Journal of Neurochemistry, 2001, 76, 1199—1211

Insulin-like growth factor-I is a potential trophic factor for

amacrine cells

Luis E. Politi,*+ Nora P. Rotstein,* 1 Gabriela Salvador,* ¥ Norma M. Giusto*{ and

M. Fernanda Insuaf

*Instituto de Investigaciones Bioquimicas de Bahia Blanca, Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET),

Bahia Blanca, Buenos Aires, Argentina

TUniversidad Nacional del Sur (UNS), Bahia Blanca, Buenos Aires, Argentina

Abstract

In this study we show that insulin-like growth factor (IGF)-I
selectively promotes survival and differentiation of amacrine
neurons. In cultures lacking this factor, an initial degeneration
pathway, selectively affecting amacrine neurons, led to no
lamellipodia development and little axon outgrowth. Cell lysis
initially affected 50% of amacrine neurons; those remaining
underwent apoptosis leading to the death of approximately
95% of them by day 10. Apoptosis was preceded by a marked
increase in c-Jun expression. Addition of IGF-I or high
concentrations (over 1 um) of either insulin or IGF-II to the
cultures prevented the degeneration of amacrine neurons,
stimulated their neurite outgrowth, increased phospho-Akt
expression and decreased c-Jun expression. The high insulin

and IGF-II concentrations required to protect amacrine cells
suggest that these neurons depend on IGF-I for their survival,
IGF-1l and insulin probably acting through IGF-I receptors to
mimic IGF-I effects. Inhibition of phosphatidylinositol-3 kinase
(Pl 3-kinase) with wortmannin blocked insulin-mediated
survival. Wortmannin addition had similar effects to IGF-I
deprivation: it prevented neurite outgrowth, increased c-Jun
expression and induced apoptosis. These results suggest that
IGF-1 is essential for the survival and differentiation of
amacrine neurons, and activation of Pl 3-kinase is involved
in the intracellular signaling pathways mediating these effects.
Keywords: amacrine cells, apoptosis, insulin-like growth
factor |, phosphatidylinositol 3-kinase (Pl 3-kinase), retina.
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It is widely accepted that specific trophic factors control the
survival of different neuronal cell types; their deficient
supply to a given neuronal population might trigger
neurodegenerative diseases by activation of programmed
cell death (PCD) (Raff 1992; Raff et al. 1993). In the retina,
extensive research has uncovered diverse trophic require-
ments of the different neuronal cell types. Thus, ganglion
cells depend on brain-derived neurotrophic factor (BDNF)
for their survival and on acidic fibroblast growth factor
(FGF) for axon outgrowth (Barde et al. 1987; Lipton et al.
1988). Ciliary neurotrophic factor and basic-FGF improve
photoreceptor survival and differentiation (Hicks and
Courtois 1992; Fontaine er al. 1998; LaVail et al. 1998).
Docosahexaenoic acid (DHA) is essential for delaying
apoptosis and stimulating differentiation of photoreceptors
(Rotstein et al. 1996, 1997, 1998). To date, only BDNF and
neurotrophin-3 (De la Rosa er al. 1994; Bovolenta et al.
1996; Cellerino et al. 1998), have been reported to promote
survival of some among the large number of amacrine cell

subtypes occuring in the rat retina (McNeil and Masland
1998). However, the list of trophic factor requirements for
most neuronal cell types grows increasingly larger and many
more remain to be established.

Insulin and insulin-like growth factors (IGFs) appear to
play a central role in building the cytoarchitecture of the
retina (Hernandez-Sanchez et al. 1995). Insulin has been
included in the formulation of chemically defined media
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(Bottenstein 1985) and it sustains long-term survival of
mouse retinal neurons in culture (Politi et al. 1988). Insulin
and its related factors decrease apoptosis and stimulate
neuronal cell proliferation, differentiation, maturation and
survival (De Pablo and De la Rosa 1995; Hernandez-
Sanchez et al. 1995; Singleton et al. 1996; Doré et al. 1997).
Apoptosis contributes to neuronal death in retinas from
experimentally induced diabetic rats and diabetic humans
(Barber et al. 1998); moreover, IGF gene expression is
reduced in neural tissues from diabetic rats and IGF
administration protects against diabetic neuropathy (Ishii
and Lupien 1995; Zhuang et al. 1997). In the neural retina,
IGF-I promotes proliferation and differentiation (Frade et al.
1996), and has a neuroprotective effect on ganglion cells
after transection of the optic nerve (Kermer et al. 2000).
Hence, insulin and/or IGFs play a critical role during retinal
development, and are crucial for the survival and/or
differentiation of different neuronal cells.

