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ABSTRACT

In the developing and adult brain, neurotrophic
growth factors support the growth and protec-
tion of dopaminergic neuronal systems. Re-
cently, links between impaired neurotrophin
support of dopamine (DA) neurons has been
described in Parkinson’s Disease (PD). Fibro-
blast growth factor (FGF) has a unique associa-
tion with DA neurons in that FGF signaling is
vitally important for the development and pro-
tection of adult DA neurons. We assessed the
role of substantia nigra (SN)-expressed FGFs in
the nigrostriatal dopaminergic system using a
transgenic mouse, th-fgfri(tk-). In these mice,
generated by expression of dominant negative
FGFR1(TK-) from the tyrosine hydroxylase (TH)
gene promoter, reduced FGF signaling results in
smaller and less dense adult nigrostriatal DA
neurons, similar to what is observed in PD. With
unilateral 6-hydroxydopamine (6-OHDA) lesions,
th-fgfri(tk-) mice exhibited extensive unilateral
nigrostriatal damage with robust spontaneous
(non-drug induced) asymmetrical turning and a
decreased latency to remain on the accelerating
rotarod. L-DOPA remains the gold standard for
PD therapy despite debilitating hyperkinetic and
dyskinetic side effects. The nicotinic acetylcho-
line system has recently been targeted as an
alternative system to combat PD motor symp-
toms. Nicotine effectively stimulates dopaminer-
gic transmission in the nigrostriatal pathway
and mediates movement. Using unilaterally le-
sioned th-fgfri(tk-) mice, long term (11 day) oral
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administration of nicotine increased spontane-
ous bidirectional turning and increased the la-
tency before falling from the accelerating ro-
tarod. In a separate analysis, L-DOPA treatment
reversed directionality of rotation and further
deepened motor discoordination, suggesting ac-
tivation of hypersensitive postsynaptic DA re-
ceptors in the denervated striata. These results
in a transgenic model of PD provide insights into
the cellular mechanisms underlying L-DOPA and
nicotinic therapies and offer further evidence of
nicotine’s capacity to facilitate movement and
enhance motor coordination in PD.

Keywords: Parkinson’s Disease; Fibroblast Growth
Factor (FGF) Signaling; Transgenic Mouse; Nicotine;
L-DOPA

1. INTRODUCTION

The central pathological feature of Parkinson’s Dis-
ease (PD) is a degeneration of nigrostriatal dopamine
(DA) neurons that project from the substantia nigra pars
compacta (SNc) to the dorsolateral striatum. The loss of
DA innervation leads to progressive dysfunction of basal
ganglia motor circuits, resulting in movement impair-
ments such as bradykinesia, resting tremor and altered
motor coordination [1].

Over the past several years it has become increasingly
evident that the loss of DA neurons in PD may be due to
a combination of environmental insults, such as exces-
sive levels of reactive oxygen species (ROS), combined
with varying degrees of genetic/metabolic susceptibility.
Brain neurons, and particularly DA neurons, are sub-
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jected to high levels of oxidative stress from oxygen and
glucose consumption and breakdown, which contributes
to their selective degeneration in PD and related neuro-
degenerative disorders [2,3]. Healthy neurons have var-
ious protective mechanisms against ROS-induced cell
death, and the decline or absence of these systems may
leave neurons more vulnerable to deterioration [4].

Neurotophic factors are small proteins that aid in the
maturation and protection of developing neurons as well
as maintenance and survival of adult neurons [5]. The
antioxidant effects of many neurotrophic factors have
been shown to protect and enhance the vitality of DA
neurons including basic fibroblast growth factor (FGF-2)
[6], glial cell line-derived neurotrophic factor (GDNF) [7,
8], epidermal growth factor (EGF) [9], brain-derived
neurotrophic factor (BDNF) [10], conserved dopamine
neurotrophic factor (CDNF) [11] and mesencephalic
astrocyte-derived neurotrophic factor (MANF) [12]. Re-
ports show decreased levels of FGF, BDNF, NGF and
GDNF in the nigrostriatal DA system and cerebrospinal
fluid of PD patients [13-17] and genetic links between
CDNF [18], BDNF [19] and FGF [20,21] and PD have
been described.

