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Summary. The effect of two isoforms of platelet-derived
growth factor (PDGF), PDGF-AA and PDGF-BB, was
tested on dissociated cell cultures of ventral mesencepha-
lon from rat and human embryos. PDGF-BB but not
PDGF-AA reduced the progressive loss of tyrosine hy-
droxylase- (TH)-positive neurons in rat and human cell
cultures. The mean number of TH-positive cells in the
PDGF-BB-treated rat culture was 64% and 106% higher
than in the control cultures after 7 and 10 days in vitro,
respectively. Corresponding figures for human TH-
positive neurons were 90% and 145%. The influence of
PDGF-BB was specific for TH-positive neurons and not
a general trophic effect, since no change of either total
cell number or metabolic activity was found. In
PDGF-BB-treated cultures of human but not rat tissue
the TH-positive neurons had longer neurites than ob-
served in control or PDGF-AA-treated cultures. These
data indicate that PDGF-BB may act as a trophic factor
for mesencephalic dopaminergic neurons and suggest
that administration of PDGF-BB could ameliorate de-
generation and possibly promote axonal sprouting of
these neurons in vivo.
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Introduction

In Parkinson’s disease, there is a progressive degenera-
tion of mesencephalic dopamine- (DA)-producing neu-
rons. The etiology of Parkinson’s disease is not known,
but it has been suggested that a lack of trophic factor(s)
might be the underlying cause of this disorder (Appel
1982). Over the past few years a large number of studies
have been carried out in order to identify factors that can
promote survival and neurite outgrowth of mesencephal-
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ic DA neurons. Hypothetically, administration of such
factors in vivo might delay the progression of the disease
and could also improve the symptomatic relief exerted by
intrastriatal grafts of fetal mesencephalic DA neurons in
patients (Lindvall et al. 1992).

Cell culture experiments have shown that the survival
of mesencephalic dopaminergic neurons can be pro-
moted by several purified growth factors such as acidic
and basic fibroblast growth factor (aFGF, bFGF; Fer-
rari et al. 1989; Engele and Bohn 1991), brain-derived
neurotrophic factor (BDNF; Hyman et al. 1991 ; Kniisel
et al. 1991), epidermal growth factor, and insulin and
insulin-like growth factors (Kniisel et al. 1990). Much
interest has been focussed on BDNF and bFGF, which
enhance DA uptake and the number of neurite-bearing
cells in cuitures of embryonic rat mesencephalon (Ferrari
et al. 1989; Kniisel et al. 1990, 1991; Hyman et al. 1991).
BDNF can also protect DA neurons from the neurotoxic
action of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in vitro (Hyman et al. 1991). The effects of
BDNF and bFGF after administration in vivo are less
clear. No significant increase in the number of mesen-
cephalic dopaminergic neurons surviving a transection of
the nigrostriatal pathway was observed after injection of
BDNYF into the lesion area, the substantia nigra or the
lateral ventricle (Hefti et al., to be published). Further-
more, BDNF administration into the lateral ventricle or
directly into the implant did not influence the survival of
TH-positive neurons in mesencephalic dopaminergic
grafts or their axonal outgrowth in the DA-denervated
striatum (Sauer et al. 1992). Gelatin foam (Gelfoam)
implants containing bFGF and stereotaxically injected
aFGT have been reported to increase the density of
TH-positive fibers in the surrounding host striatum of
MPTP-treated mice (Date et al. 1990; Otto and Unsicker
1990). However, only minor effects of bFGF were shown
on sprouting from intrastriatal grafts of embryonic rat
dopaminergic neurons (Steinbusch et al. 1990).

Platelet-derived growth factor (PDGF) is a potent
mitogen as well as a chemotactic factor for mesenchymal-
ly derived cell types (Heldin and Westermark 1990;



Raines et al. 1990). It occurs as three isoforms,
PDGF-AA, PDGF-BB, and PDGF-AB, constituting
disulfide-linked homo- or heterodimers of two related
polypeptides, the A- and B-chains. PDGF molecules
exert their biological effect via cross-linking of cell sur-
face receptors. There are two forms of PDGF receptors,
the PDGF a-receptor and the PDGF B-receptor. Recep-
tor specificity restricts ligand-binding of the PDGF
A-chain only to the a-receptor, whereas the PDGF B-chain
can bind either to the a- or the B-receptor (Hart et al.
1988; Heldin et al. 1988). Therefore, the signalling
process initiated by PDGF will depend both on the iso-
forms of PDGF and on the cell surface receptor ex-
pression.

