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Mesencephalic Type 1 Astrocytes Rescue Dopaminergic Neurons
from Death Induced by Serum Deprivation

Takao Takeshima, Jane M. Johnston, and John W. Commissiong
Neural Transplantation Unit, LMCN-NINDS-NIH, Bethesda, Maryland 20892

We have established a primary neuronal culture of the em-
bryonic day 14 rat, ventral mesencephalic region, centered
on the A8, A9, and A10 dopaminergic nuclei (~ 1.0 mm?3 of
tissue). At 16 hr after plating on a substrate of poly-pb-lysine,
in a serum-free or serum-supplemented growth medium, us-
ing a microisland culturing method, 95% of the cells stained
positive for neuron-specific enolase, 20% for tyrosine hy-
droxylase, and <5% for vimentin. When the growth medium
was supplemented with 10% fetal calf serum, the percent-
age of tyrosine hydroxylase—-positive neurons increased sig-
nificantly (p < 0.05) at the 7th and 10th days in culture,
compared with the percentage present at 16 hr after plating.
When cultured in a serum-free growth medium, the per-
centage of tyrosine hydroxylase-positive neurons de-
creased to <5% and to 0% by the 5th and 7th days, re-
spectively, while the percentage of GABA-IR neurons
increased. The addition of serum to the serum-free culture
rescued dopaminergic neurons from death induced by se-
rum deprivation. The effect of serum was dependent both
on the time of addition after plating, and on the percentage
added. When the cells were plated in a serum-free medium,
on a confluent, type 1 astrocyte monolayer, prepared from
the ventral mesencephalon of the embryonic day 16 rat, the
survival of dopaminergic neurons increased significantly (p
< 0.01) at DIV5, versus survival after plating on poly-d-lysine.
Conditioned medium prepared from the same mesence-
phalic type 1 astrocyte monolayer also rescued dopami-
nergic neurons from death. The rescue mediated by the as-
trocyte monolayer or the conditioned medium was not
inhibited by the mitotic inhibitor cytosine arabino furanoside
(1.0 uMm). Type 1 astrocyte monolayers and conditioned me-
dia prepared from the striatum and cerebral cortex of the
embryonic day 16 rat had weaker trophic effects than those
mediated by mesencephalic glia. We conclude that serum
deprivation causes the selective death of dopaminergic neu-
rons in a primary culture of the rat E14 ventral mesenceph-
alon. Type 1 astrocytes or the conditioned medium from type
1 astrocytes can rescue dopaminergic neurons from death
induced by serum deprivation. The dissection technique used,
which yields a high percentage (20%) of tyrosine hydroxy-
lase~positive neurons, the low percentage of glia in the initial
culture (<5.0% were vimentin positive), the use of a mi-
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croisland culturing method, and the use of serum deprivation
as the stimulus to induce cell death will be of value in future
experiments designed to isolate dopaminergic neurotrophic
factors from type 1 astrocytes.

[Key words: tissue culture, neurotrophic factor, microis-
land cultures, serum-free growth medium, immunocyto-
chemistry, conditioned medium]

It is likely that each neuronal phenotype in the adult brain may
require a phenotype-specific, neurotrophic factor for its normal,
functional maintenance. Loss of, or a decrease in the concen-
tration of a particular neurotrophic factor may therefore cause
the selective degeneration of a particular neuronal phenotype,
and may lead to unique clinical signs, as in Parkinson’s disease
and Alzheimer’s disease (Appel, 1981; Barde, 1989; Oppen-
heim, 1989; Hefti et al., 1990). Therefore, a considerable effort
is being devoted to the identification of phenotype-specific, neu-
rotrophic factors. The search for dopaminergic-specific neuro-
trophic factors is of particular importance, because of the rel-
evance of dopaminergic neurons to the etiology of Parkinson’s
disease. Brain-derived neurotrophic factor (BDNF), a member
of the neurotrophin family, has been shown to rescue dopa-
minergic (Hyman et al., 1991; Kniisel et al., 1991) and cholin-
ergic (Alderson et al., 1990; Nonomura and Hatanaka, 1992)
neurons from natural cell death, as well as axotomy- and neu-
rotoxin-induced death (Kniisel et al., 1992; Spina et al., 1992).
Recently, Lin et al. (1993) have isolated a novel glia cell line~
derived neurotrophic factor (GDNF) from B49 glia, and dem-
onstrated its effectiveness at the picomolar concentration, in
rescuing dopaminergic neurons from neurotoxin-induced death.
Epidermal growth factor (EGF), basic fibroblast growth factor
(bFGF), and platelet-derived growth factor (PDGF), known mi-
togens for glia (Besnard et al., 1987; Diamond et al., 1989;
Engele and Bohn, 1991; Ferrari et al., 1991; Basilico and Mos-
catelli, 1992), also exert neurotrophic effects on dopaminergic
neurons (Ferrari et al., 1989; Casper et al., 1991; Hadjicon-
stantinou et al., 1991; Otto et al., 1991; Nikkhah et al., 1993).
Mesencephalic, type | astrocytes produce factors that exert di-
rect effects on the development and survival of dopaminergic
neurons in culture (Engele et al., 1991; O’Malley et al., 1991,
1992; Shimoda et al., 1992; Takeshima et al., 1992; Walsh et
al., 1992). In the present experiments, we have found that serum
deprivation caused a specific, precipitous decline in the per-
centage of tyrosine hydroxylase-positive (TH* ) neurons in cul-
ture, while the percentage of GABA-IR neurons increased under
the same conditions. This observation provided the basis for
testing the ability of factors derived from type 1 astrocytes to
reverse the toxic effects caused by serum deprivation. We have
used a microisland culturing technique, combined with a dis-
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section procedure (Shimoda et al., 1992), which yields, at plat-
ing, a high (20%) percentage of TH* neurons, and <5% glia.
We provide a detailed account of the effects of type 1 astrocytes,
conditioned media, and serum in the regulation of the survival
of dopaminergic neurons in a primary culture.