FGF distinguishes itself from other neurotrophic fact-
ors due to its critical role in supporting developing and
adult DA systems [22,23]. FGF-2 promotes the growth
and survival of cultured DA neurons [24-26], protects
against neurotoxin-induced cell death [27-32] and co-
grafting of DA neurons with FGF-2 increases neuronal
survival [17,33,34]. It was reported that FGF signaling
increases DA levels in calbindin-negative SN neurons,
those at greatest risk in PD patients [35]. In human PD
patients there was a reduction in the percentage of FGF-
2 immunoreactive DA neurons relative to healthy sub-
jects (12.7% FGF-2 positive DA neurons versus 82%
FGF-2 positive DA neurons in control brains) [17]. Tim-
mer and colleagues (2007) reported that in adult FGF-2
knockout mice with 6-hydroxydopamine (6-OHDA) les-
ions, significantly fewer DA neurons survived compared
to non-lesioned controls [36].

To further assess the role of substantia nigra (SN)-
expressed FGFs and its homologues in PD, a transgenic
mouse model expressing fgfrl(tk-) receptor from the
tyrosine hydroxylase gene promoter was generated [37].
Phenotypically, th-fgfri1(tk-) mice have smaller and less-
dense midbrain DA neurons, resembling the DA neuronal
hypoplasia observed in adult PD patients [38,39]. These
mice display behavioral abnormalities associated with
dysfunctional DA release such as impaired sensorimotor
gating (reduced prepulse inhibition of the startle res-
ponse), abnormal social interaction and cognitive dys-
function [37,40,41].

Here we demonstrate that unilateral 6-OHDA lesions
to the medial forebrain bundle (MFB) in th-fgfrl(tk-)
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mice generates a robust unilateral PD model. Relative to
control mice, th-fgfr1(tk-) mice made a higher percentage
of contralateral rotations with apomorphine administra-
tion and showed an extensive unilateral reduction of
hydroxylase (TH) immunoreactivity in nigrostriatal DA
neurons and loss of striatal DA and DA metabolites.
Furthermore, unilaterally lesioned th-fgfrl(tk-) mice ex-
hibited consistent spontaneous (drug free) motor im-
pairments—ipsilateral rotation preference in the novel
Cylinder Turning Test and a reduced latency to remain
on the accelerating rotarod.

L-3,4-dihydroxyphenylalanine (L-DOPA), the gold stan-
dard of PD therapy, effectively, but nonspecifically,
increases movement by enhancing DA content lost from
deterioration of DA terminals of the nigrostriatal system.
However, chronic administration of L-DOPA leads to
motor abnormalities such as abnormal involuntary move-
ments (AIMs) or “dyskinesias” [42,43], which may re-
flect activation of hyper responsiveness of postsynaptic
DA targets [44].

The nicotinic acetylcholine system is currently being
investigated as a potential therapeutic target for PD.
Nicotine improves dopaminergic neuronal integrity [45]
and stimulates movement and other DA-mediated func-
tions impaired in PD [46,47]. There is a strong an-
atomical overlap [48-50] and dynamic functional rela-
tionship between the DA and nicotinic acetylcholine
systems in the SNc and the striatum [51-54]. Chronic
nicotine administration improved motor functions in
advanced PD patients [55,56] and in some animal models
[57-59]. However, there are conflicting results in human
and animal studies, perhaps due to differences in me-
thods of administration and behavioral testing paradigms
[60].

Here we tested the effects of nicotine on spontaneous
motor asymmetries and impaired motor coordination in
unilaterally lesioned th-fgfrl(tk-) mice. Long-term (11
day) oral administration of nicotine improved 6-OHDA-
induced impairments on the accelerating rotarod and
increased bidirectional rotation movement. In a separate
analysis, acute L-DOPA reversed the direction of uni-
lateral turning and further deepened motor discoordina-
tion on the accelerating rotarod. These results provide
further evidence that targeting the nicotinic acetylcholine
system may be advantageous to facilitate coordinated
movement in PD and illustrate different synaptic mecha-
nisms between nicotine and L-DOPA in a unilaterally
lesioned transgenic mouse.

2. MATERIALS AND METHODS
2.1. Animals

Homozygous transgenic th-fgfr1(tk-) mice were des-
cribed in Klejobr et al. (2006). These mice express
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fofrl(tk-) fused to rat TH gene promoter (4.5 kb). The
progenies were screened for the presence of the
transgene by PCR amplification of tail DNA. Mice
homozygous for th-fgfri(tk-) transgene and control mice
(transgene free) lines were derived from the same
parental BCF1 (C57BL/10J/C3H/HeJ) mouse strain. The
lines showed stable behavioral differences in all gene-
rations investigated [37]. Mice used in all specific ex-
periments were selected from multiple litters. Mice
(males and females) were singly housed throughout the
course of the experiments and for at least four weeks
before testing. The housing facility was maintained on a
light:dark cycle of 12:12 h and animals had free access to
food and water in the home cage.

All experiments were carried out in accordance with
the NIH Guide for the Care and Use of Laboratory Ani-
mals and with approval from the University at Buffalo
IACUC.