In this work, we have investigated the effect of insulin
and IGFs on retinal neurons in culture. Our results show that
IGF-1 selectively promoted the survival of amacrine
neurons, which depended on this factor to avoid cell
death, while high insulin and IGF-II concentrations
mimicked IGF-I effects on amacrine cells. Activation of
phosphatidylinositol 3-kinase (PI 3-kinase) was required for
IGF-I-dependent effects.

Materials and methods

Materials

Plastic culture 35-mm-diameter dishes and multichambered slides
(NUNC) were purchased from Metec SA (Buenos Aires,
Argentina). Fetal calf serum was from Centro de Virologia Animal
(CEVAN, Buenos Aires, Argentina). Dulbecco’s modified Eagle
medium (Gibco, Rockville, MD, USA) was purchased from Life
Technologies. Trypsin, trypsin inhibitor, transferrin, hydrocorti-
sone, putrescine, insulin, polyornithine, selenium, gentamycin, 4,6-
diamidino-2-phenylindole (DAPI), staurosporine, calphostin, fluor-
escein-conjugated secondary antibodies, IGF-I (human recombi-
nant) and IGF-II, wortmannin (from Penincillium fumiculosum),
propidium iodide and paraformaldehyde were from Sigma (St
Louis, MO, USA). Vectastain, ABC Kit was from Vector
Laboratories (Burlingame, CA, USA) and 3,3-diaminobenzidine
tetrahydrochloride was from Polysciences Inc. (Warrington, PA,
USA). Secondary antibodies, Alexa 488-conjugated goat anti-mouse
and Alexa 546-conjugated goat anti-rabbit IgG were from Molecular
Probes Inc. (Eugene, OR, USA). Monoclonal antibodies HPC-1 and
Rho-4D2 were generous gifts from Dr C. Barnstable (Yale
University) and Dr R. Molday (University of South Columbia),
respectively. Polyclonal antibodies against phospho-Akt (Thr308),
c-Jun and phosphorylated c-Jun (Ser63) II were from New England
Biolabs. (Beverly, MA, USA). Docosahexaenoic acid was isolated
from bovine retinas by a combination of chromatographic procedures
(Rotstein et al. 1996). [**P]phosphate and [y->>P]JATP were from

NEN (New England Nuclear—Dupont, Boston, MA, USA). All
other reagents were analytical grade.

Cultures of retinal neurons

Purified cultures of rat retinal neurons were prepared by methods
previously described (Rotstein ef al. 1996, 1997). Albino Wistar
rats, 1-2 days old, bred in our own colony were used in all the
experiments; all proceedings were in accordance with Principles
for Use of Animals and Guide for the Care and Use of Laboratory
Animals (NIH regulation). Neuronal cultures were incubated in
chemically defined media (Rotstein et al. 1996, 1997) without
insulin (controls), at different insulin, IGF-I or IGF-II concentra-
tions, or with both insulin and IGF-I, as indicated in the text. About
60-80 x 10° cells per cm?® were seeded on each plastic dish.

Addition of docosahexaenoic acid

To assess the effect of insulin on long-term survival of
photoreceptor cells, neuronal cultures were supplemented with
docosahexaenoic acid and incubated for different time periods
without or with insulin (1.5 wm). Docosahexaenoic acid (6.7 um),
complexed with bovine serum albumin, was added at day 1 in vitro,
as previously described (Rotstein et al. 1996).

Effect of wortmannin on the development of neuronal cells
Wortmannin was added to cultures in a DMSO solution at a final
concentration of 100 nMm (Guo et al. 1997), 2 h after seeding to
allow adhesion of cells to substratum. The cultures were then
incubated for 5 h to assess wortmannin effects on early neurite
outgrowth, or up to 3 or 10 days to evaluate its long-term effects.
To investigate the reversibility of its effects, wortmannin was
washed out after 5 h or 3 days by rinsing the cultures twice with
neuronal medium; fresh neuronal medium containing 1.5 um
insulin was then added. After different time periods, the cultures
were fixed with 2% paraformaldehyde in phosphate-buffered saline
(PBS) (0.9% NaCl in 0.01 m NaH,PO,, pH 7.4), and analyzed by
immunocytochemical methods as described below.