PDGF A- and B-chains have recently been identified
in neurons throughout the entire brain (Sasahara et al.
1991; Yeh et al. 1991). Higher levels of mRNAs encoding
the PDGF o- and B-receptors are found in the developing
brain than in the adult (Reddy et al. 1992). The PDGF
a-receptor was shown to be expressed by oligoden-
drocyte-type 2 astrocytes, whereas the PDGF B-receptor
was located on neurons (Smits et al. 1991; Pringle et al.
1992). Survival and neurite outgrowth were promoted by
PDGF-BB but not by PDGF-AA in neuronal cultures
from newborn rat brains (Smits et al. 1991). Binding
studies revealed a high level of PDGF B-receptors and
the absence of PDGF a-receptors in these neuronal cul-
tures. Thus, different isoforms of PDGF may specifically
act as a regulatory and/or trophic factor for both neu-
rons and glia (Richardson 1991).

The present experiments were performed to test the
hypothesis that PDGF might act as a trophic factor for
mesencephalic DA neurons. Cell cultures of ventral
mesencephalic tissue from rat and human embryos were
examined for the effects of PDGF-AA and PDGF-BB
on cell survival and neurite outgrowth. Further experi-
ments were conducted to distinguish influences on total
cell survival from specific effects on TH-positive,
presumed dopaminergic, neurons.

Materials and methods

Cell cultures

Ventral mesencephalon was dissected from 14-day-old rat embryos
(E14) or from cadaveric human embryos. The human tissue was
obtained from routine suction abortions with the approval of the
Research Ethical Committee at the Medical Faculty of the Univer-
sity of Lund. The age of the human material, as assessed by ul-
trasound, was 6-8 weeks postconception (crown-rump length 18—
25 mm). Pooled tissue was incubated in 0.1% trypsin/0.05% DNase
(Worthington Biochemical Corporation and Sigma DN-25, respec-
tively) at 37° C for 20 min, rinsed four times in 0.05% DNase, and
mechanically dissociated using a 1-ml Gilson pipette. The tissue was
then centrifuged at 600 rpm for 5 min and the pellet resuspended
in Dulbecco’s minimal essential medium (DMEM ; Gibco). The cell
number in this suspension was counted with a trypan blue dye
exclusion method and 100000 cells/cm? were plated onto four-well
chamber slides (Nunc, USA) precoated with 10 pg/ml poly-L-lysine
(Sigma) and 2.5 pg/ml merosin (Chemicon). Cells were incubated
overnight in DMEM + 10% fetal calf serum (FCS) 1 ml/well at 5%
CO,, 37° C, and 95% humidity. After 24 h in vitro (0-24 h=1 day
in vitro, DIV), culture medium was changed to serum-free N2
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medium (Bottenstein et al. 1979), consisting of DMEM/ Ham’s F12
(1:1) mixture (Gibco) supplemented with 10 mM NaHCO,, 2 mM
l[-glutamine, 110 mg/ml sodium pyruvate, 100 pg/ml transferrin,
20 ng/ml insulin, 100 uM putrescine, 20 nM progesterone, 30 nM
sodium selenite, and no antibiotics. Cells were grown for 2, 7, and
10 DIV with or without human recombinant PDGF-AA (30 ng/ml)
or PDGF-BB (30 ng/ml; Ostman et al. 1989), and the culture
medium was replaced every 3rd day.

For rat mesencephalic tissue, TH immunocytochemistry and
microscopic evaluation of the survival of TH-positive neurons were
performed in six independent culture experiments at 2, 7, and
10 DIV, each condition tested comprising quadruplicate wells. The
methylthiazoyl tetrazolium (MTT)-assay (see below) was per-
formed in parallel cultures in the same number of wells. Total cell
number was assessed at 2, 7, and 10 DIV in two representative rat
cultures in quadruplicate wells.

