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Abstract. Purpose A number of neurological disorders are marked by increasedberrant frequency of neuronal discharge in
specific parts of the brain. Administration of drugs suchraggileptic compounds results in the depression of naalractivity

in the whole brain, with the potential for serious side-effe In the search for additional therapies to reduce théysiplogical
electrical activity of over-active brain foci, we have exasd the effect of fibroblasts transplanted to areas regplerfsr motor
dysfunction in hemi-parkinsonian rats, since burstingcbyanous discharges in internal segment of globus palli@) are
thought to be partially responsible for the movement diem@f PD. Fibroblasts express gap junctions and ion chanaietl so,
when transplanted to brain tissue, can potentially modwdatessive electrical activity.

Methods Neonatal cortical neurons were cultured on multi-eletgrarrays, and their electrical activity was evaluated teefo
and after fibroblast seeding. Unilateral 6-hydroxydopami6-OHDA) lesion was carried out in Fischer rats. Lesioned o
control rats were transplanted with either syngeneic defilmablasts, microfine glass beads, ibotenic acid, or phggical
saline, in the entopeduncular nucleus (EP). Apomorphideded rotational behavior and L-dopa-induced dyskimatieements
were evaluated before transplantation (baseline) and&, #2, and 24 weeks following transplantation. Followingdéoral
experiments, rats were perfused with 4% formaldehyde in f8BBnmunohistochemical study of the brain.

Results We demonstratéin vitro that the introduction of fibroblasts into a network of newwawes not interfere with overall
functional measures of activity, while moderately altgrthe characteristics of synchronous neuronal dischangeat$ with
unilateral 6-hydroxydopamine lesions of the nigro-stiiaopaminergic pathway, apomorphine-induced rotatioeeweduced
by more than 60% following ipsilateral transplantation bfdiblasts to the EP. L-Dopa-induced dyskinesia was alsufiigntly
reduced. Transplantation of inert microspheres, or chartesion of the same area with ibotenic acid, did not prodweseficial
effects on parkinsonian symptomatology.

Conclusion Fibroblast transplantation could be an alternative imeatt strategy for the parkinsonian patient.

Keywords: 6-hydroxydopamine, entopeduncular nucleusiopa-induced dyskinesia, apomorphine-induced rotatoulti-
electrode array, cell transplantation
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the addition of fibroblasts to cultures of cardiomyocytes
was effective in preventing spread of abnormal elec-
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nion. Fischer strain rats were used in all experiments
exceptin vitro electrophysiology, in which both prima-

trical discharges, we decided to adapt the technique to ry neurons and fibroblasts were prepared from Sprague-
neuronal systems. In previous studies, fibroblasts have Dawley strain rats.

been transplanted to human brain as vehicles for pro-
duction of deficient molecules, such as neurotrophic
factors (Gageetal., 1987; Levivieretal., 1995; Tuszyn-
ski et al., 2005) or L-dopa (Wolff et al., 1989), proving

the safety of fibroblast transplantation to human brain.
Parkinson’s disease is an obvious target for cell therapy,

2.1. Preparation of dissociated dermal fibroblasts

Rat fibroblasts were isolated as described previously
(Wang et al., 2004). Briefly tail skin was minced to
small pieces (2-3 m#), then digested in phosphate-

since the disease symptoms are mainly the result of l0ss yfered saline (PBS) containing 10 mg/ml collage-

of a single type of neuron, namely dopamine-producing
neurons of the nigro-striatal pathway, however previ-

ous attempts at cell replacement therapy of Parkinson’s
disease using dopaminergic cells have been unsuccess

ful for various reasons, including the development of

severe dyskinesias (Lindvall and Hagell, 2002).
Measurements in brains of experimental animals af-

ter dopaminergic lesion, as well as in brains of human

parkinsonian patients undergoing stereotactic surgery

for implantation of stimulating electrodes or pallidoto-
my, indicate that the machinery underlying behavioral

parkinsonian symptoms involves an increased tenden-

cy for synchronized bursting of neuronal discharges
(Bergman et al., 1994; Plenz and Kital, 1999; Soares
et al., 2004; Wichmann and DelLong, 2006). These

bursts of synchronous discharges, which have been

seen in sub-thalamic nucleus (STN), internal segment
of globus pallidus (GPi) and pars reticulata of substan-
tia nigra (SNprjin vivo, (Wichmann and Soares, 2006)
have also been demonstrated in primary neuronal cul-
tures of STN and external segment of globus pallidus
(Plenz and Kital, 1999), are a normal feature of prima-

