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Peptide Hormone Exendin-4 Stimulates
Subventricular Zone Neurogenesis in the
Adult Rodent Brain and Induces Recovery
in an Animal Model of Parkinson’s Disease

Goran Bertilsson, Cesare Patrone, Olof Zachrisson, Annica Andersson,
Karin Dannaeus, Jessica Heidrich, Jarkko Kortesmaa, Alex Mercer,
Elisabet Nielsen, Harriet R6nnholm, and Lilian Wikstrom™

NeuroNova AB, Stockholm, Sweden

We investigated the effects of exendin-4 on neural
stem/progenitor cells in the subventricular zone of the
adult rodent brain and its functional effects in an animal
model of Parkinson’s disease. Our results showed
expression of GLP-1 receptor mRNA or protein in the
subventricular zone and cultured neural stem/progenitor
cells isolated from this region. In vitro, exendin-4
increased the number of neural stem/progenitor cells,
and the number of cells expressing the neuronal
markers microtubule-associated protein 2, B-IllI-tubulin,
and neuron-specific enolase. When exendin-4 was
given intraperitoneally to naive rodents together with
bromodeoxyuridine, a marker for DNA synthesis, both
the number of bromodeoxyuridine-positive cells and
the number of neuronal precursor cells expressing dou-
blecortin were increased. Exendin-4 was tested in the
6-hydroxydopamine model of Parkinson’s disease to
investigate its possible functional effects in an animal
model with neuronal loss. After unilateral lesion and a
5-week stabilization period, the rats were treated for
3 weeks with exendin-4. We found a reduction of am-
phetamine-induced rotations in animals receiving exen-
din-4 that persisted for several weeks after drug admin-
istration had been terminated. Histological analysis
showed that exendin-4 significantly increased the num-
ber of both tyrosine hydroxylase- and vesicular mono-
amine transporter 2-positive neurons in the substantia
nigra. In conclusion, our results show that exendin-4 is
able to promote adult neurogenesis in vitro and in vivo,
normalize dopamine imbalance, and increase the num-
ber of cells positive for markers of dopaminergic neu-
rons in the substantia nigra in a model of Parkinson’s
disease. © 2007 Wiley-Liss, Inc.
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In the adult mammalian brain, new neurons and
glial cells are continuously generated from a proliferating
population of neural progenitor/stem cells (NSC) that
become incorporated into the existing brain by a process
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known as adult neurogenesis (Emsley et al., 2005). This
process occurs mainly in the subventricular zone (SVZ)/
olfactory bulb and hippocampal dentate gyrus (Gage
et al., 1995; Emsley et al., 2005). The existence of active,
functional adult neurogenesis raises the possibility that
pharmacological stimulation of endogenous neural stem/
progenitor cells could lead to cell regeneration that may
be beneficial in central nervous system disorders where
cell loss occurs, e.g., Parkinson’s disease (PD), stroke, and
Alzheimer’s disease (Emsley et al., 2005; Taupin, 2006).
The peptide hormone exendin-4 was originally iso-
lated from the saliva of the lizard Heloderma suspectum
(gila monster; Eng et al., 1992) and is a potent and selec-
tive agonist for the GLP-1 receptor (GLP-1R; Goke
et al., 1993; Thorens et al., 1993; Wheeler et al., 1993).
Exendin-4 is used clinically to treat diabetes type II and
displays glucoregulatory effects, including glucose-
dependent enhancement of insulin secretion (Goke
et al., 1993; Greig et al., 1999; Parkes et al., 2001; Egan
et al., 2002) and glucose-dependent suppression of high
glucagon secretion (Kolterman et al., 2003). Because of
its longer plasma half-life, exendin-4 is preferred over
the endogenous mammalian GLP-1R ligand, GLP-1,
which is rapidly degraded (Kieffer et al., 1995). Exen-
din-4 also enhances liver glycogen storage (Knauf et al.,
2005) and slows gastric emptying (Kolterman et al.,
2003). Intriguingly, intact exendin-4 has the ability to
pass the blood—brain barrier in mouse (Kastin and Aker-
strom, 2003) and can exert central nervous system
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(CNS) eftects (Calvo et al., 1995; Goke et al., 1995;
Merchenthaler et al., 1999). CNS eftects of exendin-4
have been shown by direct, intracerebroventricular
(i.c.v.) administration to promote neurotrophic or neu-
roprotective actions (Perry et al., 2003). In addition, spe-
cific GLP-1R stimulation can enhance cognitive func-
tions in rodents (During et al., 2003). Earlier in vitro
studies have shown that exendin-4 can promote neurite
outgrowth in PC12 cells (Perry et al., 2002); protect
cultured hippocampal neurons from apoptotic insult
(Perry et al., 2003); and stimulate transcription of tyro-
sine hydoxylase (TH), the rate-limiting enzyme for the
dopamine (DA) synthesis, in brainstem catecholamine
neurons (Yamamoto et al., 2002). Because of the pleio-
tropic effects of exendin-4 in the CNS, we set out to
investigate whether this peptide was able to modulate
neurogenesis and functional recovery after neuronal loss
in the adult brain.

Our results show that exendin-4 stimulates adult
neurogenesis in vitro and in vivo. In addition to these
findings, we also provide evidence that exendin-4 has
the ability to restore function in a 6-hydroxydopamine
(6-OHDA) animal model of PD. Finally, our results
show that exendin-4 treatment results in an increase in
the number of neurons positive for TH and vesicular
monoamine transporter 2 (VMAT2) in the substantia
nigra (SN) of animals lesioned with 6-OHDA compared
with untreated, lesioned control.