Due to limited amounts of human mesencephalic tissue, the
effect of PDGF-BB on the survival of TH-positive neurons was
only tested in two cultures grown for 7 DIV and in four cultures
grown for 10 DIV (each culture comprising quadruplicate wells).
For each time point, the MTT assay could be performed in one
parallel culture in quadruplicate wells. PDGF-AA was tested in two
cultures at 7 DIV and in three cultures at 10 DIV. The MTT assay
was only performed in one PDGF-AA-treated culture at 7 DIV.
Total cell number was counted in two representative human cul-
tures from 7 and 10 DIV in control and PDGF-AA- and
PDGF-BB-treated cultures.

Smears of embryonic ventral mesencephalic tissue

Smears were produced from rat cells in three different experiments.
After the mesencephalic tissue had been incubated in trypsin/
DNase, rinsed and dissociated as discussed above, 5 ul of the cell
suspension was spread out on poly-L-lysine-coated microscope
slides. The smears were air-dried for 24 h and then stored at
—20° C until processed for TH immunocytochemistry.

TH imimunocytochemistry

Cultures and smears were rinsed once with phosphate buffer (PB,
0.2 M, pH 7.4), fixed with 4% paraformaldehyde for 15 min at room
temperature and washed three times with PB. They were then
quenched with 3% H,0, for 7 min, washed three times with PB, and
preincubated with 5% normal swine serum (NSS) and 0.1% Triton
X-100 in PB for 1 h at room temperature. Cultures were incubated
with the primary TH antibody (1:500; Pel Freeze)/2% NSS and
0.1% Triton X—100 in PB overnight at 4° C. Following three washes
with 0.1% Triton X—100 in PB, the cultures were incubated for 1 h
at room temperature with biotinylated swine-anti-rabbit antibody
(1:200) diluted in 0.1% Triton X-100 in PB. The cultures were
washed three times with PB. Labelling was visualized by incubation
with Vectastain ABC Elite kit for 30 min at room temperature and
finally with 0.05% 3,3’-diaminobenzidine/0.03% H,O, for 3-6 min.

Microscopic analysis

The survival of DA neurons was quantified by counting all TH-
positive neurons per well in a blind manner with respect to the
individual culture conditions. In two representative cultures of both
rat and human mesencephalic tissue the longest TH-positive neu-
rite/neuron among 100 neurons/well at 10 DIV was measured with a
reticule grid. This grid is subdivided into 100 squares (0.5 mm x
0.5 mm) and was used at x 200 magnification. In the same cultures
total cell number was counted in ten randomly chosen microscopic
fields per well at % 200 magnification. The total cell number and
number of TH-positive cells in the smears were counted simul-
taneously in ten randomly chosen fields.
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Fig. 1A-D. Brightfield photomicrographs of a cell smear (A) and of lase (TH). B-D Representative examples of the number and app-
cell cultures (B-D) prepared from ventral mesencephalic tissue of earance of the TH-positive neurons cultured under serum-free con-
14-day-old rat embryos and immunostained for tyrosine hydroxy- ditions for 2 (B), 7 (C) and 10 days (D). Scale bar 50 pm




MTT assay

To obtain further information about total cell number and viability
of the cell culture a modified version of the MTT assay was pet-
formed (Manthorpe et al. 1986; Nikkhah et al. 1992). This assay is
based on the reduction of the tetrazolium salt MTT to a blue
product, formazan, by enzymes only present in metabolically active
cells. Briefly, cell cultures were incubated with 0.2 mg/ml MTT
(Sigma) for 4 h at 37° C. The supernatant was completely removed
and replaced with 200 ul dimethyl sulfoxide (DMSQ). After a 5-min
incubation on a rotatory shaker the coloured extract was trans-
ferred to a 96-well plate and absorbance was measured at 550/620 nm
(test/reference wavelength) using a spectrophotometer.

