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Abstract

Knowledge of the effects of nerve growth factor (NGF) on glia is limited. A CNS site where NGF-glial interactions may occur
is the rctina. NGF is endogenous to the retina, and the retinal Miiller glial cells have NGF receptors. Here, we examined the
possibility that NGF may be a mitogen for Miiller ghial cells, which often proliferate in response to pathophysiological conditions.
Experiments were performed on cultured glial cells from the adult human retina. Exposure of cultured Miiller glial cells to 2.5 S
NGF under serum-free conditions resulted in a concentration-dependent increase in cell number and bromodeoxyuridine
incorporation into nuclei. The half-maximally effective concentration was 0.04 ng/ml (1.5 pM), consistent with activation of high
affinity NGF receptors. K252a, a blocker of the neurotrophin family of tyrosine kinase-linked receptors, potently inhibited the
proliferative effect of NGF. Transforming growth factor B-2, another growth factor endogenous to the retina, inhibited the
mitogenic response to NGF. These findings indicate that human Miiller glial cells in culture express functional NGF receptors

and that the response of Miiller cells to NGF can be modulated by other growth factors.
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1. Introduction

It is established that certain neurons in the PNS and
CNS are targets for nerve growth factor (NGF). Less
well-understood are the interactions between this
growth factor and glial cells. In the mammalian retina,
Muiiller glial cells express high and low affinity NGF
receptors [4,8,18,22,25,31]. Since NGF is endogenous
to the retina [4], these glial NGF receptors are likely to
be of functional significance. However, at present, little
is known about the function of this neurotrophin in the
retina. Here, we examined the possibility that one role
of retinal NGF is to serve as a mitogenic signal for the
Miiller glial cells.

Glial cells of the retina, as in other parts of the
nervous system, often proliferate in response to patho-
physiological conditions. The proliferation of glia may
be an important factor in compromising neural func-
tion after disease or injury. For example, Miiller cell
proliferation in the eye appears to be a significant
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cellular event associated with irreversible loss of func-
tion caused by detachment of the neural retina from
the underlying retinal pigment epithelium [5,7,29].

Although glial proliferation is likely to play a signifi-
cant role in retinal pathobiology, knowledge concern-
ing the regulation of the proliferative response of the
Miiller glial cells is limited. To detect a proliferative
effect of NGF, we used cultures of Miiller glial cells
derived from the adult human retina. An advantage of
a cell culture system was the ability to quantify a
mitogenic effect of NGF on human retinal glial cells
under serum-free conditions in the absence of signifi-
cant numbers of non-glial cells.

We report that picomolar concentrations of NGF
can stimulate the proliferation of retinal Miiller glia in
culture. These findings support the hypothesis that
NGF may serve as a mitogenic signal for Miiller glial
cells of the retina.

2. Materials and methods

Cultures of retinal glial cells were prepared as detailed elsewhere
[19]. Postmortem eyes from donors aged 31-74 years were supplied
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within 24 h of death by the Michigan Eye Bank. Retinas were
removed, exposed to a calcium- and magnesium-free phosphate
buffer supplemented with 0.1% trypsin (3 X crystallized;, Worthing-
ton), 0.2% hyaluronidase (Sigma) and 4% chicken serum (Gibco) for
45 min at 37°C and then dissociated mechanically in 80% medium A
(1:1 ratio of Dulbecco’s modified Eagle’s medium (Gibco) and
Ham’s F12 medium (Gibco)) plus 20% fetal bovine serum (FBS).
Dissociated cells from one retina were added to three 35-mm Petri
dishes, kept in a humidified environment of 96.5% air/3.5% CO, at
37°C and fed with 80% medium A plus 20% FBS twice per week.
Cells that had been in culture for 2-6 passages were used. As
reported elsewhere, virtually all of the cells prepared by this method
are immunoreactive to a monoclonal antibody specific for retinal
Miiller glial cells [21] and to polyclonal antibodies against glutamine
synthetase [28], which is localized in the retina to the Miiller glial
cells [13). Thus, immunocytochemical markers indicate that the cells
in these cultures are Miiller cells.

Changes in cell number were measured as described previously
[21]. In brief, Miiller glial cells from near confluent cultures were
exposed to trypsin, suspended in 80% medium A plus 20% FBS and
plated at a low density on grids of 676 labeled squares imprinted on
35-mm dishes. After 2 days, a baseline cell count was done by
starting at one corner of the grid and proceeding until at least 100
cells had been counted. The culture dishes then exposed to serum-
free medium supplemented with murine 2.5 NGF (Sigma), K252a
(Kamiya Biomedical), recombinant human transforming growth fac-
tor B-2 (TGFB-2; Austral Biologicals), phorbol-12-myristate-13-
acetate (LC Laboratories) or recombinant human basic fibroblast
growth factor (bFGF, R&D Systems) for 2 days (Figs. 1, 2, 4, 5) or
variable times (Fig. 3). Two days after the initial cell counting, the
same areas of the grids were recounted.

