transduction, was sufficient to stimulate stri-
atal neuronal addition. To wit, either AdNull, AABDNF alone, or
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AdBDNF and AdNoggin together were administered to the stri-
atal parenchyma of nine adult rats (n = 3/group), at sites at least
2 mm distant from the ventricular wall. Beginning 2 d later, the
injected animals were given daily injections of BrdU for 18 d and
then killed 1 day later and assessed histologically for the persistent
expression of the adenoviral transgenes. To assess the distribu-
tion and persistence of adenoviral transgene expression, we then
immunostained sections for GFP over a 2 mm mediolateral span
centered on the injection site. We were able to use GFP as our
reporter here because both AABDNF and AdNull were set up as
bicistronic vectors that included GFP, placed under internal ri-
bosomal entry site or CMV transcriptional control, respectively.
We found that GFP * cells populated a striatal volume with an
average radius of 0.31 = 0.04 mm, suggesting effective viral trans-
gene delivery throughout at least that volume of tissue (Figs.
6C,D).

We next looked for the presence of any BrdU-incorporating
neurons in the striatal parenchyma of these animals, as defined by
BHI-tubulin or NeuN immunolabeling. All brains were exam-
ined to ensure the absence of any inadvertent needle passage
through the ventricular lumen that might have served to intro-
duce virus to the ventricular progenitor population. In the
AdNull-injected animals, no BrdU-incorporating BIII-tubulin-
defined neurons were noted within a 1.5 mm radius of the injec-
tion site in any of the stereologically sampled sections, among a
total of 868 BrdU * cells scored in 15 sections. Similarly, in the
AdBDNF and AdBDNEF/AdNoggin groups, no parenchymal cells
were noted to coexpress BrdU and BIII-tubulin within 1.5 mm of
the viral injection sites. Thus, in no instances were new neurons
identified as such at the sites of parenchymal viral injection.
However, rare BrdU */BIII-tubulin * neurons (<4/mm?) did
appear within 1 mm of the ventricular wall in both AABDNF and
AdBDNF/AdNoggin-injected rats. Given their periventricular
locales, these few new neurons induced after parenchymal viral
delivery appeared to arise from periventricular progenitors acti-
vated by transgene-encoded protein that gained access to the SZ,
rather than from parenchymal progenitors induced to neurogen-
esis. Together, these observations indicated that those new neu-
rons recruited to the striatum in response to AABDNF and Ad-
BDNEF/AdNoggin did not arise from latent progenitors within the
striatal parenchyma itself.

AdBDNF-induced neurons arose from the SZ

On the basis of these data, we concluded that the ventricular
subependyma was likely the sole source of neurons added to the
striatum in response to both periventricular AABDNF and Ad-
BDNF/AdNoggin overexpression. To positively demonstrate this
point, we tracked the departure of new neurons from the ventric-
ular wall, by observing the fate of BrdU-tagged neurons in rats
sampled over a range of time points after intraventricular Ad-
BDNF injection. Each group of rats received injections once daily
of BrdU for 7 d after either AABDNF or saline injection, then were
killed on either day 9, 16, or 23 after viral injection (n = 3 rats/
time point/treatment). Their brains were then cut and stained for
BrdU and Dcx, a migration-associated protein (Gleeson et al.,
1999). By this means, we tracked the migration of new neurons
recruited to the striata of these animals.