Phosphorylation assays

The pattern and levels of neuronal protein phosphorylation was
investigated in 2-day cultures incubated without or with 1.5 pum
insulin by using either [**P]phosphate or [y-**P]ATP. In the first
case, intact neuronal cells were incubated for 1 h, at 36°C, with
0.8 mL of culture medium containing [**P]phosphate (sp. activity
1 Ci/mmol; 50 pwCi per 35-mm culture dish). The cells were then
rinsed twice with buffer Tris-Hepes-magnesium (THM) (40 mMm
Tris-Hepes, pH 7.4, 1 mm MgCl,, 0.1 mm CaCl,, 5 mm KCI and
140 mM NaCl), with aprotinin (2 wg/mL), leupeptin (1 pg/mL) and
PMSF (0.1 mm). Cells were then scraped with a Teflon spatula,
transferred to eppendorf vials, centrifuged at 16 000 g for 10 min
in a microfuge, and finally Laemmli buffer (Laemmli 1970) was
added to the pellet.

In experiments using [y--P] ATP, cells incubated without or
with 1.5 pum insulin were scraped and pelleted as described
before. To investigate protein phosphorylation, cell pellets were
rinsed and resuspended in 25 pwL of a lysis buffer containing
20 mm Tris HCI, 2 mm MgCl,, 0.5 mm CaCl,, 0.1% Triton
X-100, with or without 10 mm KF as a protein phosphatase
inhibitor. Incubations were started by the addition of [y->>P]JATP
(2 pCi, 10 um), performed at 30°C, and stopped by adding
Laemmli buffer. To study the involvement of protein kinase C,
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Fig. 1 Neuroprotective effect of insulin on amacrine cells. Phase (a,
b, e and f) and fluorescence (c and d) photomicrograph of 2-day-old
(a—d) and 3-day-old (e and f) amacrine neurons (short arrows) and
photoreceptors (arrowheads), with (a, ¢ and e) or without (b, d and
f) insulin, added at day O to the culture medium. In insulin-lacking
cultures, cell swelling of amacrine neurons is evident by day 2 (short
arrows in b and d) and selective lysis occurs during the first 3 days
(empty, white arrowhead in f). Amacrine neurons were recognized
by their immunoreactivity with HPC-1 monoclonal antibody and by
their distinct morphology. The bar indicates 10 pum.

cultures grown with insulin (1.5 wm) were incubated with or
without the PKC inhibitor staurosporine (10 pwg/mL) as
previously described (Politi et al. 1998). The cells were then
pelleted and incubated with [y->*P] ATP for 30 min, as described
above.

In all experiments, proteins in Laemmli buffer were boiled for
5 min and subjected to electrophoresis on 12.5% polyacrylamide
gels (SDS-PAGE). Phosphoproteins were visualized by auto-
radiography. Sibling cultures were scraped to determine their
protein content (Bradford 1976) or fixed with 2% paraformalde-
hyde to quantify cell number by immunocytochemistry, as
indicated below.

Akt activation and c-Jun expression

Cells were permeated by a 15-min treatment with 0.2% Triton
X-100 in PBS. Expression of phosphorylated Akt was determined
using an anti-phospho-Akt monoclonal antibody. Expression of
c-Jun and c-Jun phosphorylated at serine 63 were detected with
anti-c-Jun or anti-phospho-c-Jun antibodies. Alexa 546-conjugated
goat anti-rabbit IgG was used as a secondary antibody.

Fig. 2 Apoptosis of amacrine neurons in cultures lacking insulin and
IGF-1. Fluorescence photomicrography of 5-day amacrine neurons
incubated with (a and b) or without (c, d, e and f) insulin, and double
labeled with HPC-1 monoclonal antibody (a, ¢ and e) and with the
nuclear marker DAPI (b, d and f). Amacrine neurons show intact
nuclei (b) in cultures incubated with insulin, while in cultures devoid
of insulin many of these nuclei are pycnotic or show evident signs of
fragmentation, characteristic of apoptotic cells (arrow in d and wide
arrows in F). The thin arrows in (e) and (f) point to an amacrine
neuron still showing an intact nucleus. The bars indicate 4 um in (a)
to (d) and 15 wm in (e) and (f).

Immunocytochemical analysis and cell counting

Neuronal cell types were identified by fluorescence microscopy
(Rotstein et al. 1996), or by the ‘ABC’ method, using the
monoclonal antibodies HPC-1, for amacrine cells, and Rho-4D2,
for photoreceptor cells (Barnstable 1980; Hicks and Barnstable
1987; Kljavin et al. 1994). Controls for immunocytochemistry
were carried out by omitting either the primary or the secondary
antibody. Dead cells were identified by fluorescence microscopy,
incubating the cultures with 0.5 pg/mL (final concentration in
culture) of propidium iodide for 1 min just before fixation
(Jordan et al. 1997); similar results were obtained when analysing
cell integrity by phase microscopy. Nuclei integrity was
determined by fluorescence microscopy, using DAPI. The number
of amacrine neurons with neurites longer than 1 cell body
diameter was determined by phase microscopy. Ten fields per
sample were analyzed in each case. Each value represents the
average of at least three experiments = SD performed by
triplicate. Statistical significance was determined by Student’s
two-tailed #-fest.
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Table 1 c-Jun expression and apoptosis during amacrine cell

development

Apoptosis c-Jun (%)