Materials and Methods

Culture medium and chemicals. The serum-free medium used consisted
of equal volumes of Dulbecco’s modified Eagle’s medium (DMEM) and
Ham’s F-12 (GIBCO, Grand Island, NY; 320-1320AJ), including 4.0
mM glutamine (GIBCO, 320-5039AF), 1.0 mg/m] bovine albumin frac-
tion V (Sigma Chemical Co., St. Louis, MO; A-4161), 0.1 mg/ml apo-
transferrin (Sigma, T-7786), 5 ug/ml insulin (Sigma, 1-1882), 30 nm
L-thyroxine (Sigma, T-0397), 20 nm progesterone (Sigma, P-6149), 30
nM sodium selenite (Sigma, S-5261), 100 U/ml penicillin and 100 pg/
ml streptomycin (GIBCO, P-100-1-91). In the experiments involving
serum-supplemented medium for the primary neuronal cultures, fetal
calf serum (FCS; Biofluids Laboratories, Rockville, MD) made up 0-
15% of the growth medium. Serum-supplemented medium for the as-
trocyte cultures consisted of equal volumes of DMEM and Ham’s F-12,
plus 6.0 mm glutamine, 10% FCS, 100 U/ml penicillin, and 100 pg/ml
streptomycin. Serum-free medium for astrocyte cultures consisted of
equal volume of DMEM and Ham’s F-12, plus 6 mm glutamine, 30 nm
sodium selenite, 100 U/ml penicillin and 100 pg/ml streptomycin. Cy-
tosine §-p-arabino furanoside (AraC; Sigma, C1768) was dissolved in
Dulbecco’s phosphate-buffered saline (DPBS) at a concentration of 100
uM, aliquoted in 100 ul volumes, and stored in the dark at —70°C until
used.

Mesencephalic dopaminergic neurons in serum-free culture medium.
Timed-pregnant Sprague-Dawley rats were purchased from Taconic
(Germantown, NY). The primary culture of mesencephalic cells was
prepared as described previously (Shimoda et al., 1992), except that the
dissected tissue was collected and pooled in oxygenated, cold, serum-
free medium. In brief, pregnant rats were exposed to CO, on the 14th
gestational day (E14), and following a laparotomy, the E14 fetuses were
collected in cold DPBS, pH 7.4, without Ca2* or Mg2+. Subsequently,
the brain was removed intact, and the brainstem isolated. Dissections
were done in cold DPBS without Ca®* or Mg?*. A cut was made between
the diencephalon and mesencephalon, and the tectum slit medially, and
spread out laterally. The ventral, medial 1.0 mm? block of tissue com-
prising the mesencephalic dopaminergic region (Shimoda et al., 1992)
(centered on the A8, A9, and A10 dopaminergic nuclei) was isolated.
Dissected tissue blocks were pooled in oxygenated, cold (4°C) serum-
free medium. The tissue was triturated using a 1000 ul pipette with a
blue tip, and then a 21G needle fitted to a 1.0 ml plastic syringe. Special
care was taken to prevent the cells from touching the rubber at the tip
of the plunger, and not to create bubbles in the cell suspension. The
dispersed cells were transferred to 1.5 ml Eppendorf tubes (1.0 ml/tube)
and spun at 1,500 rpm for 5 min, the medium was carefully removed,
and the cells were resuspended in fresh, serum-free medium and counted
using a hemocytometer. Cell viability was evaluated using a two-color
fluorescence cell viability assay kit (Live/Dead Viability/Cytotoxicity
Assay Kits, Molecular Probes, Inc., Eugene, OR). This method of eval-
uating cell viability gives two positive results (red for dead cells and
green for living cells), and is more accurate and reliable than the trypan
blue method. Cell viability just before plating was >90%. All proce-
dures, from laparotomy to plating were done within 2 hr. In a typical
experiment, three litters (2540 fetuses) were used, yielding 2.5-4.0 x
10¢ cells.

Microisland culture. The cells were resuspended at a density of 5.0 x
10%/ml. A 25 ul droplet of the suspension (1.25 x 104 cells) was plated
on eight-well chamber slides, coated with poly-p-lysine. The droplet
occupied an area of ~6.2 mm?, for a final density of 2.0 x 105/cm2.
The covered chambers were incubated at 37°C, in 5% CO, at 100%
humidity, for 4 hr to allow the cells to attach to the coated surface.
Subsequently, 375 ul of serum-free medium was added to each well.
Fifty percent of medium was changed every 2 d. In the present serum-
free, microisland cultures, the optimal plating density was 2.0 x 105/
cm?, A plating density of >5.0 x 105/cm?, or <7.5 x 104/cm? resulted
in poor neuronal survival and development. In this study, the plating
density used was 2.0 x 10%/cm?, unless stated otherwise.