MATERIALS AND METHODS
Reagents

Exendin-4 (E-7144), rat serum albumin (RSA), Tween,
Triton X-100, hyaluronidase, fast diaminobenzidine (DAB),
microtubule-associated protein 2 (MAP-2) antibody, H,O,,
DAPI, DNase, trypsin, and trypsin/EDTA in Hank’s balanced
salt solution (HBSS) were from Sigma-Aldrich (St. Louis,
MO). Dulbecco’s modified Eagle’s medium (DMEM),
DMEM/F12, DMEM + glutamax-I, fetal calf serum (FCS),
B27 supplement, penicillin, streptomycin, basic fibroblast
growth factor (bFGF), N2 supplement, and trypsin/EDTA
were from Invitrogen (La Jolla, CA). GLP-1 (7-37) was from
Phoenix Pharmaceuticals. Epidermal growth factor (EGF) was
from BD Biosciences (San Jose, CA). The doublecortin
(DCX) antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA) and the Vectastain ABC kit from Vector Laborato-
ries (Burlingame, CA). Xylene-based mounting medium was
from Richard Allan Scientific. The (B-III-tubulin antibody
was from BioSite and neuron-specific enolase (NSE) antibody
from Polysciences Inc. (Warrington, PA). The GLP-1R
detection antibody (ab1318) was from Abcam and the biotin-
ylated secondary antibody (BA-1000) from Vector Laborato-
ries. The mouse anti-DCX antibody, TH (AB152), and
VMAT2 (AB1767) were from Chemicon (Temecula, CA).
The rat monoclonal anti-BrdU antibody was from Harlan and
Hoechst 33342 from Molecular Probes (Eugene, OR). DNase
I was from Ambion (Austin, TX) and paraformaldehyde from
Merck.
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Cell Culture

The anterior wall of the lateral ventricle of 5-week-old
mice (C57 black) was enzymatically dissociated in 0.8 mg/ml
hyaluronidase and 0.5 mg/ml trypsin in DMEM containing
4.5 mg/ml glucose and 80 U/ml DNase at 37°C for 20 min.
The cells were gently triturated and mixed with NSC me-
dium (DMEM/F12, B27 supplement), 100 U/ml penicillin,
and 100 pg/ml streptomycin. After passing through a 70-pm
strainer (BD Biosciences), the cells were pelleted at 200g for
4 min. The centrifugation step was repeated once. The super-
natant was removed, and the cells were resuspended in NSC
medium supplemented with 3 nM EGF. Cells were plated on
culture dishes and incubated at 37°C. Neurospheres were
ready to be split approximately 7 days after plating. Cells from
passage 2 or 3 were routinely used in all in vitro experiments.
To split neurosphere cultures, the spheres were collected by
centrifugation at 200g¢ for 4 min, resuspended in 0.5 ml tryp-
sin/EDTA in 1X HBSS, incubated at 37°C for 2 min, and
triturated gently to aid dissociation. Following an additional
3-min incubation at 37°C and trituration, the cells were pel-
leted at 220¢ for 4 min and resuspended in freshly prepared
NSC medium supplemented with 3 nM EGF and 1 nM
bEGF. Cells were plated and incubated at 37°C. The rat stria-
tal embryonic cell line ST14A (Cattaneo and Conti, 1998)
was grown in DMEM + glutamax-I containing 10% FCS.
The cells were split at a ratio of 1:5 twice per week.

ATP Assay

Intracellular ATP levels have been shown to correlate
with cell number (Crouch et al., 1993). Neurospheres were
split and seeded in NSC medium as a single-cell suspension in
96-well plates (Corning), 10,000 cells/well. Exendin-4 was
added, each dose to four parallel wells (quadruplicates), and
incubated at 37°C for 4 days. Intracellular ATP was measured
with an ATP kit according to the manufacturer’s instructions
(BioThema, Sweden). The ST14A cells were seeded at 2,000
cells/well in 96-well plates in DMEM/F12 containing N2
supplemented with 1% FCS for 2 hr until the cells had
attached. After cell attachment, the medium was changed to
serum-free medium, and 100 nM exendin-4 was added. The
cells were incubated at 37°C for 3 days and analyzed for ATP
content as described above.

In Vitro Bromodeoxyuridine Incorporation Assay

To assay bromodeoxyuridine (BrdU) on adherent cells,
neurospheres were split and seeded on poly-D-lysine-coated
96-well plates (Corning), 30,000 cells/well, passage 3, in NSC
medium supplemented with 1% FCS. After 4 hr, the medium
was changed to serum-free medium, and 100 nM of exendin-
4 was added. The cells were incubated at 37°C for 3 days. To
assay BrdU incorporation in neurospheres or in ST14A cells,
cell culturing and exendin-4 treatment was performed as
described for the ATP assay. During the final 24 hr of the
experiment, a final concentration of 10 pM BrdU was pres-
ent. BrdU quantification was analyzed by ELISA according to
the manufacturer’s instructions in the kit (Roche).
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Cell Counts

Adherent NSC cultures were prepared as described
above but were incubated with 1% FCS for 24 hr before
changing the media. The cells were treated with GLP-1 (7-
37) for 3 days, and the cells were rinsed with PBS and fixed
with 4% formaldehyde in PBS for 5 min. After fixation, cells
were washed and permeabilized with 0.1% Triton X-100 in
PBS and stained with 3 nM DAPI. The DAPI-stained cells
were analyzed and counted in the InCell Analyzer 1000 sys-
tem (GE Healthcare). Image analysis was performed in InCell
Analyzer Workstation version 3.3. The Dual-Area Object
analysis algorithm was used. For each experiment and each
staining, a threshold level of DAPI signal in the nuclear area is
determined manually and used, together with nuclear size, to
define nuclei and applied to count cell nuclei and thus cell
number. In each well, four nonoverlapping areas were ana-
lyzed.

In Vitro Differentiation Assay

NSC were plated on poly-D-lysine in 24-well plates,
200,000 cells/well, in NSC medium supplemented with 1%
FCS. After 24 hr, medium was changed to serum-free me-
dium, and 100 nM exendin-4 was added. Cells were incu-
bated for 6 days, with one medium change and addition of
fresh exendin-4 after 3 days. After the incubation period, cells
were washed in PBS, fixed with 4% paraformaldehyde (PFA)
for 10 min, and washed again. The cells were with 0.1%
Tween in PBS and incubated with primary antibodies for 18 hr
at 4°C. The following antibodies were used: DCX (1:100),
MAP2 (1:500), B-II-tubulin (1:500), and NSE (1:2,000). Cells
were rinsed several times with PBS before exposure to appropri-
ate fluorochrome-conjugated secondary antibodies for 2 hr at
room temperature. Nuclei were counterstained with Hoechst
33342.