2.2. Drugs

Nicotine and L-DOPA were obtained from RBI/Sigma
(St. Louis, MO). Nicotine was dissolved in 1% sucrose
solution at a concentration of 0.0125 mg/mL (3.78
mg/kg/day). Animals were administered either nicotine
in 1% sucrose solution or 1% sucrose solution (control)
in their drinking bottles. RO 4-4602 (Benserazide Hoff-
man-La Roche) was dissolved in phosphate buffered
saline (PBS) at a concentration of 50 mg/kg and injected
intraperitonealy 5 minutes before L-DOPA or saline ad-
ministration. L-DOPA (25 mg/kg) or saline was injected
subcutaneously. All injections were given at a volume of

100 pl/30g of body weight. Apomorphine (RBI/Sigma St.

Louis, MO) was injected s.c. in th-fgfr1(tk-) and control
mice at a dose of 0.5 mg/kg 30 minutes before the start
of the Rotometer Test.6-hydroxydopamine hydrobromide
(6-OHDA) was obtained from Regis Technologies, Inc.
6-OHDA (3.5 mg/mL) dissolved in 0.9% NaCl and 0.2%
ascorbic acid solution was stereotaxically injected (2 pL
per animal) into the right medial forebrain bundle (AP -
1.2, ML + 1.1, DV + 4.8 mm) a band of fibers that
connects the SNc with the striatum. Mice were anesthe-
tized with isoflurane (2% in O) and surgeries were
performed in a Kopf Model 900 Small Animal Stereo-
taxic frame modified for mice (Kopf Model 921 mouse
adaptor).

2.3. Dopamine and Metabolites Assay

The mice (8 th-fgfr1(tk-) and 5 controls) were appro-
ximately 8 months of age at time of analysis. The brains
were removed and frozen at —80 degrees Celsius and the
left and right striatum were isolated using punching
needles [61]. For each mg of tissue collected, 19 pL of
100 mM perchloric acid containing 100 uM metabisulfite
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and 50 nM DHBA as an internal standard was added.
The samples were injected through a Suppelco Discovery
C18 reverse phase 15 cm column with a 2 cm guard
column. Electrochemical HPLC detection was done with
a BAS LC-4C with redundant data collection using a
strip chart recorder, an HP integrator and a LabView A-D
converter and software. Custom written computer soft-
sware by author M. Parry was used for analysis. All three
methods gave the same relative areas for all peaks with
the computer method giving the most accuracy.

2.4. Immunohistochemistry

Two weeks after 6-OHDA surgeries, mice were deeply
anesthetized then perfused transcardially with saline fol-
lowed by 4% paraformaldehyde. Brain cryostat sections
(40 um) were immunostained with anti-TH specific
antibody (1000:1; Chemicon, cat# AB151), followed by
biotinylated anti-rabbit secondary antibody (100:1), then
by treatment with 3% H,O, and then avidin-HRThe
staining was completed with diaminobenzidine (DAB)
and the sections were mounted on slides in sequential
order and coverslipped for examination using a light
microscope. Fluorescent microscopic images (12-bit)
were acquired with a XILLIX Microimager cooled CCD
camera (Qimaging, Vancouver, BC, Canada) on a Nikon
FXA fluorescent microscope (Nikon, New York, NY,
USA). All images acquired were within the linear range
of the camera.

2.5. Behavioral Tests

54 th-fgfrl(tk-) mice between the ages of 4 - 5 months
were tested in the Cylinder Turning Test before 6-OHDA
lesions. Latency remaining on the rotarod was also tested
in a separate group of 87 th-fgfri(tk-) mice of approxi-
mately the same age before 6-OHDA administration. All
animals were tested approximately 4 weeks later after
6-OHDA to determine effects of the lesions.

Cylinder Turning Test: This test measures spontaneous
rotational movement, defined as circular movement up to
a body length in distance, which included spinning in
place. Mice were placed individually in the center of a
Plexiglas cylinder (20 cm diameter, 20 cm height) and
video recorded with an infrared camera (Sony) under
dim light for 3 min. Testing took place during the dark
cycle and mice were allowed at least 10 min to acclimate
to the room prior to testing. The amount of time spent on
rotation movement towards the lesion (ipsilateral) and
away from the lesion (contralateral) were quantified.
Unlike rotammetry, the mice are not attached to a
tethering device or restrained in any way and are able to
move freely throughout the test and without the use of
drugs to evoke movement. The duration behaviosr were
tracked either from the recording or live during the test
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using Noldus Pocket Observer (v5.0) by an experimenter
who was blind to the treatment condition.