Type 1 astrocyte cultures and conditioned medium. Glial cultures were

prepared from the ventral mesencephalon, striatum, and cerebral cortex
of the E16 rat using the method of McCarthy and De Vellis (1980). The
cells were dispersed mechanically and resuspended in a medium sup-
plemented with 15% serum. The ventral mesencephalic cells were plated
initially at a density of 2.0 x 10¢/cm?, and the striatal and cerebral
cortical cells at 4.0 x 104/cm?, on uncoated, plastic, 75 cm? Falcon
flasks (T-75: Becton Dickinson & Co., UK). The medium containing
the unattached neurons was replaced on DIV2. On DIV35, 50% of the
medium was changed. At DIV9, the flasks were shaken for 15-18 hr,
at 250 rpm, and the cells washed (2 x 8 ml) with culture medium. The
cells were detached using trypsin (0.05%), washed with Na,EDTA (0.53
mm), and resuspended in medium supplemented with 15% serum, and
plated at the same density of 1.5 x 10%cm? using new T-75 Falcon
flasks. In these replated cultures, 100% and 50% of the culture medium
was changed at DIV1 and DIV4, respectively. The replated cells became
confluent at DIV7. Serum-free growth medium was then used in all
subsequent medium changes. At DIV7, 50% of the medium was re-
placed. At DIV 10, 100% of the medium was replaced. At DIV11, 100%
of the medium was again replaced. This systematic method of changing
the medium is essential to exclude the possibility of contamination of
the serum-free medium with serum. Conditioned medium for testing
was collected at DIV 16 after replating, equivalent to the fifth day after
the last change of medium. The protein content of the conditioned
medium was determined using a modification of the method of Lowry
(Peterson, 1977), designed to avoid interference by phenol red. Con-
ditioned media obtained from different astrocyte preparations were
standardized on the basis of protein content. At the time of the passage,
sister cultures were plated on eight-well chamber slides to determine
the glial phenotypes and to prepare astrocyte monolayers for use in
other experiments. The schedule of medium exchange in the sister cul-
tures was identical to that described above for the bulk culture of as-
trocytes. In order to test for the possible contamination of the astrocyte
cultures by microglia, at replating at DIV9, some of the astrocytes were
cultured in chamber slides at a density of 2.5 x 10*/cm?, and stained
with anti-OX-42 5 d later. No positive cells were found. A positive
control was prepared by culturing E16 cortical cells directly in chamber
slides, using a growth medium containing 10% serum. Fifty percent of
the medium was changed every other day. Staining with anti-OX-42
was done at DIV10, and one or two microglia per field were found (see
Fig. 84). Similar cultures were done using E16 striatal tissue and ventral
mesencephalic, and no OX-42-positive cells were found.
Immunocytochemistry. The antibodies used in the study, at the ap-
propriate dilutions, are listed in Table 1. Immunostaining to visualize
tyrosine hydroxylase (TH) was done according to the method of Schach-
ner (1983), with minor modifications (Poltorak et al., 1990; Shimoda
et al., 1992). The cultures were washed (2 x 250 ul) with cold DPBS,
fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized using
1% CH,COOH, 95% EtOH at —20°C, for 5 min, and then washed (3
x 250 ul) with PBS. Nonspecific binding was blocked with 1% bovine
serum albumin in PBS (BSA-PBS) for 15 min. Anti-TH antibody (50
ul) was applied to each well, and the chamber slides incubated in a dark
humid box at room temperature for 30 min. After washing (2 x 250
ul) with BSA-PBS, anti-mouse IgG-FITC (50 ul) was applied, and the
slides incubated for a further 30 min. After washing with BSA-PBS (2
x 250 ul) plus DPBS (1 x 250 ul), excess fluid was aspirated, the
chamber walls removed, and 1.5 drops of Vectashield mounting me-
dium was applied, followed by a cover glass, which was sealed with nail
polish. Control staining was done using mouse serum at the same di-
lution as the anti-TH antibody. For GABA and NSE, essentially the
same procedure used to visualize TH was repeated, except that the
secondary antibody was anti-rabbit IgG-FITC, and rabbit serum was
used for the control staining. For vimentin, GFAP and OX-42, after a
single wash with cold DPBS (250 ul), fixation and permeabilization were
done in a single step, using 5% CH,COOH, 95% EtOH, at —20°C for
20 min. The subsequent procedures were the same as those used to
visualize TH. For A2BS the cultures were washed with cold DPBS (2
x 250 pl), and blocked with 1% BSA-PBS for 10 min. The anti-A2BS5
antibody (50 ul) was applied to each well, and incubated for 30 min.
After washing with DPBS (2 x 250 ul), the secondary antibody, anti-
IgM-FITC, was applied for 30 min. The cells were then washed with
DPBS (2 x 250 ul), and fixed with 5% CH,COOH, 95% EtOH, at —20°C
for 20 min. After a final washing with cold DPBS (2 x 250 gl), they
were mounted as described above. For NeuroTag staining, used to es-
timate the total number of neurons on some cultures (see Figs. 4-8),
the cells were washed with DPBS (2 x 250 ul), fixed with 4% parafor-
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Table 1. Antibodies used in the present study
Antibodies Abbreviation Marker Properties Dilution  Source
Anti-tyrosine hydroxylase TH Dopaminergic neuron  Mouse IgG2a, Mab 0.8 ug/ml  Boehringer-Mannheim
Anti-y-aminobutyric acid GABA GABA-IR cell Rabbit IgG, AS 3000 x Sigma Immunochemicals
Anti-neuron-specific enolase NSE Neuron Rabbit IgG, AS 3000 x Polysciences, Inc
Neuron
Fluorescein (rhodamine)-conjugated NeuroTag Recombinant 5 ug/mi Boehringer-Mannheim
tetanus toxin C fragment Glia, glioblast,
Anti-vimentin (clone V9) Vim neuroblast Mouse IgG1, Mab 140 pg/ml Boehringer-Mannheim
Anti-glial fibrillary GFAP Astrocyte Mouse IgG1, Mab 100 ng/ml Boehringer-Mannheim
acidic protein
Anti-0X-42 0X-42 Microglia Mouse I1gG2a, Mab 100 x Serotec
Anti-A2BS5 (clone 105) A2BS 0O-2A lineage cells Mouse IgM, Mab 10 ug/ml  Boehringer-Mannheim
FITC-conjugated
anti-mouse [gG — Mouse IgG Rabbit 8.0 ug/ml  Dakopatts
Texas red conjugated
anti-mouse IgG - Mouse IgG Goat 30 ug/ml  Vector Lab
FITC-conjugated
anti-rabbit I[gG - Rabbit IgG Goat 30 ug/ml  Vector Lab
FITC-conjugated
anti-mouse IgM - Mouse IgM Goat 20 ug/ml  Vector Lab