Stained cells were analyzed and counted in the InCell
Analyzer 1000. Image analysis was performed in InCell Ana-
lyzer Workstation version 3.3 software. The Dual-Area Object
analysis algorithm was used. First, nuclei were located based
on the image from the Hoechst staining. Second, a 1.6-pm
collar was defined around the nucleus, facilitating the detec-
tion of perinuclear staining. For each experiment and each
staining, a threshold level of signal in the perinuclear area or
within the nucleus required to classify the cell as positive was
determined manually.

RT-PCR

NSC and lateral ventricle wall (LVW) tissue were col-
lected from of 5—-6-week-old mice (C57 black). Total RNA
was extracted using the RNeasy mini kit (Qiagen, Valencia,
CA), and the RNA was DNase I treated to eliminate possible
DNA contamination. The following primer pair was used for
GLP-1R  detection: 5'-TCAGAGACGGTGCAGAAATG-3'
and 5-CAGCTGACATTCACGA AGGA-3'. A one-step
RT-PCR was performed according to the manufacturer’s
instruction (Superscript One-Step PCR With Platinum Tag;
Invitrogen). Controls for contamination by exogenous or
genomic DNA included parallel reactions in which the RT-
Taq polymerase mix was replaced by Taq polymerase alone,

with or without total RNA. RNA from total mouse brain
was used as a positive control. The RT-PCR consisted of one
cycle of 50°C for 30 min and 94°C for 2 min; 35 cycles of
94°C for 15 sec, 52°C for 30 sec, 72°C for 15 sec; last cycle
72°C for 7 min. The PCR product was analyzed on a 1.5%
agarose gel containing ethidium bromide. The product was
sequenced to verify the identity of the band.

GLP-1R Immunohistochemistry

Male Sprague Dawley rats (B&K Universal, Sollentuna,
Sweden) weighing about 300 g were housed under standard
conditions with feeding and drinking ad libitum. Transcardial
perfusion with 4% PFA was performed, brains were frozen in
isopentane, and 12-pm coronal sections from the LVW
(bregma 1.20; Paxinos and Watson, 1989) were stained immu-
nohistochemically using a rat polyclonal antibody directed to-
ward GLP-1R. Briefly, sections were postfixed in 4% PFA,
washed in PBS, treated with 0.3% H>O, in methanol for
20 min, and washed again. Incubation with GLP-1R antibody
(1:100) was performed at 4°C overnight in PBS with 0.1%
Tween and 10% goat serum. On the following day, sections
were washed and incubated for 1 hr at room temperature
with biotinylated secondary antibody diluted in 0.1% PBS-
Tween. Sections were washed again, and DAB staining was
performed according to the Vectastain ABC kit instructions
(Vector Laboratories). Tissue sections were counterstained
with hematoxylin, dehydrated, placed in xylene overnight,
and mounted with xylene-based mounting media.

BrdU or DCX Immunohistochemistry

Male Wistar rats (Harlan-Winkelmann, Germany)
weighing about 270 g were housed under standard conditions,
with feeding and drinking ad libitum. Animals were injected
intraperitoneally (i.p.) twice daily for 7 days with 1 pg/kg
exendin-4 and 50 mg/kg BrdU in PBS containing 0.1% RSA
for 7 days (N = 10). In further animal experiments, we
reduced the dose to 0.1 pg/kg exendin-4, because we
observed similar effects on NSC BrdU incorporation at this
dose (data not shown).

The vehicle group received BrdU in PBS containing
0.1% RSA (N = 12). Transcardial perfusion with 4% PFA
was performed on day 8. After dissection, brains were sec-
tioned at 25 pm coronally through the lateral ventricle
(bregma 1.20; Paxinos and Watson, 1989). Immunohisto-
chemistry was performed on free-floating sections, which were
denatured in 2 M HCI and incubated with serum to reduce
nonspecific binding. Primary antibody, mouse anti-DCX
(1:100) and rat monoclonal anti-BrdU (1:100) were incubated
with the sections at 4°C overnight. The sections were then
stained with biotinylated secondary antibody for 30 min,
washed and stained with Vector Elite Kit and fast DAB accord-
ing to the manufacturer’s instructions, and mounted on micro-
scope slides. BrdU-positive cells were counted along the LVW
(including the ependymal cell layer and the SVZ). The cell
count was divided by a defined distance along the LVW and
referred to as numerical density. The mean value for the exper-
imental groups was compared with that of the control group.
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6-OHDA Lesions

Male Sprague-Dawley rats weighing 280-350 g were
housed in a temperature-controlled room under a 12-hr light/
dark cycle, with food and water ad libitum. Thirty minutes
prior to surgery, animals were injected intraperitoneally with
pargyline (5 mg/kg; monoamine oxidase inhibitor) and desipr-
amine (25 mg/kg; noradrenaline uptake inhibitor). Rats were
then placed in a stereotactic frame under general anesthesia
(halothane). A small burr hole was made in the right side of
the skull. Each animal received a unilateral injection of 4 pg
of 6-OHDA (in 2 pl sterile water with 0.1% ascorbic acid) or
vehicle into the right medial forebrain bundle at coordinates
—2.8 mm from bregma, 2 mm lateral to the midline, and
8.6 mm below the skull according to the atlas of Paxinos
and Watson (1989). The 6-OHDA injection was made over a
5-min period using a 5-pl Hamilton syringe. The rats were
allowed to recover for 5 weeks following the lesion (Unger-
stedt and Arbuthnott, 1970).

Study Design

Two lesion groups consisting of 15 rats each and two
sham group of five rats each (i.e., 40 animals in total) were
used in the study. One sham group and one lesion group
received vehicle, whereas the other sham and lesion group
received exendin-4 (0.1 pg/kg exendin-4 in PBS) twice daily
for 21 days. The animals were randomly assigned to vehicle
vs. exendin-4 groups. During the study, the animals received
0.05 mg/kg s.c. apomorphine and 5 mg/kg 1.p. amphetamine
once per week for 8 weeks after initiation of drug treatments
to measure rotational activity (see Fig. 6).

Rotational Activity

Rotations were measured by counting the total number
of rotations during 1 hr. For apomorphine, net contraversive
rotations were plotted and for amphetamine, net ipsiversive
rotations were plotted. Data derived from automated rotome-
ters were analyzed in GraphPad Prism 3. To select animals
with a partial lesion, animals were excluded from the final
data analysis based on the following criteria: 1) a rotational
response to apomorphine (indicates a full lesion), 2) no rota-
tional response to amphetamine up to week 1 (i.e., <50 net
ipsiversive rotations; indicates a nonsufficient lesion), and 3)
animals terminated before the end of the study. After applica-
tion of these exclusion criteria, the final numbers of rats in
each group were five in the sham groups and eight in the
groups with lesioned animals.