nase type 1 (Worthington) for 3 h at 32 with gen-
tle shaking. After incubation, the digest was filtered
through a 10Q:m cell strainer, and rinsed with 10 ml

growth medium (DMEM, Gibco) supplemented with

10% bovine calf serum (HyClone), 2:8/ml ampho-
tericin, 25ug/ml gentamicin, and 2 mM glutamine (Bi-
ological Industries Ltd., Israel). The cells were seeded
in 60 mm plates and grown to confluence, while the
medium was changed every 3 d. The cells were ex-
panded by passaging 1:3 until required cell quantities
were obtained and then detached with 5% trypsin (Beit
Haemek, Israel).

2.2. Histology

Rats were anesthetized deeply with pentobarbi-
tal and perfused via the left ventricle with 0.1 M
phosphate-buffered saline (PBS, pH 7.4) followed by
4% paraformaldehyde in PBS. Brains were removed
and fixation continued in the same paraformalde-
hyde/PBS solution at°4€ for 3 days. Coronal slices

ry cortical neuronal cultures, and are suppressed in the of the formalin-fixed brains were dehydrated in ethanol

latter by direct electrical stimulation (Wagenaar et al.,
2006). Evidence from human studies shows that elec-
trical stimulation (DBS) of STN or GPi reduces syn-
chronous bursting activity in the basal ganglia target
neurons, by an as-yet unknown mechanism, (Brown et
al., 2004; Meissner et al., 2005; Wingeier et al., 2006)
and reverses parkinsonian symptoms.

Here we show the efficacy of fibroblasts in modifying
the process of synchrony generation in neuronal net-
worksin vitro, and in reduction of parkinsonian symp-
toms in a rat model of parkinsonism, after transplanta-
tion into the entopeduncular nucleus (EP, comparable
to human GPi).

2. Methods

All experimental protocols in animals were approved
by the Animal Care and Use Committee of the Tech-

of increasing concentration followed by delipidation
with xylene, and embedding in paraffin. For immuno-
histochemistry, deparaffinized and rehydrated slides
were exposed to microwave radiation in 0.01M citrate
buffer (pH 6.8), permeabilized in 0.5%Triton (X-100)
in 0.02M phosphate buffer, treated with 0.3% hydrogen
peroxide in absolute methanol to quench endogenous
peroxidase, incubated in 10% goat non-immune serum
blocking solution (Zymed, Invitrogen Corporation,
USA), and then incubated with the following primary
antibodies: mouse monoclonal anti-tyrosine hydroxy-
lase antibody (Chemicon International, AB152), mouse
anti-HSP 47 (Abcam, ab13510), mouse anti-lbal (Ab-
cam, ab 15690), rabbit anti-CD3 (Abcam, ab5690), or
monoclonal anti-glial fibrillary acidic protein (Sigma)

in PBS with 0.1% Triton X-100, 5% bovine serum albu-
min and 5% fetal calf serum for 18 h &t@. Primary an-
tibodies were visualized with appropriate anti-mouse or
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anti-rabbit HRP-conjugated secondary antibodies and
3-amino-9-ethylcarbazole (AEC) chromogen reaction,
and counterstained with hematoxylin (Zymed, Invitro-
gen Corporation, USA).

For measurement of lesion sizeufn coronal sec-
tions were made each 1Q@m from levels—2.0 to
—3.4 mm posterior to bregma and stained with hema-
toxylin and eosin. Morphometric analysis was per-
formed using the Cavalieri approach (Mouton, 2002).
Measurement of lesion areas was performed using an
eyepiece micrometer. The lengthng) of the longest
axis of implant was measured initially, then a second
measurement was made af90 the first. The volume
of the lesion was calculated as the sum of elliptical
cylinders, where for each section, cylinder volume-V
n (r ab)x 100m?, wheren = number of slidesg =
length of long axis/2h = length of short axis/2.

2.3. Electrophysiology of cultured cortical neurons

Primary cultures of rat cortical neurons were pre-
pared as described previously (Eytan et al., 2003; Eytan
and Marom, 2006; Marom and Shahaf, 2002; Shahaf
and Marom, 2001). Briefly, cortical neurons were ob-
tained from 1 d postnatal Sprague Dawley rats, (Harlan,
Israel). The cortical tissue was enzymatically digested,
mechanically dissociated, and the neurons were plated
directly onto substrate-integrated multi-electrodeyarra
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recorded throughout the electrode array withifi ens

time bin; N is equal to 1/4 of the (active) electrodes,
andl’ =3 ms. Anactive electrode is defined as demon-
strating an average firing rate 5f0.02 s~! throughout

the recording session. The data around each timestamp
(4 300 ms) is extracted and stored. Temporal overlap
between synchronous events was not allowed.