FITC, fluorescein isothiocyanate; AS, antisera; Mab, monoclonal antibody.

maldehyde for 10 min, and exposed to NeuroTag (50 ul) for 90 min.
They were then washed (3 x 250 ul) and mounted.

Evaluation of TH* and GABA-IR neuronal survival. A Nikon Micro-
phot-FXA microscope, equipped with the appropriate filters for fluo-
rescence microscopy, was used to visualize the cells. The TH+, GABA-
IR, NSE+, and NeuroTag* neurons were counted in a 0.4 mm? area
(2.6% of the plated area) using an eye grid. For the microisland cultures,
four fields were counted, and the mean values used to estimate the cell
number per cm?. For TH and GABA, more than four wells were stained,
and for NSE and NeuroTag, more than two wells were stained. The
percentage of TH* or GABA-IR neurons was calculated as (number of
TH+[GABA-IR] neurons/number of NSE* neurons) x 100. When the
cells were plated on an astrocyte monolayer, covering the entire area of
the well, after staining, a 10 x objective was used to count all of the
TH+ neurons in the entire area of the well. The above procedure was
followed, in order to avoid bias in selecting fields for counting, since
the cells were usually distributed unevenly.

Statistics. The data were analyzed using a one-way analysis of variance
(ANOVA), followed by post hoc testing using the Student-Newman-
Keuls test for comparison of multiple pairs of data, as appropriate. In
cases of failure of the normality test, or equal variance test, Kruskal-
Wallis ANOVA (nonparametric tests) were used.

Results

Characterization of serum-free cultures and the effect of serum
deprivation

At 4 hr after plating, the earliest time at which it was possible
to immunostain without causing cell detachment, 95% of the
cells were NSE+ (or NeuroTag*), 17-20% TH+, 5% vimentin
positive, and <1% A2B5 positive. The percentages of GABA-
IR neurons in the culture were 0% and 10% at 4 hr and 16 hr,
respectively. A profile of the culture is illustrated in Figure 1,
at 16 hr (4, C, E) and at DIV7 (B, D, F). When grown on a
poly-D-lysine substrate, in a growth medium supplemented with
10% serum, and in the absence of the mitotic inhibitor AraC,
the percentage of TH+ neurons was increased significantly (p <
0.05) at DIV7 and DIV10 (Fig. 24), compared with cultures
assayed at 16 hr after plating. However, when grown in serum-
free medium, the percentage of TH* neurons decreased signif-
icantly (p < 0.001) at DIV4, DIV7, and DIV10 (Fig. 24), com-

pared with cultures grown in a serum-supplemented medium.
In fact, <1.0% of the TH* neurons survived after DIV7, in
serum-free medium (Fig. 24). In contrast, the percentage of
GABA-IR neurons increased progressively, in both the serum-
free and serum-supplemented media (Fig. 2B), but achieved
statistical significance only in the serum-free cultures. The marked
differences in neuronal survival in general, and of TH* neurons
in particular, in serum-free and serum-supplemented media are
illustrated at DIV3, in Figure 3. The marked differences in the
survival of GABA-IR and TH* neurons suggest that phenotypic
specificity is a significant factor under our experimental con-
ditions.