Immunohistochemistry for TH and VMAT2

For each of the 16 animals with a partial 6-OHDA
lesion (eight vehicle and eight exendin-4 treated), coronal tis-
sue sections (12 pm) from striatum (bregma +1 to +0.2) and
SN (bregma —4.80 to —6.04) were analyzed by immunohis-
tochemistry using antibodies directed toward TH or VMAT2.
Briefly, tissue sections were dried, postfixed in 4% paraformal-
dehyde, washed in PBS, treated with 0.3% H,O, in methanol
for 20 min, and washed again. Incubation with TH (1:800) or
VMAT?2 (1:250) antibody was performed at 4°C overnight in
PBS with 0.1% Tween and 10% goat serum. On the follow-
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ing day, sections were washed and incubated for 1 hr at room
temperature with biotinylated secondary antibody diluted in
0.1% PBS-Tween. DAB staining was performed according to
the Vectastain ABC kit instructions (Vector Laboratories). For
each animal, three tissue sections from one level of striatum
were stained and analyzed for TH-positive fiber innervation.

To achieve a TH and VMAT?2 cell count representative
of the whole SN, each animal was analyzed at four and three
rostrocaudal levels for the TH and VMAT?2, respectively
(bregma —4.80 to —6.04). Two tissue sections from each
level were quantified by immunohistochemistry. Thus, eight
tissue sections were analyzed for each animal for the TH stain-
ing, whereas, for the VMAT?2 staining, six different sections
per animal were counted for positive cells. To compare the
effect mediated by exendin-4 vs. vehicle, the number of TH/
VMAT2-immunopositive cells on the lesioned (ipsilateral) side
of SN was normalized to the nonlesioned side in each tissue
section analyzed. The median value of all analyzed sections
was calculated for each animal. To evaluate whether the me-
dian values of the exendin-4-treated animals were significantly
different from the median values of the vehicle-treated ani-
mals, the nonparametric Mann-Whitney U-test was per-
formed.

Animal Use and Care

The study was performed according to guidelines of the
Karolinska Institutet and was approved by the Animal Ethical
Committee (Stockholms norra djurforsoksetiska nimnd, Sodra
Roslags Tingsritt, Stockholm, Sweden).

Statistical Analysis

In every in vitro experiment, the effect of the each
compound and dose was determined in quadruplicate (four
parallel wells) in three different cell preparations. Unpaired
Student’s ft-test was carried out in Microsoft Excel 2003 SP2.
One-way ANOVA, Fisher’s exact test, Dunnett’s post hoc
test, and Mann-Whitney U-test were carried out in GraphPad
Prism for Windows versions 3 and 4.03.

RESULTS

The Adult Rodent Brain SVZ Expresses
the GLP-1R

Expression of GLP-1R in the brain during devel-
opment and adulthood has previously been reported
(Campos et al., 1994; Calvo et al., 1995; Goke et al.,
1995; Merchenthaler et al., 1999). The presence of
GLP-1R in neurogenic regions of the adult brain and in
NSC could suggest a role for GLP-1R in adult neuro-
genesis. We carried out RT-PCR experiments on SVZ
tissue dissected from adult mouse brain and on NSC cul-
tures isolated from the LVW expanded as neurospheres
(see Materials and Methods). Bands of the expected size
were amplified from RINA isolated from whole brain,
SVZ tissue, and NSC cultures (Fig. 1A). Sequencing was
used to confirm the identity of the bands (corresponding
to NCBI No. gi2597977/embAJ001692.1). The nega-
tive controls suggested no contamination of DNA of
genomic or plasmid origin (data not shown). Real-time
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NSC Lvw

100 bp
ladder

Brain

Fig. 1. The GLP-1 receptor is expressed in cultured neural stem cells
and in the lateral ventricular wall of adult rodent brains. With primer
pairs specific for the glp-1r gene, RT-PCR on total RNA from cul-
tured mouse NSCs, LVW tissue and whole brain gave a single band
of the expected size (158 bp; arrow; A). Coronal sections of rat brain
tissue were stained with an antibody directed toward GLP-1R

PCR was used to confirm these results and verify that
glp-1r mRNA was also expressed by NSC cultures
grown adherently and expanded as spheres and in tissue
from the LVW (data not shown). We analyzed GLP-1R
protein expression in the LVW of adult rats by immuno-
histochemistry. GLP-1R-positive cells were abundant
along the SVZ (Fig. 1B,C). These results, together with
the positive PCR findings, demonstrate that the GLP-
1R mRNA and protein are expressed in neurogenic
regions of the adult rodent brain.

Exendin-4 Stimulates In Vitro Neurogenesis

To address whether exendin-4 can modulate adult
neurogenesis, we first investigated the effect of this pep-
tide on NSC in vitro. NSC, expanded as neurospheres,
were dissociated and treated with exendin-4 for 4 days.
To analyze whether exendin-4 affects cell number in
vitro, we used an assay measuring intracellular ATP lev-
els, previously shown to correlate to cell number
(Crouch et al., 1993). Figure 2A shows a statistically sig-
nificant, dose-dependent increase in the amount of ATP,
and hence cell number, in response to exendin-4 treat-
ment compared with the vehicle control. We also
employed a BrdU incorporation assay that allows detec-
tion of DNA synthesis to quantify the number of prolif-
erating cells in our cultures (Taupin, 2007). Neuro-
spheres were treated with exendin-4 for 3 days and

(brown). GLP-1R expression is seen in the lateral ventricular wall
(B). In C, an enlargement of B is shown. A negative control in ab-
sence of GLP-1R antibody with only the secondary antibody is
shown in D. All sections were counterstained with hematoxylin
(blue). NSC, neural stem cell; LVW, lateral ventricle wall; Str, stria-
tum. Scale bars = 80 pm in B; 20 pm in C; 100 pm in D.