2.4. 6-OHDA lesioning

6-OHDA lesion was carried out using the gener-
al method described by others (Henry et al., 1999;
Lundblad et al., 2002; Ungerstedt, 1971). Briefly,
desipramine HCI (10 mg/kg, s.c.) was administered
30 min prior to the stereotaxic injection of [83/4ul
6-OHDA (in physiological saline solution containing
0.1% ascorbic acid) into the right medial forebrain bun-
dle of Fischer rats. Injection coordinates, relative to
bregma, were: AP-4.4; LR 1.3; DV —8.1 (from
skull). The 6-OHDA solution was infused at:fl/min
for 4 min. At the end of the injection the needle (30G
with rounded tip) was lefin situfor an additional 5 min
and then slowly retracted.

2.5. Syngeneic Fischer dermal fibroblast
transplantation

Fischer strain rats were injected with 100,000 Fischer

(MEA) dishes (Gross, 1979). Cultures were grown dermal fibroblasts in PBS supplemented with 1mg/ml
in MEM (Biological Industries Ltd., Israel) supple- glucoseto the entopeduncularnucleus (EP, corresponds
mented with heat-inactivated horse-serum (5%), glu- to GPiin human). Coordinates used for EP (relative to
tamine (0.5 mM), glucose (20 mM), and gentamycin bregma and skull) were: AP-2.8, LIR2.9, DV —7.7).
(10pg/ml), and maintained in a tissue culture incubator Cells were injected over a period of 4 min at a rate of
in an atmosphere of 5 % CGCand 95 % air at 37C. 1 pl/min, and the needle was then slowly removed as
There were about 110! cells in a mature cortical neu-  described above. Control animals were infused with the
ron culture. Once the cultures expressed stable neu- same volume of PBS-glucose. In other control exper-
ronal discharge and following baseline recording, 5 iments, inert polystyrene microspheres (Fluospheres,
10! fibroblasts were added to the culture. At the third 10 um diameter, Invitrogen), were implanted to the EP
day after fibroblasts seeding the array was placed on (100x 10 microspheres per 4l PBS-glucose infused
the recording system and the electrical activity of the over a period of 4 min), or the neurotoxin ibotenic acid
co-culture was recorded using the same parameters aswas injected locally (24 nmol in 0.2l injected over
the base-line recordings. During the recording phases 5 min as described by Inglis and Semba, 1997).

the cultures were exposed to the same environmental

conditions using a miniature incubation cell built onto  2.6. Rotation test

the microscope stage. Electrophysiological measure-

ments were made during the third week in vitro, allow- Four weeks after 6-OHDA lesion each animal was
ing for a complete structural and functional network screened for apomorphine-induced rotational asymme-
maturation, and synchronous events were detected astry. Rats were placed in a cylindrical cage and inject-
described before (Eytan and Marom, 2006) using an ed with 0.25 mg/kg s.c. apomorphine (Sigma) after a
activity threshold. A timestamp is defined when activi- 15 min acclimatization period. Numbers of rotations
ty crosses a threshold 8f number of action potentials ~ were recorded at 5 min intervals using an automatic ro-
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Fig. 1. Synchronization of the electrical discharge ofundt rat cortical neurons: (A) example of multiple elecewdcording during a single
synchronous event; (B) spikes in all 60 electrodes in mieltgrray dish over 10 min; vertical lines show synchroni€®) gummated spikes
recorded from cultured cortical neurons before (black)liaerd 3 days following seeding of dermal fibroblasts (greg)linD) normalized
histograms of the number of electrodes that detected sptkbe peak of a synchronous event. Black — no fibroblastswvBrewith fibroblasts.
Note the left shift and clear bi-modal shape of the histogirathe presence of fibroblasts, indicating an increase ifrétetion of low amplitude
synchronization events. The histograms summarize stagidime series that include more than 600,000 spikes andi®@synchronous events.