The inhibitory effect of the serum-free medium on glial pro-
liferation was equally pronounced. GFAP was not expressed,
even at DIV 10, when the cells were grown in a serum-free me-
dium. The expression of vimentin and A2B5 was also reduced.
However, the expression of GFAP in serum-supplemented me-
dium was marked even at DIV3, and pronounced at DIV10.
The data summarized in Table 2 illustrate the expression of
vimentin, GFAP, and A2BS5 in serum-free and serum-supple-
mented media, at DIV4 and at DIV10. The severe toxic effect
of serum deprivation (see Fig. 24), and the parallel relationship
between glial proliferation and the percentage of TH* neurons
in the culture are also demonstrated in Table 2. The addition
of serum to the serum-free culture after 48 hr failed to rescue
the TH* neurons from death (Fig. 4), when assessed at DIVS
and DIV10.

Mesencephalic type 1 astrocytes rescue dopaminergic neurons
Jrom neuronal death induced by serum deprivation

After a single passage, type | astrocytes that were replated on
chamber slides coated with poly-p-lysine became confluent after
DIV7. At this time, >95% of the cells were GFAP positive,
<1% were A2B5 positive, and microglia were absent (see Fig.
8C). After switching to a serum-free medium, about one-third
of the cells stopped expressing, or reduced their expression of
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Figure 1.

Illustrations of primary cultures of rat E14 ventral, mesencephalic cells in a serum-free growth medium at 16 hr (4, C, E) and at DIV7
(B, D, F). The fields illustrated are from slides that were immunostained under the same conditions, to visualize neuron-specific enolase (4, B),
tyrosine hydroxylase (C, D), and GABA (E, F). Note that at DIV7, the survival of TH* neurons in the serum-free culture was effectively 0% (D),

but that many GABAergic neurons (F), and other neurons (B) were still present. Therefore, by DIV7, there was a specific depletion of TH* neurons
in the serum-free culture. Scale bar, 20 um.
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Figure 2. Differing survival of TH* and GABAergic neurons in a
primary culture in serum-free (—) and serum-supplemented (+) growth
media: 4, At 16 hr after plating, there was no significant difference in
the percentage of TH* neurons grown in the serum(—) and serum(+)
growth media. Thereafter, the percentage of TH* neurons decreased
and increased in serum(—) and serum(+) growth media, respectively (p
< 0.001, ANOVA). B, The percentage of GABA-IR neurons increased
significantly in the serum(—) medium ( p < 0.01, ANOVA), and re-
mained unchanged in the serum(+) medium. The death of TH* neurons
was selectively enhanced in the serum(—) medium. *, p < 0.05 versus
the percentage of TH* or GABA* neurons present at 16 hr after plating.
a—, p <0.001,p <0.01, p <0.05, respectively, versus serum(+) culture
of the same age.

GFAP, but all continued to express vimentin. The effect of a
mesencephalic type | astrocyte monolayer, on the survival of
mesencephalic TH* neurons in a serum-free growth medium,
with and without a mitotic inhibitor (AraC, 1.0 um), is illustrated
at DIVS and DIV10 (Fig. 5). It was also demonstrated that
microglia, which are another possible source of dopaminergic
neurotrophic factors, were not present in the cultures (see Fig.
8B). However, since it was still possible that factors other than
neurotrophic substances secreted by type 1 astrocytes, for ex-
ample, extracellular matrix components, might contribute to
the survival of TH* neurons, we tested the effect of an astrocyte
monolayer previously fixed with 4% paraformaldehyde. The
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results (Fig. 5) illustrate that fixed astrocytes exerted a significant
(p < 0.05) effect on the survival of TH* neurons. Type 1 as-
trocytes prepared from the ventral mesencephalon exerted a
significantly (p < 0.01) greater effect on the survival of TH+*
neurons, versus type 1 astrocytes prepared from the striatum or
cerebral cortex (Fig. 6). This experiment was done in the pres-
ence of a mitotic inhibitor (AraC, 1.0 um), to suppress the pro-
liferation of the virgin glia (=2.5%) that are present in the plated
cells.

Conditioned medium derived from mesencephalic type 1 as-
trocytes grown in serum-free medium had the same qualitative
effect as the mesencephalic, astrocyte monolayer (Fig. 7). A
dose-dependent relationship between the percentage of condi-
tioned medium added to the culture and the percentage survival
of TH+ neurons was obtained. The peak effect occurred with
50% replacement. The experiment was done in the presence of
1.0 um AraC, to suppress the proliferation of the small (=2.5%)
percentage of virgin glia normally present in the culture. Heating
the conditioned medium (100°C for 10 min) abolished its tro-
phic effect. The order of potency of conditioned media derived
from type 1 astrocytes from the mesencephalon, striatum, and
cerebral cortex was similar to that obtained for their respective
glial monolayers (Figs. 6, 7). Microglia were not detected in the
confluent, astrocyte monolayer (Fig. 8 B). It is therefore unlikely
that a microglia-derived neurotrophic factor contributed to the
observed, increased survival of TH* neurons.