Statistical analysis

Results are expressed as mean + SEM of the cell cultures comprising
quadruplicate wells. For statistical evaluation of effects on cell
survival, data were subjected to one-way analysis of variance
(ANOVA) and Scheffé post-hoc test. Group comparison of the
neurite outgrowth classes was performed using a Chi-square test
followed by ANOVA and Scheffé post-hoc test for single classes.

Results

Effects of PDGF-AA and PDGF-BB on rat
mesencephalic neurons

Assessment of survival and differentiation of TH-positive
neurons was performed at 2, 7, and 10 DIV. The appear-
ance of TH-positive neurons in control cultures at these
time points in serum-free medium (SFM) is illustrated in
Fig. 1 (B-D). At2 DIV there were numerous TH-positive
neurons with short processes. At 7 DIV their number had
decreased dramatically, but the remaining neurons ex-
hibited longer neurites and more extensive branching
patterns. Only a few TH-positive neurons survived until
10 DIV.

Cell counting in smear preparations of the cell suspen-
sion prior to seeding revealed that 8—10% of the total cell
number were TH-positive neurons (Fig. 1A). Since
200000 cells were plated per well, this would give approx-
imately 16000-20000 TH-positive neurons per well. At
2 DIV the number of TH-positive neurons had already
dropped to 1402+ 81 per well, which represents only
about 8-10% of the initial number of TH-positive neu-
rons (Fig. 2A).

This decline continued to 483 + 14 TH-positive neu-
rons per well at 7 DIV and 273 £ 17 TH-positive neurons
per well at 10 DIV, as estimated in one representative
culture (n=4 wells; Fig. 2A). In cultures treated with
PDGF-BB but not with PDGF-AA the loss of TH-
positive neurons was significantly reduced (Fig. 2A) at 7
and 10 DIV. Addition of PDGF-AA and —-BB did not
influence the total number of cells (Fig. 2B) or the overall
metabolic activity as shown by the MTT assay (Fig. 2C).
From 2 to 10 DIV the total number of cells in the cultures
decreased by about 30%. The decline in the number of
TH-positive neurons over this period was much more
pronounced, acounting to about 80% in the control cul-
tures.
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Fig. 2A-C. Effects of platelet-derived growth factor-AA (PDGF-
AA) and PDGF-BB on the mean number of tyrosine hydroxylase-
( TH )-positive neurons per well (A) and mean total cell number per
observation field (B) at 2, 7, and 10 days in vitro (DIV) in a
representative rat mesencephalic cell culture. The metabolic activity
(C) was measured by the methylthiazoyl tetrazolium (MTT) assay
at 7 and 10 DIV in parallel. (Means +SEM, quadruplicate wells).
* denotes statistically significant differences (one-way ANOVA and
post-hoc Scheffé, P<0.001) from the control culture in serum-free
medium at the corresponding time points



520

PDGF-AA
" @ PDGF-BB
S 250t *
§ |
S 200t *
o ' -
2
P 150[
D
Q
o 100}
2 |
% i
g 50
I
[

7 DIV 10 DIV

Fig. 3. Effects of platelet-derived growth-factor-AA (PDGF-A4A)
and PDGF-BB on the number of tyrosine hydroxylase- (TH)-
positive neurons in a series of six rat mesencephalic cultures grown
for 7 and 10 days in vitro (DIV). The survival of TH-positive cells
for each treatment is expressed in percentage of control cultures in
serum-free medium at the corresponding time point. Bars represent
the mean percentage (+ SEM) of the survival of TH-positive cells
(quadruplicate wells in each culture). * denotes statistically signifi-
cant difference (one-way ANOVA and post-hoc Scheffé, P<0.002)
from the control cultures
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Figure 3 summarizes the results after addition of
PDGF-AA and -BB to six independent rat ventral
mesencephalic cell cultures. The value for each culture
represents the mean of quadruplicate wells. In
PDGF--BB-treated cultures the number of TH-positive
neurons was 64% and 106% higher than in the control
(SFM) at 7 and 10 DIV, respectively. In contrast,
PDGF-AA had no effect on the survival of TH-positive
neurons at either time point. No significant effect on
neurite outgrowth of rat TH-positive mesencephalic
neurons could be detected after addition of either
PDGF-AA or PDGF-BB as assessed in two cultures
(n=4 wells per culture; data not shown).