tometer (Rota-Count-8; Columbus Instruments) over a In one series of experiments (results of apomorphine-
1.5 h period. Rats were accepted in the test after meet- induced turning shown in Fig. 2b), L-dopa-induced
ing the threshold criterion of reaching a maximum val- dyskinesias were examined following completion of the
ue of 35 full contralateral rotations in any 5 min period 24 weeks follow-up after fibroblast implantation to EP.
within the 1.5 h after injection. Apomorphine-induced Four weeks after the last of the apomorphine-induced
contralateral rotations were similarly determined over rotation tests shown in Fig. 2b, daily injections of L-
1.5 h in response to the same dose of apomorphine ad-dopamethyl ester (6 mg/kg ip) and carbidopa (5 mg/kg
ministered at the time periods shown after cell or ve- P) Were commenced for 1 week. Dyskinetic move-
hicle transplantation. Average rotational behavior was Ments were scored ondays 1, 4and 7. In an additional

expressed as mean rotations per 5 min, and peak ro-S€res of experiments shown in Fig. Z.d’ In V.Vh'ch the
' . . effects of fibroblasts, microspheres or ibotenic acid le-
tations were similarly expressed as mean rotations per

5 min for three 5 min periods at the peak of rotational sion were examined over a period of 2 months, treat-

- i . ment with L-dopa/carbidopa was started 2—3 months
activity after apomorphine. On the basis of our own after the last apomorphine injection
experience, and published work from other laboratories ., dyskinesia evaluation rats wére placed in a per-
(Schwarting and Huston, 1996; Spooren et al., 1999), gy cylinder (40 cm diameter) with cardboard base
animals satisfying the above criterion will have 95% 5nq observed every 20 min following CD/LD for the
or greater loss of dopaminergic neurons in the substan- fo|lowing behaviors:
tia nigra, and greater than 95% depletion of striatal

dopamine content on the lesioned side. 1. axial abnormal involuntary movements (AIMs),

ie dystonic or choreoform twisting of the neck
and upper body towards the side contralateral to

2.7. DySkineSia test the |esion;
2. limb AIMs, ie abnormal or purposeless move-
Dyskinesia induced by L-dopa was evaluated as de- ments of the forelimb and digits contralateral to

scribed previously by others (Lundblad et al., 2002). the lesion;
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Apomorphine-induced rotational behavior in ratshwinilateral 6-OHDA lesion of nigro-striatal bundle: (Aglowing ipsilateral

transplantation of syngeneic dermal fibroblasts (fillediowis) or vehicle (open columns) to EP and SNEf 6, fibroblastsn = 4, vehicle); (B)
following ipsilateral transplantation of syngeneic dehfitaroblasts (filled columns) or vehicle (open columns) to(eP= 11, fibroblastsp = 4,
vehicle); (C) following ipsilateral transplantation of enbspheres (closed columns) or vehicle (open columns) tEP 7, microspheres, =

4, vehicle); (D) following ipsilateral transplantation fibroblasts (closed columns), vehicle (open columns) oteiic acid (shaded columns)
to the EP . = 9 rats in each group). Data shown are meanse.m. of complete contralateral turns per 5 min over tataiod of observation
of 85 min. Time after cell, microsphere transplantationbaténic lesion shown on x-axis in weeks. Significance ofd#fices calculated using
one-way ANOVA followed by Bonferroni’s multiple comparisaest. ** P < 0.01,*** P < 0.001.

3.

4.

5.

Each movement type is scored as follows:

orolingual AlMs, ie empty jaw movements and 2.8. Statistical analysis

contralateral tongue protrusion;

locomotor AlMs, ie increased locomotion with Results are expressed as meas.e.m. for the rota-
tional and dyskinesia studies and mears.d. for the
electrophysiological parameters. The null hypothesis
was rejected at a probability value less than 5%. Rota-
tional behavior and dyskinesia analysis data was anal-
ysed using one-way ANOVA with Bonferroni test post

contralateral side bias;
abnormal head movements;

1= weak movements, present less than half of ob- hoc. Means of electrophysiological data were com-

servation period:; pared using Student’s t-test.