Rotarod Test: The apparatus (Rotarod, San Diego
Instruments, San Diego, CA, USA) consists of a con-
tinuously accelerating spinning rod (5 cm diameter) and
a foam pad 20 cm underneath to brace the fall of the
animals. Each mouse was loaded facing against the rod’s
direction of movement. The mice were allowed at least
10 min to acclimate to the room prior to testing, which
took place during the dark cycle but with the lights
turned on. Each mouse was trained to perform this task
for 5 consecutive days at the start of the experiment in
order to attenuate any practice-related improvements in
performance or inherent differences among physical or
learning capabilities among the subjects. Training and
testing days were identical, consisting of 5 consecutive
trials for each mouse. The rotarod beam accelerated at a
rate of 0.33 rpm/s with a maximum speed of 40 rpm
achieved at 120 seconds. Each trial continued until the
mouse fell off the rod or 120 seconds had elapsed. The
number of seconds each mouse was able to stay on the
rod was recorded The average of the 4 top performances
out of the 5 test day trials served as the dependent
variable for the test. The Rotarod Test examines global
motor coordination in PD models [62], which may be
dependent on coordinated action of both intact and
nonlesioned nigrostriatal pathways.

Rotometer Test: Apomorphine-induced rotational move-
ment was compared between control (n = 4) and th-
fofrl(tk-) (n = 4) mice using individual metal bowls with
a diameter of 20 cm. Mice were attached by a specially
adapted harness affixed to a light and flexible tether. The
tether is secured to an automated rotary encoder that
monitors the angular direction of the subject (Rota-
Count-8, Columbus Instruments, Columbus, OH). Full
and partial ipsilateral and contralateral turns were count-
ed by the software. Experiments were conducted 2 weeks
after 6-OHDA lesions. Mice were given 15 minutes to
acclimate to the apparatus and then injected with apo-
morphine (s.c. 0.5 mg/kg). Counting of rotations began
30 minutes after injections. Rotations were counted for
one hour and the percentage of full (360°) and partial
(30° - 360°) contralateral rotations were compared be-
tween control and transgenic mice.

2.6. Experimental Design

Nicotine Experiment: After initial post lesion beha-
vioral analyses, mice were divided into two groups with
half receiving nicotine (0.0125 mg/ml in a 1% sucrose
solution) in the first drug session while the other half
receiving a control, 1% sucrose-only solution (Figure 1).
These treatments were reversed in the second treatment
session, beginning 4 weeks after the end of the first.
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Figure 1. Experimental Design. Nicotine was administered to th-fgfr1(tk-) mice in 1% sucrose drinking solution
(3.78 mg/kg/day) for 11 days starting 4 weeks post 6-OHDA lesions. Mice were tested for behaviors in the two days
prior to treatment (pretest) and during the last two days of nicotine/sucrose administration (post test). For L-DOPA
experiments, animals were either injected once with L-DOPA (25 mg/kg s.c.) preceeded by Benserazide (50 mg/kg
s.c.) or equal volumes of saline. Behavioral tests were run one and two hours after L-DOPA or saline injections.
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Mice received drinking solutions beginning the first
morning of each drug treatment session. Solutions were
changed daily and consumption volume was measured.
Mice on average consumed 5.19 + 0.31 mL of nicotine/
sucrose solution and 5.69 + 0.34 mL of sucrose-only
solution (no significant difference). The weights of the
mice were measured daily and there were no treatment
group differences in body weight and no change of more
than 10% in any animal in the experiment. For all ana-
lyses, there were no significant differences in performance
with sucrose or nicotine between drug sessions, so scores
from both sessions were combined. Two days prior to the
start of each drug session, all mice were pre-tested on the
Cylinder Turning Test followed by the Rotarod Test the
next day. This sequence was repeated during the final
two days of each drug session (post test). All tests were
conducted during the dark cycle at approximately the
same time each day.

Since it is known that 6-OHDA produces DA neuronal
lesions of variable size and the MFB is a difficult
structure to target in mice, it was expected that not all
lesioned animals would exhibit spontaneous unilateral
turning. This was also observed in the present study, as
28 out of 54 of 6-OHDA injected mice showed 65% or
higher post lesion ipsiversive turning preference in the
Cylinder Turning Test. Thus, to account for mice that had
not been sufficiently lesioned to display spontaneous
motor asymmetry, only animals that exhibited a 65% or
higher ipsiversive turning were analyzed for the effects
of nicotine. Animals meeting this criterion after surgeries
test tended to maintain this strong ipsilateral preference
throughout the experiment.