In two cultures of rat and one culture of human
ventral mesencephalic cells the addition of PDGF-AA
and —BB caused extensive proliferation of a fibroblast-
like cell type. In these cultures there was a significantly
higher total cell number and metabolic activity after
addition of PDGF-AA and PDGF-BB than in the con-
trol. They also showed a more pronounced decrease in
number of TH-positive neurons with time (up to
30-50%) and no effect of PDGF-BB on the number of
TH-positive neurons was found at 7 and 10 DIV. The

Fig. 4A, B. Effects of platelet-derived
growth factor-AA (PDGF-AA) (A) (five
cultures) and PDGF-BB (B) (six cul-
tures) on the number of tyrosine hydrox-
ylase-(TH )-positive cells in human
mesencephalic cultures. The survival of
TH-positive cells for each culture is ex-
pressed in percentage of the correspond-
ing control culture in serum-free medium
at the same time point. Each bar repre-
sents the result of an independent culture
(quadruplicate wells) at 7 or 10 days in
vitro (DIV). * denotes statistically sig-
nificant differences (one-way ANOVA
and post-hoc Scheffé, P<0.01) from the
control culture

10 DIV

] Control
PDGF-AA
PDGF-BB

Fig. 5. Effect of platelet-derived growth
factor-AA (PDGF-AA) and PDGF-BB
on the length of the longest neurite on
human tyrosine hydroxylase- (TH)-
positive neurons at 10 days in vitro
(DIV). The neurite length has been plot-
ted in different classes for a random
sample of 100 TH-positive cells per well
(quadruplicate wells) from two represen-
tative cultures. * denotes statistically sig-
nificant differences as seen in cultures
treated with PDGF-BB for the single
classes of neurite length (one-way
ANOVA and post-hoc Scheffé, P<0.05)
compared with control cultures in serum-
free medium

351-400  401-
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Fig. 6. Example of the extensive neurite outgrowth from a human mesencephalic tyrosine hydroxylase-positive neuron in a platelet-derived
growth factor-BB-treated culture grown for 10 days in vitro. Scale bar 50 pm

results from these cultures were not included in the fur-
ther analysis.

Effects of PDGF-AA and PDGF-BB on human
mesencephalic neurons

Consistent with the data obtained from rat neurons,
there was no significant effect of PDGF-AA on the
number of human TH-positive neurons (Fig. 4A) at 7 or
10 DIV as assessed in five independent cultures.

In the PDGF-BB-treated cultures the number of sur-
viving neurons was higher than in controls, by 90% at 7
DIV and by 145% at 10 DIV (Fig. 4B). There was no
significant difference between control and PDGF-AA
and PDGF-BB-treated cultures in the overall cell sur-
vival as revealed by total cell count and MTT assay (data
not shown).

In human cultures supplied with PDGF--BB, the neu-
rite outgrowth from TH-positive cells was more pro-
nounced than in control cultures (Chi-square test,
P<0.001). At 10 DIV about 90% of the TH-positive
neurites in control or PDGF-AA-containing cultures
were shorter than 100 um, whereas in the PDGF-BB-
treated cultures 51% of the TH-positive neurons extend-
ed their neurites beyond 100 pm (Fig. 5). An example of
a human TH-positive neuron from a culture treated with
PDGF-BB is given in Fig. 6.

Discussion

The present data indicate that the progressive cell loss in
cultures of both rat and human mesencephalic TH-
positive, presumed dopaminergic, neurons can partly be
prevented by addition of PDGF-BB. In contrast,
PDGF-AA did not influence cell survival. The action of
PDGF-BB was specific for TH-positive neurons and not
a general trophic effect, since no change of either total
cell number or metabolic activity was found. However,
it could not be excluded that also cell types other than
the TH-positive cells, present in low numbers, were stim-
ulated by PDGF-BB. In PDGF-BB-treated cultures of
human, but not rat, mesencephalic tissue the TH-positive
neurons had longer neurites than observed under serum-
free conditions or in cultures treated with PDGF-AA.
Three cultures were excluded due to PDGF-dependent
overgrowth of a fibroblast-like cell type, most likely orig-
inating from mesenchymal tissue contaminating the
preparation.