Discussion

The serum-free, microisland culture as an in vitro model and
a bioassay system

Primary dopaminergic neuronal cultures have been developed
in many laboratories, in part, because of their potential impor-
tance in providing insights into the etiology of Parkinson’s dis-
ease. These cultures are heterogeneous, consisting of several
neuronal phenotypes and varying percentages of glia and glio-
blasts. In a previous publication (Shimoda et al., 1992), we
described a primary neuronal culture with a much higher (20%)
percentage of TH* neurons, compared with values of 0.1-2.0%,
usually reported for similar cultures. We also demonstrated a
good correlation between the percentage of TH* neurons in the
culture, the uptake of dopamine by a benztropine-sensitive up-
take system, and the subsequent depolarization-induced release
of dopamine. In the search for putative, dopaminergic, neuro-
trophic factors, the correct use of a serum-free growth medium
is of critical importance. If the cultures are exposed initially to
serum-supplemented medium for as little as 1 or 2 d, before
switching to serum-free medium, astrocyte proliferation is stim-
ulated, and utmost care is then required in the interpretation of
the results. We have succeeded in establishing a serum-free cul-
ture that is effectively devoid of astrocytes. Therefore, the effects
of serum and astrocytes could be tested independently, with
negligible cross-contamination. A possible confounding factor
is the 2.5% glioblasts present in the culture at plating (see Ma-
terials and Methods). The fate and possible contribution of these
cells to the results reported are unknown. Some advantages of
the culture used in this study are the following. (1) A high per-
centage (20%) of TH+ neurons were present at plating. (2) Initial
priming with a serum-supplemented medium was avoided com-
pletely, thereby preventing contamination with unknown factors
from serum, and suppressing glial proliferation. (3) Dopami-
nergic neurons survive very poorly in a serum-free medium. At
4 hr, DIVS and DIV 10, the percentage of TH* neurons present
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Table 2. Effect of serum on glial proliferation and TH+ neuronal survival

Vimentin GFAP A2B5
Flat Stellate Flat Stellate Flat Stellate %TH + SD
DIV 4
0.0 + ++ — - - + 56 +4.6
2.5 + ++ - + - + 11.3+ 1.8
5.0 + + + + - * 10.9 + 3.5
10.0 ++ + + + - + 155+43
15.0 ++ + + + - + 17.0 £ 3.2
DIV 10
0.0 + + - - - + 0.5+ 0.7
2.5 ++ + ++ + - + 6.3+13
5.0 +++ + +++ ++ - * 56 +1.3
10.0 +++ + +++ + - + 26.2 £ 6.7
15.0 +++ + +++ + - - 30.1 £ 8.4

—, None; +, <l/field; +, 1-10/field; ++, 11-100/field; +++, 101/field: confluent. Changes of %TH*.neurons at DIV
4 and 10 were statistically significant: p < 0.001 (ANOVA). A 20 x objective lens was used throughout. The area of the

field photographed is 0.38 mm?.

in the culture was 20%, 2.5%, and < 1%, respectively. This find-
ing provided an ideal experimental condition in which to test
the effecliveness of various factors to reduce the death of TH+
neurons. (4) The expression of GFAP occurred after DIV10. A
limiting factor with the method used is that relatively fewer cells
per fetus are obtained, in comparison with the use of less-refined
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Figure 4. The effect of delayed addition of 10% serum to cultures that
were initially serum free, and grown in the presence of 1.0 um AraC.
The serum was added 48 hr after plating, and the percentage of TH*
neurons in the cultures was increased significantly at both DIVS and
DIV10 (p < 0.001, ANOVA), versus the cultures that remained serum-
free. *, p < 0.05 versus culture supplemented with 10% serum (post
hoc testing).

dissection techniques. We compensated for this limitation in
two ways. First, we employed methods during the dissection
and storage of the tissue that preserved the viability of the cells.
Viability was always >90% at plating. Second, we used a mi-
croisland culturing technique, in which 1.25 x 10* cells were
plated on a 6.2 mm? area, at a final density of 2.0 x 10%/cm?.
We also verified (Shimoda et al., 1992) that dopamine is taken
up by a benztropine-sensitive mechanism, stored, and subse-
quently released by a depolarization-dependent process. Some
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Figure 5. The effect of a ventral mesencephalic, astrocyte monolayer
on the survival of TH* neurons in a primary culture. The cells were
plated either on a substrate of poly-p-lysine (PDL), or a viable astrocyte
monolayer (4L), or an astrocyte monolayer previously fixed (see Ma-
terials and Methods) with 4% paraformaldehyde (F-AL), and cultured
in a defined medium (DM), or in a defined medium containing the
mitotic inhibitor (1.0 uM) cytosine arabino furanoside (DM + AraC).
The results show that the viable astrocyte monolayer was highly effective
in protecting dopaminergic neurons from death, but also that the fixed
astrocyte monolayer had a significant protective effect. The TH* neu-
rons were estimated at DIVS and DIV10. p < 0.001 (ANOVA)at DIVS
and DIV10. g, p < 0.05 versus PDL without and with AraC; a’, p <
0.05 versus PDL without AraC; b, p < 0.05 versus AL without AraC;
¢, p < 0.05 versus AL with AraC and F-AL without AraC (post hoc
multiple comparison test).
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Figure 6. Differences in the effectiveness of astrocyte monolayers pre-

pared from the ventral mesencephalon, striatum, and cerebral cortex of
the E16 rat, in protecting TH* neurons from death in a primary culture,
The cells were plated at the same density (2.0 x 10°/cm?), grown in a
defined medium containing the mitotic inhibitor AraC (1.0 um), and
the number of TH* neurons was estimated at DIV3. The mesencephalic
astrocytes provided the highest protective effect. The striatal and cortical
astrocytes were of equal potency. p < 0.001 ANOVA. g, p < 0.05 versus
controls (poly-p-lysine—coated glass). b, p < 0.05 versus striatum and
cortex (post hoc test).