In experiments examining the incorporation of bromodeoxvyuri-
dine (BrdU) into DNA of glial nuclei, cells on grid-stamped dishes
were exposed for 2 days to 10 uM BrdU in medium A with or
without NGF. BrdU was localized by immunocytochemical methods
[28]. In brief, cultures were fixed with 70% ethanol, bathed in 2 M
HCI followed by 0.1 M sodium borate (pH 9) for 10 min each and
then exposed to a monoclonal antibody to BrdU (1:50, Becton
Dickinson) for 1 h at room temperature. Subsequently, the cultures
were incubated in biotinylated anti-mouse IgG antibody (1:1000,
Vector) for 1 h at room temperature followed by application of an
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Fig. 1. The effect of various concentrations of NGF on the prolifera-
tion Miiller glial cells. The percent increase in cell number was
determined after a 2-day exposure to NGF under serum-free condi-
tions. Each value represents the mean (+S.E.M.) of at least four
experiments.
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Fig. 2. The effect of NGF on BrdU incorporation into Miiller cell
nuclei. Each value represents the mean (+.S.E.M.) of at least three
experiments.

avidin-biotin-peroxidase complex (1:100, Vector) with development
in diaminobenzidine.

3. Results

Fig. 1 shows the effect of various concentrations of
2.5 S NGF on the proliferation of retinal Miiller glial
cells in culture. A concentration-dependent increase in
the number of glial cells occurred under serum-free
conditions. The increases in cell number at concentra-
tions > 0.02 ng/ml were significant (P < 0.002, Stu-
dent’s t-test). The half-maximally effective concentra-
tion of NGF was 0.04 ng/ml (1.5 pM). A maximal
stimulatory effect occurred at concentrations greater
> 0.2 ng/ml. These cell counting experiments strongly
indicate that NGF can stimulate the proliferation of
retinal Miiller glial cells.

To help confirm by an independent assay that NGF
is mitogenic, we assessed the effect of NGF on the
incorporation of BrdU into the nuclei of the glial cells.
BrdU, an analog of the nucleotide thymidine, is incor-
porated into replicating DNA and can be detected by
immunocytochemistry using an anti-BrdU monoclonal
antibody. Cultures of Miiller cells were exposed for 2
days to serum-free medium plus 10 uM BrdU with or
without NGF (1 ng/ml). Immunocytochemistry re-
vealed that significantly (P < 0.001, Student’s ¢-test)
more nuclei in the NGF-treated group stained posi-
tively than in the control plates (Fig. 2). These experi-
ments demonstrate that NGF is a mitogen for the
human retinal Miiller glia in our culture system.

The effect of the duration of exposure to NGF on
retinal glial cell proliferation was also assessed. This
was of interest since cells often require many hours of
exposure to growth factors in order for proliferation to
occur [24]. In Fig. 3, glial cultures were exposed to
serum-free medium supplemented with 0.5 ng/mi
NGF. At various times, some cultures were switched to
NGF-free medium. All cultures were assayed for a
change in cell number at 48 h. Exposure to NGF for 10
h or less did not significantly (P > 0.7, Student’s ¢-test)
stimulate cell proliferation. However, retinal glial cell
proliferation did increase significantly (P < 0.002, Stu-
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Fig. 3. The effect of the duration of exposure to NGF on the
proliferation of retinal Miiller glial cells. Cultures were exposed to
serum-free medium supplemented with 0.5 ng/m! NGF for various
periods of time then washed and maintained in a medium without
NGF or serum. The proliferation assay was completed 2 days after
the onset of the experiment. Each value represents the mean
(+S.E.M.) of at least four experiments.

dent’s ¢-test) with exposure times of 14 h or more.
Thus, a period of hours of exposure to NGF is re-
quired to induce mitogenesis in these cells under the
conditions used here.

We examined the effect of K252a, an alkaloid-like
compound that potently inhibits NGF-induced biologi-
cal responses by blocking the tyrosine kinase activity of
the trk family of neurotrophin receptors [2,11,27]. As
shown in Fig. 4, 100 nM K252a significantly ( P = 0.001,
Student’s z-test) reduced the proliferative response of
Miiller glial cells to NGF. This was not a nonspecific
inhibitory effect since K252a did not significantly (P =
0.611, Student’s t-test) affect proliferation induced by
basic fibroblast growth factor, a retinal glial mitogen
[20] that activates another family of tyrosine kinase-lin-
ked receptors [26]. These pharmacological experiments
support the idea that NGF activates a trk receptor to
induce a proliferative response in Miiller glial cells.