2 = moderate movements present half of observa-

tion period; 3. Results

3 = strong movements present more than half of ob-

servation period and suppressed by hand clap; 3 1. Modification of the electrophysiological

4 = strong movements present more than half of properties of cortical neuronal network by

observation period not suppressed by hand clap. fibroblasts

Assessment of dyskinesia was performed by a single e initially examined the effect of fibroblast addition
trained observer who was blinded to the treatment of to neuronal cultures using a network of primary cortical
the animal being observed. neurons. These networks generate spontaneous and
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stimulus-evoked synchronous events, a feature that is SNpr, and only to EP. Significant and consistent reduc-
highly relevant in the context of the present study, and tions in apomorphine-induced turning were obtained
is well characterized (Eytan and Marom, 2006; Marom following transplantation to EP alone, whereas trans-
and Shahaf, 2002; Wagenaar et al., 2006), providing a plantation to STN produced a smaller and less signifi-
baseline for comparison. cant degree of turning reduction. Combined transplan-

Figure 1A shows a typical 60 channels recording tation to EP and SNpr also caused highly significant re-

tically all the electrodes sense electrical discharges Was effective, subsequent experiments were carried out

within the same time window. Figure 1B shows a
low-resolution representation of network activity over
10 min of recording in the presence of fibroblasts,
demonstrating the strong tendency of these networks to
synchronize. Our analyses show that the introduction
of fibroblasts into living neuronal cultures did not re-
sultin an appreciable change in overall time-amplitude
envelope of neuronal synchronous events (Fig. 1C).
However a closer examination suggests that several of
the fine details of the activity are affected in a manner
that might be reflected in a systemic, whole-brain lev-
el: in five different networks that were exposed to 17
recording episodes, each of which lasted 30—300 min,
the mean rate of synchrony appearance was 0.048 s
(s.d. = 0.03), slightly lower p = 0.28) compared to
the rate of synchronous bursts in the absence of fibrob-
lasts (0.08 5!, s.d. = 0.06;n = 13; see also Eytan
and Marom, 2006). More significantly, the rates at
which neurons are recruited within each synchronous
event, extracted by fitting an exponential function to
the initial recruitment phase (Eytan and Marom, 2006),
showed an approximately 3 fold increage= 0.0003)

in the presence of fibroblasts compared to the rate in
the absence of fibroblasts. Specifically, in the pres-
ence of fibroblasts, during the build-up of synchrony,
each millisecond the population of synchronized neu-
rons increases by 12% compared to 4.5% in their ab-
sence. Given the exponential nature of the recruitment

process during synchrony, the above 3-fold difference .

translates to speeding-up of synchrony timescale by
~50 milliseconds, a significant effect indeed. In addi-
tion, analysis of individual synchronous events showed

that the presence of fibroblasts caused an alteration of

the spectral distribution of the numbers of neurons per
event, with an increase in the numbers of synchronies
with a small number of neurons (Fig. 1D).

3.2. Transplantation of fibroblasts to basal ganglia of
6-OHDA-lesioned rats reduces rotational activity
following apomorphine injection

In preliminary experiments, we examined the effect
of fibroblast transplantation to STN, to both EP and

using this site alone.

The effect of fibroblast transplantation to EP and
SNpr on apomorphine-induced turning is shown in
Fig. 2A. Apomorphine was administered 2, 4 and
8 weeks after fibroblast transplantation. Control rats
showed a consistent level of apomorphine-induced
turning over the 8 week period, while in fibroblast-
transplanted rats, mean turning rate was reduced by
73+ 9.4 % at 2 weeks after transplantation, and main-
tained at the same low level throughout the 8 week pe-
riod (P < 0.001 for difference from control at each
time interval). In 4 of the 6 transplanted rats, the same
low level of contralateral rotation was seen 6 months
after transplantation, while the 2 surviving control rats
also showed the expected higher rate of turning (not
shown in Fig. 2A). Peak turning rates were reduced to
the same extent as mean turning rate following fibrob-
last transplantation (70.6F 8.9 before, 21.3t 7.0,
26.1+ 8.6, 24.3+ 5.7 turns/5 min at 2, 4 and 8 weeks
after transplantation; meadss.e.m.).

In a subsequent experiment (Fig. 2B), we exam-
ined the effect of fibroblast transplantation to EP only.
Eleven Fischer rats were injected with 100,000 Fischer
dermal fibroblasts to the EP and vehicle was injected
to the EP of 7 rats. The EP study group demonstrat-
ed more than 60% reduction in the rotational behav-
ior compared to vehicle during the 6 months follow-up
period (P < 0.001 at each time point for difference
between fibroblasts and vehicle).