BrdU was added for the final 24 hr. Figure 2C shows
that exendin-4 treatment led to a statistically significant
increase in cellular BrdU incorporation compared with
the vehicle control, an increase that was also evident in
NSC grown adherently (Fig. 2E). Some variations in the
extent of cell number increase and BrdU incorporation
in response to exendin-4 treatment were observed
between different primary isolations, with significant
effects being obtained in approximately 80% of all
experiments performed. In addition to the effects on
NSC isolated from the adult SVZ, exendin-4 was also
capable of significantly increasing intracellular ATP levels
and BrdU incorporation in cultures of the rat embryonic
striatal-derived stem cell line ST14A (Cattaneo and
Conti, 1998; Fig. 2B,D). Exendin-4 is a selective agonist
for the GLP-1R (Goke et al., 1993; Thorens et al.,
1993; Wheeler et al., 1993); however, to add credence
to the notion that the effects of exendin-4 are exerted
through the GLP-1R, the receptor’s endogenous ligand
GLP-1 (7-37) was also tested. Treatment of NSC with
GLP-1 (7-37) at 100 nM and 1,000 nM was found to
increase the total cell number significantly compared
with control (Fig. 2F). Thus, exendin-4 causes an
increase of cell number in adult mouse NSC cultures,
grown as neurospheres or adherently, as measured by
ATP levels or by BrdU incorporation, as well as in the
rat embryonic striatal-derived stem cell line ST14A. To
investigate whether exendin-4 is capable of stimulating
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Fig. 2. Exendin-4 treatment increases cell number in vitro. NSCs
grown as neurospheres were treated with increasing concentrations of
exendin-4 for 4 days in vitro followed by quantification of intracellu-
lar ATP, a measure of cell number. A dose-dependent, statistically
significant increase in ATP is seen with increasing exendin-4 doses
(A). NSCs, grown in suspension (C) or adherently (E), were exposed
to 100 nM exendin-4 for 3 days. BrdU was present during the last
24 hr. Statistically significant increase in BrdU incorporation, as
measured by ELISA (Icps = light count per second), is demonstrated.
Statistically significant increases in ATP levels (B) and BrdU incorpo-

differentiation of in-vitro-cultured NSC toward a neuro-
nal phenotype, we analyzed expression phenotype by
immunocytochemistry. The number of labelled and
unlabelled cells was quantified by using an automated
image acquisition and analysis system (see Materials and
Methods). NSC plated adherently and exposed overnight
to serum were treated with exendin-4 for 6 days and
were analyzed for B-II-tubulin, MAP2, DCX, and NSE
expression by immunocytochemistry. Figure 3 and Table
I show that the proportion of cells in the population
expressing the neuronal marker (B-III-tubulin increased
from 3% to 15%. Similarly, in the population counted,
MAP2-positive cells increased from 1% to 3% and NSE-
positive cells from 7% to 24% upon exendin-4 treatment
(Fig. 3, Table I). The number of cells expressing the
early neuronal marker DCX was not increased at this
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ration (D) were also observed in the rat stem cell line ST14A when
treated with 100 nM exendin-4 for 3 days. After a 3-day treatment
of adherent NSC cultures with the endogenous GLP-1R ligand
GLP-1 (7-37), an increase in cell number, as quantified using the
InCell Analyzer, could be demonstrated (F). Columns represent
mean values, whereas error bars represent SD of the quadruplicate
measurements in the single representative experiment. *P < 0,05,
**p < 0,01, ***P < 0,001, one-way ANOVA (A,F) or unpaired
Student’s t-test (B—E).

time point (Table I). In summary, these results indicate
that exendin-4 is active on in-vitro-cultured NSC by
triggering both proliferation and neuronal differentiation.

Exendin-4 Stimulates Neurogenesis in the SVZ of
the Adult Rat Brain

Our results showing that exendin-4 is a regulator
of NSC fate and number in vitro suggest that exendin-4
could act as a modulator of neurogenesis in vivo. To
address this question, we first investigated whether exen-
din-4 was able to promote in vivo cell proliferation in
the SVZ of adult rats. Adult rats were injected 1.p. with
exendin-4 twice daily for 7 days. BrdU was coadminis-
tered to detect DNA synthesis. Brains were sectioned
coronally through the lateral ventricle, sections were im-
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munostained for BrdU, and the stained cells were
counted. There is an increase in BrdU-positive cells
along the LVW after exendin-4 treatment compared
with vehicle (Fig. 4A). Quantification shows that exen-
din-4 almost doubled the number of BrdU-positive cells
in the SVZ compared with the vehicle control (Fig. 4B).
To assess whether exendin-4 treatment increases the for-
mation of new neurons in vivo, striatal coronal sections
were immunostained with DCX, a marker for neuro-
blasts. In the adult brain, DCX is expressed mainly in
the SVZ, rostral migratory stream, and hippocampus, but
some DCX-expressing cells also migrate from the SVZ
toward the medial striatum. The detection of DCX in
the striatum has been shown to reflect levels of adult
neurogenesis (Arvidsson et al., 2002; Couillard-Despres

=11 Tubulin

f il Tubufin

Fig. 3. Exendin-4 increases neuronal differentiation in cultured adult
mouse neurospheres (NSC). NSCs were treated with 100 nM exen-
din-4 for 6 days (B,D,F) and compared with control cells (A,C,E).
Cells were fixed and stained with antibodies for B-III-tubulin (A,B),
MAP2 (C,D), and neural specific enolase (E,F).

et al., 2005). We found many DCX-positive cells in the
SVZ, but reliable quantification was difficult because of
the high density of DCX expression. However, DCX-
positive cells were also observed, and could be quanti-
fied, in the medial striatum adjacent to the SVZ. We
found that exendin-4 treatment increased the number of
DCX-positive cells by about 1.7-fold compared with ve-
hicle control (P < 0.01; Fig. 5A). A representative pic-
ture of DCX-positive cells from medial striatum adjacent
to the SVZ is shown in Figure 5B,C. Altogether, our
results show that exendin-4 can stimulate neurogenesis
from adult NSC in vivo.