types of glia also take up and release dopamine and GABA
(Semenoff and Kimelberg, 1985; Allen et al., 1986; Kimelberg
and Katz, 1986; Larsson et al., 1986; Reynolds and Hersch-
kowitz, 1986; Magoski et al., 1992). However, most of the do-
pamine that is taken up by glia is metabolized.

It is possible that the marked reduction in the percentage of
TH* neurons in the serum-deprived culture (Fig. 1) was caused
by a suppression of the expression of TH. We tested this hy-
pothesis by supplementing the cultures with 10% FCS at 48 hr
alter plating (Fig. 4). Normally, in serum-free cultures, the per-
centage of TH* neurons is significantly reduced (p < 0.01) from
20% at plating to <10% by DIV3, and <1% by DIVI10. We
reasoned that if serum deprivation inhibited the expression of
TH without causing the death of dopaminergic neurons, then
serum supplementation should reverse the inhibition. At DIVS
and DIVI10, after serum supplementation at DIV2, the per-
centage of TH* neurons was not significantly different from the
nonsupplemented controls (Fig. 4). This result suggests, but does
not prove, that serum deprivation is toxic to TH* neurons in
culture. In serum-free versus serum-supplemented cultures, at
DIV7, the percentage of TH* neurons was decreased by 25%,
while the percentage of GABA-IR neurons was increased by
25%. This exact reciprocal relationship between TH* and GABA-
IR neurons strengthens the suggestion that serum deprivation
may have a selective, toxic effect on TH* neurons, but not on
GABA-IR neurons.

® Mesencephalic CM
® Striatal CM
A Cortical CM *
b *
3,00~
» ’b

,bl‘/

0 20 40 60 80 100
% Conditioned Medium

Figure 7. Dose-dependent effect of conditioned media prepared from
confluent, type 1 astrocytes from the ventral mesencephalon (@), stria-
tum (M), and cerebral cortex (a) of the E16 rat, in protecting TH+*
neurons from death. The protein concentrations of the CM were 54.2,
55.6 (diluted 1.03x), and 56.4 (diluted 1.04x) ug/ml for the mesen-
cephalic, striatal, and cortical cultures, respectively. The rank order of
potency was ventral mesencephalon > striatum > cerebral cortex. The
percentage of TH+ neurons in the culture was estimated at DIV3. The
protective effect of the CM peaked at about 50-60% replacement, and
then declined. Mesencephalic CM (F = 18.0), p < 0.001 (ANOVA).
Striatal CM (F = 5.96), p < 0.05 (ANOVA). Cortical CM (F = 3.42),
not significant. a, p < 0.05 versus striatal CM of the same percentage.
b, p < 0.05 versus cortical CM of the same percentage. Student-Neuman-
Keuls post hoc test was used.

Serum versus astrocytes

Although glia proliferation has been reported to be suppressed
in serum-free cultures (Prochiantz et al., 1979; Ahmed et al.,
1983; O’Malley et al., 1991), the problem has not been studied
in depth. We therefore made a detailed comparison of the neu-
rotrophic effect of serum versus astrocytes, both of which are
known to exert neurotrophic effects in primary neuronal cul-
tures. A comparison of the dose-dependent effect of serum on
the survival of TH*, and the proliferation of glia, including
astrocytes (Table 2), appears to suggest that enhanced neuronal
survival is mediated by the proliferation of astrocytes. However,
at DIV4, in cultures supplemented with 15% serum, glia are not
vet confluent, yet neuronal survival is enhanced. Similarly, in
cultures supplemented with 10% serum, and grown in the pres-
ence of the mitotic inhibitor AraC (1.0 um) death of TH* neu-
rons in the culture did not occur until after DIV9. This consti-
tutes the serum-mediated, astrocyte-independent phase of the
survival of dopaminergic neurons in a primary culture (Take-




Figure 8. Lack of contamination of confluent, astrocyte monolayer
with microglia. 4, Microglia stained with anti-OX-42 at DIV10, in a
mixed culture, prepared from the E16 rat cerebral cortex, and grown in
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shima et al., 1994). Therefore, serum has a direct effect on the
survival of TH* neurons in culture, and an indirect effect that
is mediated by factors produced by confluent astrocytes. Thus,
when grown in a serum-supplemented medium, with a mitotic
inhibitor (AraC, 1.0 um), the increased death of TH* neurons
after DIV9 is due mainly to inhibition of the proliferation of
astrocytes.