L-DOPA Experiment: Approximately four months after
the nicotine experiments (7 months after 6-OHDA les-
ions), the remaining mice (n = 52) were pre-tested in the
Cylinder Turning. Sufficiently lesioned animls (65 + %
ipsileteral turning preference) were randomly divided
into two groups. Half received L-DOPA and the other
half received saline injections. For saline administration,
injections were made at the same time, using the same
volume and using the same method of administration
(i.for L-DOPA and s.c. for RO-4-4602) as the drugs. One
hour later the mice were tested in the Cylinder Turning
Test immediately followed by the Rotarod Test. After a
break of one week, the experiment was repeated with treat-
ments reversed. The mice were also pre tested before the
second treatment session, and pre test scores were com-
pared between the first and second session to determine
any carry-over effects of L-DOPA. Since no effects were
observed, data from both sessions were combined.

2.7. Statistics

The effects of 6-OHDA lesions on each behavior were
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analyzed using One Way ANOVAs comparing pre and
post lesion results. For each behavior, potential carryover
effects of either nicotine and sucrose (or L-DOPA and
saline) treatments were examined by comparing perfor-
mances between the first pre drug test (pre test one) and
the second pre drug test (pre test two). Two way
ANOVAs were conducted using pre test sequence num-
ber (1 or 2) and treatment experience (nicotine or sucrose,
L-DOPA or saline) as independent variables and each
behavioral score (ipsilateral, contralateral and total rota-
tion movement or latency remaining on the rotarod) as
the dependent variables for each analysis. No significant
main effects of pre test or treatment experience or
interaction effects were found in either the nicotine or
L-DOPA experiments, therefore scores from both treat-
ment sessions were combined for analyses of drug effects.
To analyze drug effects on rotation directionality, changes
in turning movement as a result of sucrose or nicotine
treatment (or L-DOPA verus saline treatment) were
compared separately for time spent making ipsilateral,
contralateral and total movement using One Way
ANOVAs. The pre test values (conducted two days prior
to the start of drug treatment) were considered baseline
values and changes from this baseline as a result of drug
administration were compared between treatments for
each type of movement using One Way ANOVAs. One
Way ANOVAs were also used to compare control and
th-fgfrl(tk-) mice in the Rotometer Test and for levels of
DA, DOPAC and HVA.

3. RESULTS
3.1. Changes in the Nigrostriatal System

Previous studies of FGF-2 KO mice showed an
increased susceptibility of DA neurons to 6-OHDA [36].
To assess this possibility in th-fgfrl(tk) mice, we first
analyzed rotational movement after administration of
apomorphine in the Rotometer Test. Apomorphine in-
duces contralateral turning by stimulating supersensitive
D1 and D2 receptors on the deneravated side [63-66].
However, this supersenstivity is only observed with se-
vere depletion of DA terminals [65,67,68]. In a group of
8 [4 th-fgfrl(tk) and 4 nontransgenic] mice with unilat-
eral 6-OHDA lesions, transgenic mice made a signifi-
cantly higher percentage of full and partial counter-
clockwise turns than control mice (Figure 2). This indi-
cates DA postsynaptic hypersensitivity in the transgenic
mice and a greater extent of uniltateral DA deafferenta-
tion.

In a separate (drug-naive) group of mice [5 controls
and 8 th-fgfri(tk-)], the lesioned striata were analyzed for
DA and DA metabolite (DOPAC and HVA) content by
HPLC-EC. Changes in striatal tissue DA and DA me-
tabolite levels have been shown to correlate well with the
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number of surviving terminals assessed with TH immun-
ostaining or by measuring DA uptake sites [69]. In
th-fgfri(tk-) mice, the loss of striatal DA as well as DA
metabolites DOPAC and HVA appeared greater than in
the control mice (Figure 3), However, statistical signi-
ficance was not obtained, likely due to high variances
which was observed previously after administration of
6-OHDA [70]. Immunoflourescence of TH-expressing
neurons in the striatum and SN (Figure 4) verified a
heavy loss of TH-immunostained terminals in the striatum
(caudate) and TH expressing neurons of the SNc in
th-fgfr1(tk-) mice.