Exendin-4 Treatment Reduces Amphetamine-
Induced Rotations in the 6-OHDA Model of
Parkinson’s Disease

To investigate the potential of exendin-4 to elicit
recovery of function in a model of PD, we chose a PD
model in which the animals have a partial, unilateral loss
of dopaminergic neurons. The lesion is induced by a sin-
gle injection of 6-OHDA in the median forebrain bun-
dle (see Materials and Methods). Upon amphetamine
stimulation, these animals will display ipsiversive rota-
tional behavior as a result of the imbalance in DA release
resulting from the unilateral loss of DA cells. This allows
the functional effects of a compound tested in this model
to be quantified by counting the number of ampheta-
mine-induced rotations (Ungerstedt and Arbuthnott,
1970). Two sham groups, vehicle or exendin-4 treated,
were included as controls. The experimental setup is
outlined in Figure 6.

Prior to the initiation of exendin-4 or vehicle
treatment, the number of amphetamine-induced net ipsi-
versive rotations was 275 * 51 in the group of lesioned
animals that were to receive vehicle only. In the group
of lesioned animals to receive exendin-4, the number of
rotations was 254 * 63. The difference between the
groups was not significant (P > 0.05, unpaired t-test;
Fig. 7). In the group of lesioned animals receiving vehi-
cle only, weekly amphetamine challenges had no effect
on rotation compared with the response before the ini-
tiation of treatment (all P > 0.05, one-way repeated-
measures ANOVA followed by Dunnett’s test; Fig. 7).
In lesioned animals that received exendin-4, however,
weekly amphetamine challenges caused a significant
reduction in net ipsiversive rotations at weeks 3—8 com-
pared with the response before the initiation of treat-

TABLE I. Exendin-4 Induces Neuronal Differentiation in Cultured Adult Mouse Neural Stem/Progenitor Cells*

B-III-Tubulin MAP2 NSE Doublecortin
Ctrl Ex Ctrl Ex Ctrl Ex Ctrl Ex
Counted cells 2,905 3,397 1,309 1,117 1,006 1,129 2,456 2,856
Positive cells 89 521 15 35 66 271 129 135
Percentage positive cells 3 15 1 3 7 24 5 5
Fisher’s exact test P < 0.0001 P < 0.001 P < 0.0001 P > 0.05

*Quantification of stained NSC in Figure 3 using the InCell Analyzer 1000. Twelve randomized fields/well were counted. Fisher’s exact test was used

for data analysis. Ctrl, control; ex, exendin-4.

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 4. Exendin-4 treatment increases the number of BrdU-positive
cells in the subventricular zone. After 7 days of i.p. injections of
exendin-4 and BrdU, rat brains were analyzed for signs of NSC pro-
liferation in vivo. A representative micrograph shows increased BrdU
labelling of the subventricular zone in the exendin-4 treated animals
compared with the control (A). To quantify the effect, cells in the
SVZ along a distance of 600 um were counted in two sections, start-
ing in the dorsolateral corner of the lateral ventricle (B). Numerical
density is defined as number of cells counted, divided by the dis-
tance. Error bars represents SEM values. **P < 0,01, Student’s -test.

ment (al P < 0.01, one-way repeated-measures
ANOVA followed by Dunnett’s test; Fig. 7). The reduc-
tion at week 8 was 78% compared with pretreatment
levels. Comparison of the vehicle-treated lesioned group
with the exendin-4-treated lesioned group showed a sig-
nificant difference in ipsiversive rotations at weeks 3-8
(al P < 0.05, unpaired t-test; Fig. 7). Amphetamine
(5 mg/kg i.p.) did not induce rotation in either of the
sham-operated groups at any stage during the study. In
summary, exendin-4 treatment resulted in an almost
complete normalization of amphetamine-induced rota-
tions in the 6-OHDA model of PD.

Exendin-4 Increases the Number of TH/VMAT2-
Positive Neurons in the 6-OHDA Animal Model

To investigate the mechanisms responsible for the
exendin-4-induced recovery in the 6-OHDA animal
model, we performed immunohistochemical characteri-
zation of the SN. First, we determined the number of
cells positive for TH, the rate-limiting enzyme for the
DA synthesis, in tissue collected 5 weeks after the last
exendin-4 treatment (see Fig. 6 for study design). Six-
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Fig. 5. Exendin-4 treatment increases the number of neuronal pre-
cursors in the medial striatum. After 7 days of i.p. injections of exen-
din-4, rat brains were analyzed for DCX-positive cells in the medial
striatum. The number of immunoreactive cells, counted in the stria-
tum adjacent to the SVZ from two sections per animal, was signifi-
cantly higher in exendin-4-treated animals compared with untreated
controls (A). A representative picture of DCX-stained cells is shown
in B,C. Numerical density = number of cells counted divided by
the area. Error bars represents SEM values. **P < 0,01, Student’s
f-test.

teen animals (eight vehicle and eight treated with exen-
din-4) were analyzed immunohistochemically with an
antibody directed toward TH. Neurons positive for TH
were counted in eight coronal tissue sections taken at
different levels of the SN (see Materials and Methods for
further details). To quantify the staining, we counted the
number of TH neurons on the ipsilateral side of the SN
and normalized to the cell counts on the contralateral
side. Interestingly, the number of TH-positive neurons
on the ipsilateral side was significantly higher (P < 0.05)
in the group treated with exendin-4 (Table II). The nor-
malized median cell counts for the exendin-4-treated
animals were 0.24 (min 0.12, max 0.60) and for the ve-
hicle-treated animals 0.12 (min 0.079, max 0.44). Thus,
exendin-4 treatment resulted in a doubling of TH-posi-
tive neurons in the ipsilateral SN. The number of TH-
positive neurons on the nonlesioned contralateral side
was not affected by the exendin-4 treatment. Figure 8
shows representative examples of TH staining from the
contralateral and ipsilateral SN in vehicle- and exendin-
4-treated animals, respectively. The increased numbers
of TH-positive cells in treated animals correlated with
increased TH-positive fiber staining in striatum (data not
shown).