Role of astrocytes

The selective, accelerated death of dopaminergic neurons, in-
duced by serum deprivation, is a new finding. In previous studies
in which a serum-free growth medium was used, the presence
of GFAP-positive astrocytes was an important, confounding
factor (O’Malley et al., 1991). In the present experiments, care
was taken to exclude GFAP-positive cells when the effect of
serum deprivation was being studied. Under these conditions,
the enhanced death of dopaminergic neurons is very evident.
The generalized neurotrophic effect of confluent astrocytes has
been demonstrated repeatedly, and is the basis of their use as
nonspecific feederlayers in primary neuronal cultures. However,
the exact mechanism of the neurotrophic effect of type 1 astro-
cytes is not understood. The positive effect of the astrocyte
feeder layer was reduced, but present, even after fixation of the
feeder layer with paraformaldehyde. Two apparently distinct
mechanisms may therefore account for the neurotrophic effect
of the astrocyte feeder layer on the survival of dopaminergic
neurons in culture: (1) physical support of neurons afforded by
enlargement of the surface area for attachment of the neurons,
a roughened surface, the presence of components of the extra-
cellular matrix that are not denatured by fixation, and possibly
active compounds extruded during permeabilization during the
fixation procedure; (2) synthesis and secretion of neurotrophic
factors that maintain neuronal survival. Microglia were not found
in the confluent, astrocyte cultures tested. It is therefore unlikely
that microglia contributed to the neurotrophic action of type 1
astrocyte culture observed in this study.

Local versus target support of neuronal survival

Target-derived neurotrophic support for neurons in the PNS is
well established. Similar mechanisms are thought to be present
in the CNS. The striatum is the major target for dopaminergic
neurons originating in the zona compacta of the substantia nigra,
and some apparently successful attempts have been made to
identify the striatal-derived neurotrophic factors that are specific
for dopaminergic neurons (Prochiantz et al., 1979, 1981; Di
Porzio et al., 1980; Denis-Donini et al., 1983, 1984). During
ontogeny, before the growing axons arrive at their targets, local,
glial-mediated neurotrophic support is probably important for
survival of dopaminergic neurons (O’Malley et al., 1991, 1992).
We found a robust, protective effect of astrocytes derived from
the ventral mesencephalon, on mesencephalic dopaminergic
neurons in culture (Fig. 6). Astrocytes derived from the striatum
and frontal cerebral cortex exerted significantly (p < 0.05) weak-
er, protective effects, compared with mesencephalic astrocytes.

—

a medium with 10% fetal calf serum. B, The confluent monolayer of
type | astrocytes stained negative with anti-OX-42. C, Illustration of
the confluent monolayer of type 1 astrocytes, stained with anti-GFAP,
at DIV 16, or the fifth day after last change of serum-free medium. Scale
bars, 20 pm.
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Glial phenotypes as sources of dopaminergic neurotrophic
Jfactors

In addition to type 1 astrocytes, microglia (Akiyama and McGeer,
1989; Vaca and Wendt, 1992; Nagata et al., 1993) and cytokines
(Hama et al., 1991; Kushima et al., 1992) have also been re-
ported to exert neurotrophic effects on dopaminergic neurons
in a primary culture. Type 2 astrocytes and oligodendrocytes
are thought not to exert any significant, neurotrophic effect on
dopaminergic neurons (O’Malley et al., 1992). We have ob-
served a poor survival of mesencephalic dopaminergic neurons
when grown on a layer of mixed oligodendrocyte and type 1
astrocytes (unpublished observation). However, we have also
observed that the progenitor cell for oligodendrocytes and type
2 astrocytes (O-2A progenitor) exerts an unusually strong, neu-
rotrophic effect on dopaminergic neurons (Takeshima et al.,
unpublished observation). Thus, type 1 astrocytes, microglia,
and O-2A progenitors all exert positive neurotrophic effects on
the survival of dopaminergic neurons in a primary culture. Fu-
ture research will determine whether a common mechanism of
action is shared by the three types of glia, or whether each
produces unique neurotrophic factors.

Conclusions

(1) We have developed a method to dissect the A8, A9, and
A10 dopaminergic nuclei (=1.0 mm? block of tissue) of the
ventral mesencephalon of the E14 rat. At 4 hr after plating, 95%
of the cells are neurons (NSE positive), 20% are dopaminergic
(TH+), and <5% are glioblasts (vimentin positive). When cul-
tured in a serum-free medium, no cells expressed GFAP
throughout the observation period (4 hr to 10 d). The prepar-
ative procedure we have described, if done as suggested, should
provide an excellent bioassay system, in combination with bio-
chemical and molecular methods, to be used in the isolation of
novel, dopaminergic neurotrophic factors. (2) Serum depriva-
tion caused the selective death of dopaminergic neurons in a
primary culture. GABAergic neurons were not significantly af-
fected. (3) Confluent, mesencephalic type 1 astrocytes (95% pure)
and the conditioned medium prepared from them rescued do-
paminergic neurons from death induced by serum deprivation.
(4) A major cause of death of dopaminergic neurons in serum-
free growth medium may be related to the suppression of pro-
liferation of type | astrocytes.
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