3.2. Spontaneous Unilateral Rotation and
Impaired Motor Coordination in
Unilateral 6-OHDA th-fgfr1(tk-) Mice

To further characterize nigrostriatal impairments, be-
havioral assessments of spontaneous (drug-naive) move-
ment were carried out before and after 6-OHDA lesions
in th-fgfrl(tk-) mice. Four weeks after 6-OHDA admini-
stration the mice were tested for spontaneous rotational
asymmetries in the Cylinder Turning Test. Ipsilateral
turning significantly increased (from 19.37 + 1.05 pre
lesion to 27.20 £ 2.75 seconds; p = 0.02) and con-
tralateral turning decreased (from 21.06 + 1.34 seconds
pre lesion to 9.21 + 1.04 seconds; p < 0.001), while total
movement did not change (Figure 5). A second sponta-
neous behavior, the latency before falling from the
accelerating rotarod, was also tested in a separate group
of mice. The rotarod test assesses global motor coor-
dination in PD models [62] and may be dependent on
coordinated action of both intact and nonlesioned nigro-
striatal pathways. The 6-OHDA lesions significantly
reduced time remaining on the rotarod beam (65.16 *
2.10 s pre lesion, 51.60 £ 1.87 s post lesion; p < 0.001).
Impaired rotaord performance has also been reported in
previous unilateral 6-OHDA models [66,71].
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Figure 2. Rotation behavior in 6-OHDA-lesioned control and
th-fgfri(tk-) mice with administration of apomorphine. Per-
centage of full (360°) and partial (30° - 360°) contralateral rota-
tions made during a one-hour test session beginning 30 minutes
after administration of apomorphine (0.5 mg/kg, s.c.) in 8 mice
(4 between th-fgfri(tk-) and 4 controls). #Significant difference
between th-fgfr1(tk-) and control, one way ANOVA (p < 0.05).
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Figure 3. Dopamine in the striatum of 6-OHDA-le-
sioned control and th-fgfri1(tk-) mice. Ratio of DA on
the lesioned-to-non-lesioned side of the brain. There
were no significant differences in all mice (n = 8 th-
fgfrl(tk-) and n = 5 controls). In mice with strong le-
sions (greater than 50% DA depletion) (n = 5 th-
fgfrl(tk-) and n = 4 controls), the DA ratio was signifi-
cantly reduced in th-fgfrl(tk) mice. #Significant dif-
ference between th-fgfrl(tk) and control mice, one
way ANOVA (p < 0.05).

3.3. The Effect of Nicotine and L-DOPA on
Spontaneous Motor Impairments

After the spontaneous motor impairments were estab-
lished, nicotine was administered to the lesioned mice in
11 day treatment sessions (see Figure 1 for experimental
design). Relative to sucrose-only treatment, nicotine in-
creased time spent on ipsilateral (-5.46 = 3.11 s with
sucrose; +3.65 £ 2.62 s with nicotine; p = 0.032) and con-
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Lesioned side

Non-lesioned side

Figure 4. Immunostaining for tyrosine hydroxylase (TH) in
the striatum (caudate) and substantia nigra pars compacta
(SNc) of th-fgfrl(tk-) mice. TH-immunopositive DA termi-
nals and cell bodies in 6-OHDA-lesioned th-fgfri(tk-) mice.

tralateral (+0.82 + 0.85 s with sucrose; +3.87 + 1.11 s
with nicotine; p = 0.032) rotations (Figure 6), indicating
a general facilitation of movement. Nicotine also signi-
ficantly increased the latency to fall from the accelerating
rotarod relative to sucrose treatment (8.48 + 1.76 s
improvement from pre to post test with nicotine, 3.99 *
1.34 s with sucrose; p = 0.043) (Figure 6).

The effects of L-DOPA on spontaneous motor im-
pairments were analyzed beginning 3 months after the
conclusion of nicotine experiments and 7 months after
6-OHDA lesions. Animals were first pre tested in the
Cylinder Turning Test to isolate mice that maintained
asymmetrical rotation (65 + % ipsilateral turning—see
Materials and Methods). In these mice, L-DOPA de-
creased time spent engaging in ipsilateral movement
(L-DOPA: 5.39 + 1.81 s, saline: 30.18 + 7.36 s; p < 0.01)
and increased time spent on contralateral movement
(L-DOPA: 68.93 + 12.04 s, saline: 10.89 + 2.04 s; p <
0.001) relative to saline (Figure 7). These results are
consistent with previous models of unilateral PD in
which a reversal of ipsilateral rotation is observed fol-
lowing L-DOPA administration, apparently reflecting DA
hypersensitivity of denervated striatal neurons [72,73]. In
the Rotarod Test, latency to fall from the accelarating
rotarod beam after L-DOPA was significantly reduced
relative to saline treatment (L-DOPA: 54.39 * 8.63, sa-
line: 78.92 £ 9.41; p = 0.035) (Figure 7).
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Figure 5. Effect of 6-OHDA Lesions on Spontaneous Rota-
tional Movement in the Cylinder Turning Test. Rotation move-
ment in the Cylinder Turning test assessed before and 4 weeks
after 6-OHDA (n = 54). #Significant difference in time spent on
movement from pre to post 6-OHDA lesion, one way ANOVA
(p <0.05).
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movements and latency before falling from the accelerating
rotarod with nicotine treatment (values shown relative to su-
crose-only control solution). #Significant difference from con-
trol, one way ANOVA (p < 0.05).
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Figure 7. Effects of nicotine on spontaneous rotation move-
ment in the Cylinder Turning Test and time remaining on the
accelerating rotarod. The changes in time spent on rotation
movements and latency before falling from the accelerating
rotarod with L-DOPA treatment (values shown relative to saline
control administration). #Significant difference from control,
one way ANOVA (p < 0.05).