To exclude the possibility that the reductions in turn-

ing were the result of physical obstruction of electrical

conduction in the appropriate basal ganglia, synthet-
ic microspheres, of a size similar to that of granular
neuron cell bodies (mean diameter L), were in-

jected to the EP of 7 rats with unilateral 6-OHDA le-

sions. No statistically significant change in rotational
behavior was observed over a follow-up period of 6
months (Fig. 2C). In an additional control experiment,
a discrete lesion of the EP was carried out by injection
of ibotenic acid. No alteration in turning was seen up
to 2 months after lesioning (Fig. 2D) while fibroblast
transplantation caused a marked reduction in turning
rate as before (data in Fig. 2D was obtained following
transplantation of the same number of RDF but with an
improved injection technique).
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days of treatment with L-dopa/carbidopa

Fig. 3. L-Dopa-induced dyskinetic movements in rats witflaiaral nigro-striatal 6-OHDA lesion, 7 months followirsmbsequent ipsilateral
transplantation of syngeneic dermal fibroblasts into theTEE peripheral decarboxylase inhibitor carbidopa (5 mgk was injected together
with L-Dopa methyl ester (6 mg/kg ip) daily and dyskinetic vements evaluated over a period of 160 min following in@tton days 1, 4 and
7. Data shown are meadss.e.m. forn = 11 rats (fibroblasts) an = 6 (vehicle). Significance of differences between fibrolsiastd vehicle

groups was determined using one-way ANOVA with Bonferrasttest.*

3.3. Dyskinesia

At 7 months post 6-OHDA lesion and subsequent
cell transplantation into the EP (Fig. 3), and upon
completion of 6 months follow-up rotation evaluation,
the animals received chronic treatment with carbidopa
and L-Dopa, commencing 4 weeks after the last apo-
morphine test, and recordings of abnormal involuntary
movements (AIMs) were carried out on days 1, 4 and
7 during this week. The presence of fibroblasts in
the EP decreased all L-Dopa-induced dyskinetic move-
ments significantly, with a smaller effect on orolingual
movements. Following fibroblasttransplantionto STN,
dyskinetic movements were not significantly affected
(data not shown). In control experiments with mi-
crosphere injection or ibotenic acid lesion, dyskinetic
movements were also not significantly altered (Fig. 4).
These results indicate that fibroblast implant to EP nor-
malized the asymmetry of the hemiparkinsonianrat, as
well as markedly reducing L-Dopa-induced dyskinetic
movements.

4. Histology

In a separate toxicological study, rats were sacri-
ficed 3 and 9 months after cell transplantation for full

P <0.05**P < 0.01,***P < 0.001.

pathology by a qualified neuropathologist. No tumors
or pathological changes were observed throughout the
sectioning of the whole brain (data not shown). In
the cell-transplanted specimens the injected fibroblasts
were identified in the proper location and distinguished
from the surrounding brain tissue by unique fibroblast
spindle-like shape (Fig. 5A). The approximate size of
lesions produced in EP following fibroblast and mi-
crosphere implantation, as well as ibotenic acid lesion,
were determined by stereology. The volume of tissue
affected in the three types of lesion (see Fig. 5) were
not significantly different: fibroblasts 124 1.9, mi-
crospheres 129 3.5, ibotenic acid 11.4 3.1 (um? x

10°, meant- SEM).

The survival and viability of the transplanted fibrob-
lasts were confirmed using immuno-histochemistry for
the specific fibroblast marker HSP 47 (Fig. 6A). The
area of fibroblast transplantation was surrounded by a
narrow rim of GFAP-positive cells (Fig. 6C). A sim-
ilar picture of gliosis was seen surrounding the area
of ibotenic acid lesion, but vehicle-injected samples
showed no evidence of astrocyte recruitment. Slices
were also taken for immunohistochemical analysis of
inflammation markers. No active inflammation was ob-
served in fibroblast transplanted areas, as shown by only
minor staining for the inflammation markers CD3 (for
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Fig. 4. L-Dopa-induced dyskinetic movements in rats witflaiaral nigro-striatal 6-OHDA lesion, 7 months followirsyibsequent ipsilateral
transplantation of syngeneic dermal fibroblasts or midnesgs, or ibotenic acid lesion, to the EP. The peripherabibexylase inhibitor
carbidopa (5 mg/kg ip) was injected together with L-Dopahykester (6 mg/kg ip) daily and dyskinetic movements evi@daver a period
of 160 min following injection. Numbers of animals shown iarentheses. Only fibroblasts caused significant diffesefroen vehicle using
one-way ANOVA,* P < 0.05.

Fig. 5. Histological examination of EP, 6 months after: (&) dermal fibroblasts (RDF) implantation (fibroblasts camliséinguished by their
characteristic elongated shape, shown by arrow); (B) ibotacid lesion; (C) microspheres implantation; (D) vehitijection. Hematoxylin
and eosin staining, 5 micron paraffin sections. Bar reptsesE0 microns.