334 Bertilsson et al.
G-OHDA Sacrifice
Week 5 -4 3 2 -1 o 1 2 3 4 5 6 T 8

—_—
Amphetamine-induced rolations

P
-

Fig. 6. Study design. Four groups of rats were partially lesioned with
unilateral injections of 6-OHDA in the medial forebrain bundle. The
lesion was allowed to stabilize for 5 weeks. Each group received ve-
hicle or drug treatment twice per day for 21 days. During the study,
the animals received 5 mg/kg amphetamine intraperitoneally once
per week for 8 weeks after initiation of drug treatments, and rota-
tional activity was measured weekly.
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Fig. 7. Functional recovery in the 6-OHDA model of PD following
exendin-4 treatment. Partially 6-OHDA lesioned rats were allowed
to recover for 5 weeks before exendin-4 treatment (3 weeks; twice
daily, intraperitoneally). Amphetamine-induced rotations were moni-
tored weekly, starting at the beginning of the treatment, for 8 weeks,
and a significant effect of exendin-4 was observed from week 3. **P <
0.01 vs. week 0; one-way repeated-measures ANOVA followed by
Dunnett’s test. *P < 0.05 vs. lesion + vehicle; unpaired #-test.

To characterize further the effect of exendin-4 on
DA neurons, we examined the expression of VMAT?2.
VMAT?2 is a key regulator of neurotransmission and is
responsible for the proper storage and handling of DA,
including filling of synaptic vesicles with the neurotrans-
mitter. It is thought that VMAT?2 serves a neuroprotec-
tive role in the DA system by sequestering DA into
vesicles, which prevents autooxidation of cytosolic DA
and resulting free radical generation (Miller et al., 1999).
The treatment with exendin-4 resulted in a significant
increase in the number of VMAT2-stained cells, con-
firming the results of the TH immunostaining (Fig. 9).

TABLE II. TH and VMAT?2 Cell Counts in Substantia NigraJr

Treatment TH ipsi/contra VMAT?2 ipsi/contra N
Median vehicle 0.12 (0.10-0.13) 0.074 (0.03-0.12) 8
Median exendin-4 0.24* (0.16-0.51) 0.21% (0.12-0.24) 8

Values are cell counts on the ipsilateral (lesioned) side divided by cell
counts on the contralateral (nonlesioned) side. Median values for each
group; the 25"-75" percentile are shown in parentheses. Each animal’s
data were collected from eight (TH) or six (VMAT?2) serial sections from
substantia nigra between bregma —4.80 and —6.04.

*Cell counts for both TH and VMAT2 are statistically higher (Mann-
Whitney unpaired test; P < 0.05) in the exendin-4-treated compared
with the vehicle-treated animals.

Fig. 8. Increased number of TH-positive neurons in the animals
treated with exendin-4. TH immunostaining of coronal sections
taken from the substantia nigra at week 8. Representative examples
of stainings in the ipsilateral (B,D) and contralateral (A,C) SN in ani-
mals treated with vehicle (A,B) or exendin-4 (C,D). Scale bars =
100 pm.

In more detail, the treatment with exendin-4 signifi-
cantly (P < 0.05) increased the VMAT2-positive neu-
rons; the normalized cell counts for exendin-4 were
0.21 (min 0.08, max 0.37) compared with 0.074 (min
0.017, max 0.37) for the vehicle-treated animals (Table
II). In summary, our results show that exendin-4 treat-
ment results in an increased number of TH- and
VMAT2-positive neurons in the 6-OHDA animal
model of PD.

Journal of Neuroscience Research DOI 10.1002/jnr



Fig. 9. Increased number of VMAT2-positive neurons in the animals
treated with exendin-4. VMAT2 immunostaining of coronal sections
from substantia nigra. Representative examples of stainings in the ip-
silateral (B,D) and contralateral (A,C) substantia nigra in animals
treated with vehicle (A,B) or exendin-4 (C,D) are shown. The tissue
sections shown in this figure are consecutive sections taken from the
same animal as shown in Figure 8. Scale bars = 100 pm.

DISCUSSION

Previously published work has shown that exen-
din-4 can promote B-cell proliferation and islet neogen-
esis (Li et al., 2003; Gedulin et al., 2005). It has also
been demonstrated that exendin-4 is able to enhance the
differentiation of insulin-producing cells from embryonic
stem cells (Bonner-Weir and Weir, 2005); however, no
evidence for regenerative activity in the CNS or NSC
stimulation has been previously reported. In this study,
we investigated the potential of exendin-4 to modulate
the activity of adult NSC. First, we showed that the re-
ceptor for exendin-4, GLP-1R, is expressed in the
mouse SVZ, a site for NSC in the adult brain. With dif-
ferent methods, we have shown exendin-4 to influence
NSC culture growth significantly. An increase in overall
cell number and in the number of cells undergoing mi-
tosis was found in NSC cultures grown as neurospheres
or as adherent monolayers and also in a rat embryonic
striatal-derived stem cell line, ST14A. The endogenous
GLP-1R ligand GLP-1 (7-37) (Kieffer and Habener,
1999) was also effective in promoting an increase in cell
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number. In an attempt to confirm that the GLP-1R is
responsible for the effects, we also tested two com-
pounds described in the literature as GLP-1R antago-
nists, exendin-4 (3—-39) and exendin-4 (9-39) (Mon-
trose-Rafizadeh et al., 1997a). Intriguingly, when tested
in our experimental systems, the 3-39 and the 9-39
forms of exendin-4 significantly increased the cell num-
bers (data not shown). Interestingly, previous studies
have shown that exendin-4 (9—39) can act as a GLP-1R
agonist rather than as an antagonist in several cell types
(Montrose-Rafizadeh et al., 1997b; Yang et al., 1998;
Gonzalez et al., 2005), something that requires consider-
ation when drawing conclusions. Taken together, our
data show that exendin-4 can stimulate adult NSC as
well as embryonic striatal stem cells and that the eftects
are likely to be GLP-1R mediated.

To investigate the differentiation potential of NSC
upon exendin-4 stimulation, the expression of certain
markers for neuronal differentiation was studied. Exen-
din-4 treatment caused an increase in the percentage of
cells expressing the neuronal markers MAP2, B-I1I-tubu-
lin, and NSE. This indicates that, at least in vitro, differ-
entiation along the neuronal lineage is possible.