4. DISCUSSION

There is increasing evidence that PD may be elicited
by a failure of endogenous neuroprotective mechanisms,
such as impaired neurotrophin support of DA neurons.
Here we show that mice with a deficiency of FGF sig-
naling in nigrostriatal DA neurons [37] are highly sus-
ceptible to damage from oxidative stress incurred by
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administration of neurotoxin 6-OHDA. The unilaterally
lesioned th-fgfrl(tk-) mice exhibited increased contra-
lateral turning with administration of apomorphine rela-
tive to control mice (Figure 2). It was shown that apo-
morphine-induced contralateral turning correlates strongly
with the extent of nigrostriatal damage [66] and animals
with severe depletion of DA will markedly exhibit this
behavior [65]. Analysis of depletion of DA biomarkers in
the striatum showed a trend towards increased loss of DA
and DA metabolite content in the transgenic mice rela-
tive to controls (Figures 3(a)-(c)) and TH immunostaining
in the striatum and SNc further substantiated strong uni-
lateral nigrostriatal damage in th-fgfr1(tk-) mice (Figure
4). These results are in agreement with previous findings
of high susceptibility to 6-OHDA in mice with impaired
FGF signaling [36].

Although about 80% - 90% of patients suffering from
PD acquire what is termed the “sporadic” or non-
(known) genetic origin of the disease, several genetic
causes have been identified in recent years, including
autosomal dominant genes alpha-synuclein [74] and
LRRK2 [75] and autosomal recessive genes parkin [76]
and DJ-1 [77] and recently FGF20 [20]. Given this di-
versity, it is likely that these genes influence common
mechanisms affecting the development, maintenance and
protection of DA neurons. We postulate that such
mechanisms involve signaling by FGF and related
receptors as intermediary in diverse biological pathways
as found in the recently established “Integrative Nuclear
FGFR1 Signaling” (INFS) pathway [78,79]. Central to
the INFS mechanism, which is activated by FGFs and
other diverse stimuli, is nuclear translocation of newly
synthesized FGFR1 (along with its ligand) and direct
modulation of several homeostatic gene programs by
FGFR1 [80-84]. INFS may link signaling pathways in
which PD-linked mutations have been reported.

Recently a genetic link between PD and another mem-
ber of the FGF-2 family, FGF20, has been established.
FGF-20 polymorphisms and haplotypes were shown to
strongly influence risk of PD in diverse populations [85].
FGF20 is located on chromosome 8 and has been
identified as a risk factor for PD [20,21]. Studies by
Ohmachi and colleagues showed that the neurotrophic
activity of FGF20, similar to FGF-2, is mediated through
interactions with FGFR1. FGF-20 is preferentially ex-
pressed in the SNc and striatum of the rat brain and
enhances the survival of cultured midbrain DA neurons
[86].

An important role of FGF receptor signaling to the
survival of DA neurons was shown using transfections of
episomal dominant negative fgfr1(tk-) DNA directly into
the SN in and cultured neurons [87]. In vivo trans-
fection of FGFR1(TK-) into the adult rat midbrain using
polyethylenimine resulted in a loss of TH* neurons in the
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SNc and depletion of striatal DA detected at 30 but not at
10 days [88]. Inhibition of FGF20 and FGF-2 signaling
in DA neurons by their dominant negative receptor
fofri(tk-) is likely to affect DA transmission by re-
ducing expression of the rate limiting enzyme, TH. In
cultured adrenal medullary cells transfected with fgfrl
(tk-), TH gene activity was diminished by fgfrl(tk-)
interference with the INFS mechanism, an effect which
in SN DA neurons would likely reduce in vivo DA
transmission.