Condition (%) Total phosphorylated
Day 4

— Insulin 26.5 =53 13.5 + 3.1 6.3+ 13

+ Insulin 0.7 = 0.8° 5.6 + 3.2° 2.0 = 0.8

+ Wortmannin 29.8 + 2,52 23.6 = 3.4% 20.2 + 3.8
Day 6

— Insulin 28.4 =27 75.5 = 6.4 67.1 = 10.2

+ Insulin 0.5 + 0.5% 18.3 + 2.92 17.5 + 6.5%

+ Wortmannin 51.4 + 4.3? 735 = 3.4 71.0 = 3.4
Day 10

— Insulin 42.0 £ 4.7 83.6 + 8.3 80.0 = 6.3

+ Insulin 0.6 = 0.4° 35.5 + 4.2° 275 = 6.9?

+ Wortmannin

Neuronal cultures were incubated with or without 1.5 pm insulin or with
1.5 pum insulin plus 100 nm wortmannin. Apoptosis, total c-Jun and
phosphorylated c-Jun expression were determined by cytochemistry,
using DAPI or specific antibodies, respectively, as described in
Methods. Results represent the percentage + SD of apoptotic or c-Jun
expressing cells referred to the total number of amacrine cells present
in the cultures. Ten fields per sample were analyzed in each case.
Each value represents the average of at least three experiments
performed by triplicate. Apoptosis could not be determined in
wortmannin-treated cultures by day 10 because of the extensive
amacrine neuron degeneration. ®p < 0.05, by Student’'s two-tailed
t-test.

Results

Insulin and IGF-I effect on amacrine neuron survival
Figure 1 shows 2-day-old (a, b, ¢ and d) and 3-day-old (e
and f) cultures of rat retinal neurons incubated without (b, d
and f) or with 1.5 pM insulin (a, ¢ and e). In both conditions,
amacrine neurons and photoreceptor cells were the major
cell types in the cultures (Rotstein et al. 1996). In the
absence of insulin or IGF-I, amacrine neurons showed
evident signs of cell swelling by day 2 (Figs 1b and d), that
ended up in the selective lysis of approximately 50% of
these cells 1 day later (Figs 1f and 3). By day 4, the
surviving amacrine neurons started an apoptotic process
(Figs 2c—f and Table 1), which progressed rapidly: by day
10, the combination of apoptotic death with the initial cell
lysis left only 5% of the original amacrine neurons in the
culture (Fig. 3, upper panel), and approximately 42% of
them were apoptotic (Table 1).

Addition of either 1.5 pM insulin or 0.5 pM IGF-I almost
completely prevented amacrine neuron death (Figs le and 3,
upper panel). After a slight initial reduction, the percentage
of surviving neurons remained the same: approximately

(a) Amacrine neurons
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Days in vitro

Fig. 3 Selective effect of IGF-I and insulin on amacrine cell survival.
The figure depicts the percentage +SD of surviving amacrine
neurons (upper panel) and photoreceptors (lower panel) at different
times in vitro, determined in (a) cultures incubated without (A, con-
trol) or with (M) 1.5 pm insulin, 0.5 pm IGF-I (®) or 1.0 pm insulin
plus 67 nm IGF-l (¢). In the absence of insulin or IGF-I, most
amacrine neurons undergo cell death after 10 days in culture. Most
of them could be rescued by adding 1.5 um insulin, 0.5 um IGF-1 or
1.0 um insulin plus 67 nm IGF-I to the culture medium. (b) Cultures
were incubated with docosahexaenoic acid (6.7 um), added at day 1,
to selectively promote photoreceptor survival as previously reported
(Rotstein et al. 1996, 1997) with (M) or without (control, A) 1.5 um
insulin. Photoreceptors developed normally regardless of the
presence or absence of insulin. Each value represents the average
of at least three experiments performed by triplicate.

80% of them were still present by day 10 in culture (Fig. 3,
upper panel).