Since glia in the adult retina do not normally prolif-
erate, the possibility was raised that other growth fac-
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Fig. 4. The effect of K252a on the proliferation of Miiller glial cells
induced by 1 ng/ml NGF or 50 pg/ml bFGF. Each value represents
the mean (+ S.E.M.) of at least three experiments.
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Fig. 5. The effect of TGFB-2 on the NGF-induced proliferation of
retinal Miiller glial cells in culture. Cells were exposed to 0.2 ng/ml
NGF. 1 ng/ml TGFB-2, 100 nM phorbol-12-myristate-13-acetate
and/or 0.5 uM chelervthrine. See text for details. Each value
represents the mean (+S.E.M.) of at least three experiments.

tors may block the mitogenic effect of NGF. We tested
TGFB-2, which is endogenous to the retina [14] and a
known modulator of responses to growth factors. Fig. 5
shows that TGFB-2 markedly reduced the proliferative
effect of NGF (P < 0.001, Student’s ¢-test). In some
other cell types, TGFB-2 activates protein kinase C. In
our culture system, exposure of the glial cells to phor-
bol-12-myristate-13-acetate, an activator of protein ki-
nase C, significantly reduced (P =0.003, Student’s ¢-
test) the proliferative effect of NGF (Fig. 5). Further
evidence for a role of protein kinase C was that the
specific protein kinase C inhibitor, chelerythrine [6],
blocked the inhibitory effect of TGFB-2 on the NGF-
induced proliferation (Fig. 5). This series of experi-
ments shows that TGFB-2 profoundly reduces the mi-
togenic effect of NGF and suggests that activation of
protein kinase C mediates this inhibitory effect.

4. Discussion

The results show that picomolar concentrations of
NGF induce a mitogenic response in human Miiller
glial cells in culture. Pharmacological experiments indi-
cate that this response to NGF involves a tyrosine
kinase and can be down-regulated by TGFB-2 via
activation of protein kinase C. This is the first report
showing evidence for the presence of functional high
affinity NGF receptors on glial cells.

Retinal glial cells may be the only glia normally
expressing NGF receptors. In vivo, Miiller glial cells
have both high and low affinity NGF receptors
[4,8,18,22,25,31]. Although apparently lacking NGF re-
ceptors under physiological conditions, astrocytes [9],
oligodendrocytes [1] and Schwann cells [10] may ex-
press NGF receptors in culture or in response to
injury. At present, the biological role of high affinity
NGF receptors expressed by non-retinal glia is un-
known. Effects of relatively large (nanomolar) concen-
trations of NGF on glia are varied. In vitro, NGF
enhances mitogenesis in oligodendrocytes [1], but sup-
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presses the proliferation of various glial tumor cells
[12,16,30]. Also, nanomolar concentrations of NGF can
up-regulate neurotrophin receptors on astrocytes and
C6 glioma cells [9,12]. The signal transduction path-
ways for these various effects of high concentrations of
NGF remain to be elucidated.

The concentration of NGF for half-maximal stimu-
lation of proliferation of cultured Miiller cells is 1.5
pM. The effectiveness of picomolar concentrations of
NGF complements our immunocytochemical evidence
for the presence of high affinity neurotrophin receptors
on cultured Miiller cells and helps establish the pres-
ence of functional high affinity NGF receptors on
these glial cells. If the K, of binding for the high
affinity NGF receptors on Miiller cells is the same as
for neurons (2.3 x 10~ ! M) (17], then only a relatively
small percentage of the high affinity receptors need to
be occupied to induce a mitogenic response.

The sensitivity of Miiller cells to NGF raises a
question. If Miiller cells express high affinity NGF
receptors in vivo, then why do they not proliferate
under normal conditions in response to the endoge-
nous NGF in the retina? One possible answer is that
the Miiller cells in vivo are not exposed to NGF for a
sustained period of 14 h or more, which our results
show is required to induce mitogenesis. Alternatively,
our experiments with TGFB-2 may indicate a more
likely reason why Miiller cells do not normally prolifer-
ate. We found that TGFB-2, which is present in the
human retina [14], markedly inhibits the NGF-induced
proliferation of Miiller cells. This inhibition of prolifer-
ation is blocked by a protein kinase C inhibitor and is
mimicked by a phorbol ester which activates protein
kinase C. Perhaps growth factors such as TGFB-2
block the mitogenic effect of NGF in the retina under
normal conditions. In contrast, under pathological con-
ditions, decreased exposure of Miiller glia to TGFB-2
and other mitogenic suppressants may release the
NGF-induced mitogenic pathway from inhibition.

Although NGF may serve as a mitogenic signal for
Miiller glia under pathophysiological conditions, the
function of NGF receptors in the retina under normal
conditions remains to be determined. Interestingly,
Miiller cells of the mammalian retina appear to synthe-
size NGF [4]. Thus, NGF may have an autocrine func-
tion to help regulate responses of Miiller cells to
physiological and pathophysiological conditions.
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