Taken together, our observations suggest that
PDGF-BB acts as a neurotrophic factor for mesence-
phalic dopaminergic neurons in culture. These results
extend the recent demonstration of a neurotrophic activ-
ity of PDGF-BB on early postnatal rat brain cultures
(Smits et al. 1991) by indicating a functional effect of
PDGF-BB on a specific neuronal population. In con-
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trast, in a recent report by Engele and Bohn (1991)
PDGF did not influence either dopaminergic or glial cell
survival. This discrepancy might depend on the fact that
the effect of each PDGF isoform was not studied
separately. It could also be explained by the lower PDGF
concentrations used by Engele and Bohn (1991; up to
8 ng/ml compared with 30 ng/ml in the present study).

The neurotrophic activity of PDGF-BB as shown for
cultured embryonic dopaminergic neurons may increase
our understanding about the functional role of PDGF
isoforms also in the developing and adult central nervous
system in vivo. PDGF B-chain immunoreactivity has
been found in the substantia nigra of nonhuman pri-
mates (Sasahara et al. 1991) and functional PDGF f3-re-
ceptors have been demonstrated in this region in new-
born rats with gradual decline with age (Smits et al.
1991). These findings are in accordance with the hypo-
thesis that PDGF-BB exerts a trophic action on mes-
encephalic DA neurons also in vivo. Furthermore, in a
parallel study (A. Smits et al., in preparation) we have
found that within grafts of ventral mesencephalon from
rat fetuses, implanted into the DA-depleted adult rat
striatum, many cells express high levels of PDGF. The
immunostaining in the graft gradually decreases, whereas
in the surrounding host striatum PDGF-positive glial
cells become more numerous. In view of the results of the
present study, it seems possible that these changes in
PDGF levels in both graft and host tissue could be
important for the survival and differentiation of grafted
embryonic DA neurons.

The finding of TH-positive neurons with longer neu-
rites in PDGF-BB-treated cultures of human mesence-
phalic neurons could be explained by increased survival
of this particular population of cells. However, it may
also suggest that PDGF-BB is able to stimulate neurite
outgrowth in addition to its effect on cell survival. The
lack of any effect on neurite outgrowth in rat cultures
could be related to the stage of development of the
dopaminergic neurons when exposed to PDGF-BB.
Possibly, the neurite-outgrowth promoting effect of
PDGF-BB occurs only during a restricted time period,
at a developmental stage tested with human, but not rat,
tissue in the present study. It also remains to be examined
further as to whether there are species-specific modifica-
tions of the PDGF isoforms, their receptors, or their
receptor-mediated effects, as only human, but not rat,
recombinant PDGF was investigated in the present
" study.

Whether the effect of PDGF-BB results from a direct
action on dopaminergic neurons or requires the presence
of other cell types in the culture is not known. The
trophic effect of bFGF on mesencephalic DA neurons in
vitro has been proposed to be indirect (Kniisel et al.
1990; Engele and Bohn 1991), mediated via glia cells,
whereas BDNF probably acts directly on these neurons
(Hyman et al. 1991). Using serum-free growth con-
ditions, as in the present experiments, the expected num-
ber of glial fibrillary acidic protein (GFAP)-positive cells
in low-density cultures lies below 1% (Ferrari et al. 1989),
which makes an indirect, glia-mediated effect less likely
here. However, it remains to be shown whether PDGF

receptors are localized on the dopaminergic neurons
themselves, which would support a direct trophic effect
of PDGF.

In conclusion, the effect of PDGF-BB on the survival
of TH-positive neurons in culture, as indicated by the
present study, raises the possibility that PDGF-BB may
influence the development and maintenance of mesence-
phalic dopaminergic neurons also in vivo. If so, exoge-
nous administration of PDGF-BB could provide a new
approach to counteract neural degeneration and to stim-
ulate axonal sprouting from intrinsic and grafted dopa-
minergic neurons. It seems highly warranted to test these
hypotheses by in vivo experiments in animal models of
Parkinson’s disease.
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