No striatal Dex */BrdU ™ cells were found in saline-injected
control animals at any time point. In contrast, in AABDNF-
injected animals, Dcx “/BrdU ™ neurons could be identified as
early as 9 d after AABDNF injection, although these cells were
closely apposed to the striatal wall of the lateral ventricle (Fig.
6A). By 16 d, many more Dcx "/BrdU ™" cells were noted in the
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Figure 5.  Newly generated striatal neurons project to the globus pallidus. A, FG was injected into the ventral portion of the globus pallidus of rats that had received AdBDNF 6 weeks earlier. The
rats were then killed 1 week later, and FG uptake by striatopallidal projection neurons was assessed. Diffusion of the retrograde tracer averaged 0.7 mm from the injection site at P —2.3, so that the
most rostral extent of diffusion was typically to P — 1.6 mm; no evidence of any diffusion of FG to the striatum was ever noted. Striatal sections were, thus, scored rostrally from AP +1.0, to avoid
any possible diffusion artifact. Scale bar, 100 wm. 8, ¢, Confocal images of FG * (blue)/BrdU * (red) double-immunolabeled cells in the striata of AdBDNF-injected rats (7 week survival), shown as
both single optical sections and orthogonal views in the xz and yz planes, to confirm that scored BrdU ™ cells were FG ™. D, £, Two examples of BrdU ™ (pink)/NeuN ™ (green) striatal neurons
identified in an AdBDNF-treated rat, 7 weeks after viral injection. These cells (arrows) incorporated FG (blue) injected into the globus pallidus. The triple-labeled cells represent newly generated
striatal neurons that have extended fibers to the pallidal targets. Scale bar, 16 pm.
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Figure6.  AdBDNF-induced neurons arose from the SZ. A shows the neostriatal wall of a rat
killed 9 d after AdBDNF that had been treated daily with BrdU for the week before sacrifice.
Many Dex ™ (red)/BrdU ™ (green) cells, likely neuronal migrants, were noted arising from the
ventricular wall. NoBrdU */Dcx ™ cells were seen beyond 100 pum from the ventricular wall at
this time point. B, Low-power image of the striatum of a rat killed 23 d after AdBDNF that had
been given BrdU for only the first week after viral injection. BrdU-tagged Dcx * cells (arrow)
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striatal parenchyma, the average closest distance to the ventricu-
lar wall of which had increased substantially. By 23 d, extensive
dispersal of new neurons from the ventricular wall had been
achieved; the migrants were noted to have infiltrated over one-
third of the striatal volume within that span (Fig. 6B). As a result,
Dcx */BrdU ™ cells were found at mean distances from the ven-
tricular wall of 79 = 6.7 um at 9 d, 188 = 28 wm at 16 d, and
388 = 89 wm at 23 d [p = 0.007; F = 12.5 (2.8 df) by one-way
ANOVA]. Together, these data indicate that ependymal BDNF
overexpression induces neuronal migration from the ventricular
wall into the neostriatal parenchyma.

Discussion

These results indicate that the concurrent overexpression of nog-
gin and BDNF may be used to stimulate and direct neuronal
production from endogenous progenitor cells in the adult mam-
malian neostriatum. This strategy of using noggin to suppress
glial lineage, while simultaneously using BDNF to direct the neu-
ronal differentiation of SZ progenitors, yielded a marked accen-
tuation of both neostriatal neurogenesis and parenchymal re-
cruitment. By inhibiting glial differentiation, noggin may have
increased the pool of progenitor cells potentially responsive to
BDNF; together, the two cooperated in effecting neuronal re-
cruitment to the striatum.

We found here that AdNoggin/AdBDNEF-treated rats exhib-
ited 273 BIII-tubulin */BrdU " striatal neurons/mm?, whereas
AdBDNTF alone yielded 131/mm? and AdNoggin alone yielded
only 34/mm°. Because AdNoggin alone yielded little striatal neu-
ronal addition, noggin appeared instead to potentiate BDNF-
induced striatal neurogenesis. Indeed, we found that the BDNF/
Noggin-treated animals exhibited significantly greater numbers
of striatal neurons than did rats treated with AABDNF alone ( p <
0.01 by one-way ANOVA with post hoc Boneferroni compari-
sons) (Table 2). Importantly in this regard, although noggin
overexpression substantially suppressed astrocyte neogenesis
within the SZ, its use alone was not associated with any decre-
ment in the total number of striatal BrdU * cells/mm?* (Table 1).
Together, these observations suggest a model whereby noggin
treatment may permit the maintenance of an undifferentiated
progenitor pool otherwise destined to generate a fraction of dif-
ferentiated astrocytic daughters. In the presence of noggin alone,
astrocytic numbers are sharply reduced in the SZ, whereas fewer
dividing progenitors progress to terminal differentiation. More
of those cells are then amenable to neuronal differentiation in the
presence of BDNF, allowing positive interaction of the two.