T-lymphocytes, Fig. 6B), CD79a (for B-lymphocytes, a marked loss of TH-immunoreactive neurons in the
not shown), and Ibal(for activated microglia, Fig. 6D). lesioned SN compared with the unlesioned side, com-
In order to confirm the persistence of stable unilateral mensurate with the- 95% loss of dopaminergic neu-
striatal lesion throughout the entire experiment, anti — rons seen in similar experiments. There was no differ-
tyrosine hydroxylase (TH) staining of the SN was car- ence in the appearance of SN between fibroblast- and

ried out. In the 6-OHDA-lesioned rats 3 and 9 months vehicle-treated brains (see Fig. 7). Additionally, saiat
after the lesion and fibroblast transplantation there was dopamine content from both brain sides was measured
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Fig. 6. Histological examination of EP, 6 months after inmpégion of rat dermal fibroblasts. Immunohistochemicahgtg for presence of: (A)
HSP47, most fibroblasts show positive staining, as well asestells outside the implant area; (B) CD3, very few cellsséaéned (black arrow);
(C) GFAP, a band of astrocytes staining for GFAP can be serteling the implantation site; (D) Ibal, occasional celisifive for Ibal are

seen, indicated by black arrow. Horizontal calibration $at00 microns.

by HPLC analysis on 5 animals: 3 injected with vehicle

and 2 with fibroblasts. In all animals the results demon-
strated~150-500 fold decrease in dopamine content
in the lesioned compared with the unlesioned striatum.

5. Discussion

Using isolated neuronal networks we found that
fibroblasts alter the characteristics of synchronous
events. Although we cannot state how synchrony in
basal ganglia areas vivo would be affected by the
presence of fibroblasts, we speculate that a similar

change to that observed in the isolated neuronal net-

work may shift the frequency distribution of patholog-
ically active basal ganglia cells to a more physiologi-
cal behavior in a similar way to the change caused by
addition of dopamine or direct electrical stimulation.
The precise way in which these antiparkinsonian treat-
ments alter activity at the neuronal level is not under-
stood. Direct electrical stimulation of cortical neuronal
networksin vitro reduces rate of synchrony generation
(Wagenaar et al., 2006), but dopaminergic stimulation
in vivo changes the rate of synchronous bursting activ-
ity in STN to a higher frequencyx 75 Hz) than the
beta frequency (11-30 Hz) associated with parkinsoni-
an symptomatology (Brown et al., 2004; Brown et al.,
2001).

In the unilateral 6-OHDA rat model, reduction in
agonist-induced turning activity is a measure of nor-
malization of basal ganglia function, and is observed
following successful neuroregeneration (Dowd et al.,
2005). Transplantation of fibroblasts to EP succeeded
in reducing contralateral turningin response to apomor-
phine, but was not accompanied by dopaminergic re-
generation. Meissner et al. (Meissner et al., 2000) did
not find any affect of deep brain stimulation of the EP
on striatal dopamine metabolism (levels of dopamine,
3, 4-dihdroxyphenylacetic acid and homovanillic acid)
in naive and 6-OHDA-lesioned rats.

Administration of L-Dopa to hemiparkinsonian rats
induces contralateral turning activity as well as dysk-
inesias which are very similar in appearance to those
seenin human parkinsonian patients (Cencietal.,2002;
Lundblad et al., 2002), and the intensity of which in-
creases with repeated drug administration (priming).
Fibroblast transplantation to EP reduced dyskinesia
severity in forelimbs and cranial area as well as reduc-
ing locomotor activity. Since increased synchroniza-
tion of basal ganglia neuronal discharge is thought to
be responsible for both L-Dopa-induced dyskinesia and
akinesia (although this has not demonstrated conclu-
sively), we propose that reduction of neuronal synchro-
nization, or altered recruitment and distribution profile
of synchronous events, is induced by the presence of fi-
broblasts in contact with the basal ganglia neurons, and
that this altered synchronous activity is responsible for
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Left SNpc Right SNpc

3 months

9 mqnths

Fig. 7. Immunohistochemical staining for tyrosine hydrasg in neurons of left and right substantia nigra, in ratsiattered 6-hydroxy-
dopamine to right medial forebrain bundle. Animals weréeKil3 or 9 months after implantation of syngeneic rat dernbabfilasts to EP area.
Tyrosine hydroxylase-positive neurons appear red. Hota@dar represents 100 microns.