To study whether the eftects of exendin-4 found
in vitro on NSC also occur in neurogenic regions of the
adult brain, adult mice (data not shown) or rats were
treated with exendin-4. We found that exendin-4 pro-
moted a significant increase in the number of cells that
incorporate BrdU in the SVZ as well as in the number
of cells expressing the early neuronal marker DCX in
the medial striatum adjacent to the SVZ. However, it
should be noted that our experiments do not rule out
that survival of NSC could contribute to the neurogenic
net effects by exendin-4 in vitro or in vivo. Work by
Arvidsson et al. (2002) shows that newly formed cells in
the SVZ have the potential to become DCX-expressing
neuroblasts with the ability to migrate into the medial
striatum. Interestingly, the in vitro differentiation experi-
ments show that exendin-4 increases the proportion of
cells expressing the neuronal markers B-III-tubulin,
MAP2, and NSE but not DCX. In contrast, after exen-
din-4 treatment there was a significant increase in the
DCX-immunopositive cells in vivo. One explanation for
this discrepancy is that the time point analyzed in vitro
was not optimal for studying DCX gene expression,
which is known to be transient during neuronal differ-
entiation in vivo. Another possibility is that proper neu-
ronal differentiation does not occur in the in vitro sys-
tem, perhaps because of the lack of proper extrinsic or
intrinsic signals.

Neurogenesis has been shown to occur throughout
life in discrete regions of the CNS in mammals (for
review see Carlen et al., 2006). This slow physiological
turnover of neurons in the adult brain suggests a func-
tional role for NSC in the CNS. Endogenous neurogen-
esis can be regulated by, for example, physical exercise,
enriched environment, injury (stroke), and growth fac-
tors (for review see Emsley et al., 2005; Taupin, 2006).
For instance, after ischemic brain injury, it has been
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shown that i.c.v.-administered growth factors EGF,
FGEF-2, G-CSF, and GDNF increase neurogenesis from
the adult SVZ. The new cells were able to integrate
functionally (Nakatomi et al., 2002; Schneider et al.,
2005; Kobayashi et al., 2006). Thus, the identification of
compounds that can selectively trigger NSC to prolifer-
ate and to differentiate into desired phenotypes could be
useful for the treatment of neurological diseases. Such
compounds could be used for expanding subsets of
defined cells populations for transplantation therapies or
be used to stimulate adult neurogenesis.

Exendin-4 is used for the treatment of diabetes
type II. Also, exendin-4 passes the blood—brain barrier,
at least in mice (Kastin and Akerstrom, 2003), and could
possibly have therapeutic CNS eftects also after periph-
eral administration. Although additional experimental
evidence is needed, this suggests a potential role for
exendin-4 in the treatment of, e.g., Parkinson’s disease,
stroke, or Alzheimer’s disease based on stimulation of
neurogenesis.

[t is interesting to note that exendin-4 has been
shown to act as a neurotrophic factor, improving mem-
ory/cognition (During et al., 2003; Perry et al., 2003).
Our study, showing that exendin-4 stimulates neurogen-
esis in the SVZ, suggests that the neurogenic effects by
exendin-4 may contribute to the restorative effect
reported. In addition, preliminary data show that exen-
din-4 induces neurogenesis also in the hippocampus
(data not shown).

Neurogenesis in the SN is controversial but is sup-
ported by independent publications (Zhao et al., 2003;
Shan et al., 2006). Our finding that exendin-4 stimulates
adult neurogenesis, together with the finding that this
peptide can directly induce TH transcription in catechol-
amine neurons (Yamamoto et al., 2003), motivated a
study to see whether exendin-4 is capable of inducing
functional recovery in animal models of PD and thus be
considered for the treatment of PD. PD is a pathology
of the CNS that is believed to develop through a gradual
decline in the number of DA neurons in the SN possibly
caused by an abnormally rapid rate of cell death
(Marsden, 1990). Our observation of an exendin-4-
mediated functional recovery in the 6-OHDA model
points to interesting possibilities. As shown in Figure 7,
effects of exendin-4 can be observed relatively soon after
initiation of treatment. The improvement continues
throughout the exendin-4 treatment period and, remark-
ably, persists for another 5 weeks in the absence of the
treatment. Thus, this seems likely to be a plastic rather
than a transitory effect and suggests that exendin-4 is
indeed triggering a stable change in the brain by
improving the course of the pathology rather than just
exerting a symptomatic and acute effect. The increase in
the number of neurons positive for two DA markers,
TH and VMAT?2, reinforces our hypothesis that exen-
din-4 is acting as a disease-modifying molecule. Interest-
ingly, Van Kampen and Eckman (2006) have shown that
SN neurogenesis can be pharmacologically stimulated
following treatment with the dopamine D3 receptor

agonist 7-OH-DPAT. The presence of a slow physio-
logical turnover of neurons in the adult SN is very in-
triguing and points to a functional role for neural stem
cells in the brain that might be pharmacologically regu-
lated, thus offering an attractive way to treat this severe
pathology of the CNS (Borta and Hoglinger, 2007).
However, whether neurogenesis can take place directly
in the adult SN or whether newborn cells in the SN
originate from the LVW 1is still an area of scientific
debate (Mohapel et al., 2005). There may be additional
explanations for the increase of TH/VMAT2-positive
cells caused by exendin-4. For instance, this effect could
also be a result from a phenotypic shift of preexisting
TH-negative neurons in the SN, as was recently pro-
posed for striatal neurons of MPTP-treated primates
(Tande et al., 2006). An additional component of the
effect mediated by exendin-4 could be a trophic effect
on remaining dopaminergic neurons. Although the
lesion we obtained with 6-OHDA was aimed to be a
stable lesion of 70% of DA neurons, we cannot rule out
that some of the lesioned DA neurons in the SN can
reappear. In this case, the surviving DA neurons might
represent a direct target for exendin-4. Continued stud-
ies are needed to elucidate the still debated role of adult
neurogenesis (Meshi et al., 2006; Nygren et al., 2006;
Saxe et al., 2006; Scharfman and Hen, 2007) and the
potential of neurogenic compounds for the treatment of
brain diseases and injuries.

In conclusion, our study shows that exendin-4 is
able to induce proliferation and differentiation in vitro
and in vivo of NSC from the adult SVZ and indicates a
role for exendin-4 as modulator of adult neurogenesis.
We also show that exendin-4 is able to induce a substan-
tial, prolonged, and stable recovery of locomotor func-
tion in the 6-OHDA rat model of PD as well as an
increase in the number of TH/VMAT2-positive cells in
the SN. Once fully clarified, the molecular mechanisms
underlying the effects reported here may open new ave-
nues toward novel therapeutics for PD.
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