Interestingly, whereas glial differentiation was suppressed in
AdNoggin-injected animals throughout the entire lateral ventric-
ular wall, the combination of AABDNF and AdNoggin resulted in
ectopic neuronal addition only to the striatum and not to the
neocortex or septum (data not shown). The regionally restricted
nature of noggin-accentuated neurogenesis argues that glial sup-
pression may be necessary, but not sufficient, for inducing neu-

<«

were identified throughout much of the neostriatum by this time. C, D, The striatal parenchyma
is not a source of new striatal neurons. (, Schematic of sagittal rat brain section. The enclosed
areais asimaged in D, which shows the striatum of a rat killed 20 d after an intrastriatal, rather
than intraventricular, injection of AdBDNF. The volume of distribution of the adenoviral vector is
delimited by infected cells expressing its GFP reporter (arrowheads; inset). Nonetheless, virtu-
ally no new neurons were observed in these striata after 3 weeks of daily BrdU injections. The
dashed linein D delineates the border between the lateral ventricle and the striatum. Scale bars:
A, B, 50 um; D, 640 pum; D (inset), 32 um. LV, Lateral ventricle; Str, striatum; hpc, hippocam-
pus; fi, fimbria; cc, corpus callosum; D, dorsal; V, ventral; R, rostral; C, caudal.
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rogenesis in otherwise non-neurogenic regions of the adult CNS.
In addition, endogenous noggin is expressed not only in neuro-
genic areas like the olfactory bulb and dentate gyrus but also in
the non-neurogenic septum (Valenzuela et al., 1995) (Fig. 1),
again suggesting that noggin expression alone is not sufficient for
neuronal production and recruitment in vivo. Rather, noggin
seems to be an important contributor, the relative importance of
which in a given brain region is likely a function not only of the
levels and species of endogenous pro-gliogenic BMPs but also of
the responsiveness of the resident pro-genitor population. To-
gether, these findings argue that locally active and regionally re-
stricted factors delimit neuronal production and recruitment in
the adult forebrain.

We also asked whether parenchymal progenitor pools might
contribute to striatal neuronal addition. Our experiments re-
vealed no such contribution from parenchymal progenitors, be-
cause we observed only rare instances of induced neurogenesis in
response to intrastriatal AABDNF or AdBDNF/AdNoggin injec-
tion, and even these few new neurons were invariably found in
the periventricular regions, rather than near the parenchymal
injection sites. In contrast, timed sacrifices suggested the dis-
persal of newly generated neurons from the striatal ventricular
wall, spanning the 3 week period after AABDNF injection.

The generation and migration of new striatal neurons was
followed by their parenchymal integration and survival. The cells
scored at 3 weeks mostly remained at 8 weeks, such that no ap-
preciable loss of the newly generated striatal cohort was noted
during this period. Remarkably, FG backfills revealed that by 7
weeks after viral injection, a large proportion of newly generated,
AdBDNF-induced BrdU * striatal neurons had extended fibers to
their usual target, the globus pallidus. These fibers traversed a
distance of at least 2 mm, typical for the striatopallidal projection
in rats. The long distance extension of fibers from new projection
neurons to distant nuclear targets has rarely been demonstrated
in the adult CNS, and never before in uninjured mammals. A
testosterone-mediated process of fiber extension from the prin-
cipal vocal control nucleus to its motor target nucleus has been
demonstrated in normal adult songbirds, and our current find-
ings would seem conceptually analogous to this process, in thatin
each of these instances, adult-derived axogenic neurons have
been newly generated (Alvarez-Buylla and Kirn, 1997). A similar
instance of long distance fiber extension has also been reported by
new neurons in the injured rat neocortex, after local compensa-
tory neurogenesis (Magavi et al., 2000). These disparate examples
of axogenesis by newly generated neurons in the adult CNS indi-
cate not only that newly generated striatal neurons can generate
projection fibers, but also that the regional environment may
retain the developmental cues that direct axonal extension to
appropriate targets. Together, these data argue that neurons in-
duced from resident progenitor cells might be capable of at least
limited tract regeneration in the adult forebrain.

These results indicate that the concurrent suppression of glial
differentiation by noggin and promotion of both neuronal dif-
ferentiation and survival by BDNF is an effective strategy for
mobilizing endogenous progenitor cells in the adult forebrain.
These cells may be thereby stimulated to achieve the quantita-
tively significant addition of new neurons to the adult neostria-
tum, a region that otherwise does not recruit new neurons in
postnatal or adult animals. The differentiation of these new stri-
atal cells as GABAergic DARPP-32 " neurons, the long distance
projection of these new neurons to the globus pallidus, and the
survival of these cells for at least 2 months after their genesis all
suggest their ability to mature, function, and survive in the adult
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forebrain. The induced production of these cells by a strategy of
concurrent glial suppression and neuronal induction thereby
suggests a means by which phenotypically appropriate neurons
might be regenerated from endogenous progenitor cells, in suf-
ficient numbers to restore those medium spiny cells lost in striatal
degenerations such as Huntington’s disease.
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