Behavioral analysis of th-fgfrl(tk-) mice with uni-
lateral 6-OHDA lesions revealed a spontaneous ipsilat-
eral turning preference in the drug-free Cylinder Turning
Test. The increase of movement towards the lesioned
side indicates a predominant use of intact (non lesioend)
DA neurons. Previously in 6-OHDA lesioned th-fgfri(tk-)
mice administration of amphetamine increased (data not
shown), consistent with other unilateral PD models.
Given the non-vesicular source of amphetamine-released
DA and the unclear relevance to sensory-motor pro-
cessing by the nigrostriatal DA system, our analyses
focused on spontaneous (non-drug induced) motor im-
pairments. The baseline unilateral rotation preference
suggests “steady-state” unbalanced DA-ergic tone. In
addition the lesioned mice exhibited a decreased latency
to remain on the accelerating rotarod, indicating a global
impairment of movement coordination. Long term (11
day) oral administration of nicotine improved this deficit
and induced a mild but significant increase in bidirec-
tional rotations. These results suggest a mild enhan-
cement of DA-mediated activity through nicotinic re-
ceptor activation.

Nicotine influences DA transmission by activation of
nicotinic acetylcholine receptors on DA neurons in the
striatum [89-93] as well as on a variety of other neuro-
transmitter systems that are known to mediate nigro-
striatal DA release, including glutamtergic, GABAergic,
noradrenalinergic and cholinergic systems [52,53,94-98].
In advanced PD patients, improvements in motor and
cognitive symptoms were observed with administration
of nicotine [55,56,99] however some studies showed no
effect [100-102]. In animal models, the effects of nico-
tine on rotation behavior after unilateral 6-OHDA admi-
nistration have also been inconsistent [57,60,103-105].
For example it was determined that nicotine administered
orally before but not after unilateral lesions improved
amphetamine-induced turning impairments in rats [105],
suggesting only a neuroprotective role. In contrast, nico-
tine decreased apmorphine-induced contralateral rota-
tions and improved glutamatergic transmission when
administered 2 weeks after 6-OHDA lesions in rats [57].

With the many differences between studies in humans
and animal PD models in the duration, dose and mode of
nicotine administration, it has been difficult to gauge the
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therapeutic value of nicotine in late stages of PD. One
notable difference between this and previous studies was
that spontaneous (drug-naive) turning were not assessed
in previous studies. In unilateral rodent models, amphe-
tamine or apomorphine are typically used to induce rota-
tional movement which anti-PD therapies are then admi-
nistered to reverse. Evidence suggests that drug-induced
rotational behavior may not utilize the same sensory
motor integration pathways that are impaired in PD [65]
and their administration may preclude evaluation of
novel anti-PD therapies. Thus, we believe it was advan-
tageous to test for the effects of anti-PD compounds us-
ing spontaneous motor measures.

Interestingly, it was shown that the nicotinic acetyl-
choline system interacts with the FGF-2 gene [106] and
this association mediates neuroprotective and trophic
effects by FGF [107]. Nicotine-induced increases in the
proliferation of neuronal precursor cells is accompanied
by upregulation of FGF-2 mRNA and the effects of nico-
tine are mediated by activation of FGFR1 via FGF-2
[108].

In contrast to the balanced effects of nicotine on
rotational movement, acute L-DOPA drastically reversed
the directionality of rotations. This was also observed in
other unilateral rodent models [72,109]. L-DOPA exerts
its therapeutic effects by increasing tonic extracellular
DA and evoking postsynaptic response by hypersensitive
DA-recipient cells [110,111]. Thus, the reversal of turning
likely reflects synaptic DA hypersensitivity on the lesioned
side, a phenomenon typically revealed with an appro-
ximately 80 + % loss of DA terminals [65,68]. L-DOPA
also had a negative impact on rotarod performance. In
6-OHDA-lesioned rats, L-DOPA induced prolonged twisting
postures caused by exaggerated torsional movements of
axial and neck musculature [112]. Mice in this study also
appeared to make similar dyskinetic movements, which
likely negatively affected their ability to remain on the
rotarod. The activation of hypersensitive postsynatptic
DA receptors in the lesioned hemisphere by L-DOPA
may reflect dyskinesias observed in bilateral models and
human patients.

5. CONCLUSION

The th-fgfrl(tk-) mouse model, featuring a develop-
mental disruption of FGFR1 signaling in midbrain DA
neurons, demonstrated robust unilateral dopaminergic
nigrostriatal damage and PD-related movement impair-
ments. These results, consistent with findings in FGF-2
knockout mice, suggest a role of FGF signaling and re-
lated growth factors in the pathophysiology of PD. These
models may be advantageous for modeling damaged
nigrostriatal DA systems and motor impairments in PD
and for the evaluation of novel therapeutic approaches.

Copyright © 2012 SciRes.

Also, this report adds to the growing body of research
suggesting that nicotinic compounds may facilitate coor-
dinated movement in PD and provide an alternative to
L-DOPA therapy.
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