correction of the asymmetry defect in the hemiparkin- normally seen in brain tissue damage. Both astrocytes
sonian rat. By analogy, subthalamic DBS is associated and dermal fibroblasts express gap junction and multi-
with reduction of pathological beta activity in PD, and ple connexin channel types (Estacion, 1991; Salomon
the suggested mechanism is modulation of patholog- etal., 1994; Salomon et al., 1988) as well as potassium
ical patterns of synchronized oscillations in the basal channels (Araque et al., 2001; Araque et al., 1999).
ganglia (Kihnetal., 2008; Bronte-Stewart etal., 2009). Human dermal fibroblasts express BKCa channels that
Fibroblast transplantation could be normalizing are known modulators of neuronal activity, and NO in-
parkinsonian symptomatology by a lesion-type effect, creases their opening through a sGC/cGMP/PKG path-
similar to that produced by pallidotomy, another pro- way (Limetal., 2005; Roh etal., 2007). The possibility
cedure used occasionally in advanced PD, however a exists, therefore, that BKCa channel opening could be
localized lesion of the EP by ibotenic acid did not activated in the transplanted fibroblasts in hyperactive
affect DA agonist-induced turning or L-dopa-induced basal gangliabyincreased NO production, which could
dyskinesia. Some researchers have found a decreasdaliffuse from nearby NOS-positive cells.
in apomorphine-induced circling by EP lesion in 6- While the fibroblasts can produce a capacitance load
OHDA-lesioned rats, (Dewar et al., 1983) but not all and some active potassium current sink effect (Esta-
agree (Perier et al., 2003). In addition, fibroblast trans- cion, 1991; Salomon et al., 1988) the effects of astro-
plantation did not cause any general signs of malaise in cytes may be more complex. Astrocytes can release
the animals, whose body weight increased similarly to various neurotransmitters including glutamate (Parpu-
that of the controls, so that reduced turning and other ra et al., 1994), D-serine (Wolosker et al., 1999) and
movements were not the result of a general decrease inATP (Hassinger et al., 1996). Therefore the behav-
peripheral neuromuscular function. ioral results observed could be the result of altered ion
Grafted fibroblasts were found on histological analy- channel activity produced by both fibroblasts and astro-
sis 3, 7 and 9 months post transplantation. Staining for cyte recruitment. The fact that microsphere transplan-
CD3, CD79a, and anti Iba-1 did not demonstrate active tation had no effect on the parkinsonian rats indicates
inflammation. We note that the fibroblasts caused a re- that physical obstruction to the course of an induced
cruitment of astrocytes to the area of transplantation, as wave of depolarization (as occurs, for example, around
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the bases of large blood vessels in cardiac atrial tissue
during circus-like re-entry arrythmia) is not associated
with behavioral improvement. Thus we speculate that
the improved behavioral effect of fibroblast implanta-
tion was the result of multiple factors including electro-
chemical coupling and structural changes in the trans-
planted area which probably resulted in alteration of the
synchronized burst type activity seen in parkinsonian
animal models in the STN-GPi-GPe pathway.

This study is limited by the fact that modification of
the electrophysiological basal ganglia output by fibrob-
last transplantation was not demonstratedvo, which
would have been further confirmation to our hypothe-
sis and conclusions. These preclinical studies form the
basis for further development of fibroblast transplanta-
tion technique as a clinical treatment. Although DBS
is extremely effective in some patients, yet it is accom-
panied by occasionally severe side effects, including
cognitive dysfunction (Temel et al., 2006) and is less
effective in patients over 70 years old (Russmann et al.,
2004), so that alternative treatments are required.

Transplantation of autologous fibroblasts to the hu-
man brain has already been carried out in attempts to
treat Alzheimer’s disease with cells modified to pro-
duce nerve growth factors, NGF and GDNF (Tuszyns-
ki, 2002; Tuszynski et al., 2005). Transplanted fibrob-
lasts did not form tumors, or migrate to other parts of
the brain, and no side effects were reported. The use of
unmodified autologous fibroblasts transplanted to ap-
propriate areas of human basal ganglia may therefore
present a useful addition to existing therapies for PD,
mainly in advanced stage disease accompanied by poor
response to L-Dopa, even though it does not offer a
cure for the disease. In addition, local neuronal electro-
physiological modification by fibroblasts may be appli-
cable for other clinical indications marked by neuronal
hyperactivity.
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