Photoreceptor cells, the other major neuronal type in the
cultures, require docosahexaenoic acid (DHA) for survival.
Without this fatty acid, these cells start an apoptotic process
by day 4, in both the presence or the absence of insulin,
which is delayed by the addition of DHA, as we have
previously shown (Rotstein et al. 1996, 1997, 1998). In
DHA-supplemented cultures, photoreceptors developed in a
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Fig. 4 Dose-response curves of IGF-I, insulin and IGF-ll on
neuronal survival. Retinal cultures were incubated with different con-
centrations of IGF-1 (@), IGF-II (A) or insulin (OJ), and the percentage
+ 8D of surviving amacrine neurons, referred to those present at
day 0, was determined after 6 days. Each value represents the
average of at least three experiments performed by triplicate. Note
that incubation of cultures with 67 nm IGF-I could rescue approxi-
mately 50% of amacrine neurons, while it was necessary to add
approximately 1 pm insulin or IGF-Il to produce the same survival
effect.

similar fashion when incubated with or without insulin
(Fig. 3, bottom panel); the slight reduction in their survival
by day 10 was unaffected by insulin addition.

Hence, the absence of insulin or IGF-I in the culture
medium induced amacrine cell death by two different
degenerative pathways: an early cell lysis and a late
apoptotic progression, without affecting the development
of photoreceptor cells. The addition of insulin or IGF-I to
the cultures selectively rescued most amacrine neurons.

Insulin, IGF-I and IGF-II dose-response curves

Retinal neurons were incubated from day O with increasing
concentrations of insulin, IGF-I or IGF-II, and the number of
surviving amacrine neurons at day 6 was determined in each

Table 2 Time-dependence of insulin addition on amacrine cell survival

Day of insulin Survival of amacrine

addition neurons (%)
Day 0 79.6 = 13.4
Day 1 49.0 = 7.92
Day 2 34.0 = 9.22
No insulin addition 5.4 + 4.6°

Insulin (1.5 wm) was added to neuronal cultures at days O, 1 or 2, and
the percentage =+ SD of surviving amacrine neurons, referred to those
present at day 0, was determined after 10 days . Each value
represents the average of at least three experiments perfomed by
triplicate. 2p < 0.05, by Student’s two-tailed t-test.
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Fig. 5 Effect of insulin and IGF-I on amacrine neurite outgrowth.
Retinal cultures were incubated without (c and white bars in e), with
(a and gray bars in €) 1.5 pm insulin, 0.5 um IGF-I (b and black bars
in e) or 1.5 pum insulin plus 100 nm wortmannin (d and hatched bars
in e). Conspicuous neurite outgrowth is observed in insulin and
IGF-I-supplemented cultures (arrowheads in a and b), while neurites
are almost absent or barely developed (arrowheads) in control (c)
and wortmannin-treated (d) cultures. The percentage + SD of retinal
neurons bearing neurites longer than one cell body diameter was
determined at different times . Each value represents the average of
at least three experiments performed by triplicate. The bar indicates
20 pm.

case. IGF-I had a greater survival effect than IGF-II and
insulin (Fig. 4): it was necessary to incubate with 67 nm
IGF-I to rescue 50% of amacrine neurons, while approxi-
mately 1 wm IGF-II or insulin were required to obtain a
similar effect (Fig. 4). This insulin concentration was higher
than the required for other reported effects of this factor
(Waldbillig et al. 1987; Waldbillig and Chader 1988). The
combined addition of suboptimal concentrations of both
IGF-I and insulin rescued approximately 90% of amacrine
neurons (Fig. 3). Altogether, these results suggest that
amacrine neurons strongly depended on IGF-I for their
survival and high concentrations of IGF-II or insulin could
mimic IGF-I survival effects.

Insulin capability to promote amacrine neuronal survival
depended on the time of development at which it was added

© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 76, 1199—1211



1204 L. E. Politi et al.

Fig. 6 Inhibition of amacrine lamellipodia development by wortman-
nin. Phase (a, c and e) and bright field (b, d and f) photomicrographs
of 1day cultures incubated with 1.5 pm insulin (a and b), with
1.5 pm insulin plus 100 nm wortmannin (c and d), or for 5 h with
wortmannin, followed by addition of fresh insulin-containing media
after removing wortmannin-containing media (e and f). The identity
of amacrine neurons showed in the left panels was assessed by
their immunoreactivity to HPC-1 monoclonal antibodies by the ‘ABC’
method (right panels). Photoreceptors were not stained with this
antibody (arrowhead in e and f). The extensive lamellipodia develop-
ment in cultures incubated with insulin (arrows in a and b) contrasts
with the complete absence of lamellipodia in wortmannin-treated cul-
tures (c and d). After washing out wortmannin, followed by incuba-
tion with insulin (e and f), the surviving amacrine neurons continued
their development, growing again their neurites. The bar indicates
10 pm.

to the cultures (Table 2). Maximal survival effect at day 10
could be observed when insulin was added at day O in vitro.
Its addition at days 1 or 2 had a much lower effect because
the lytic death of amacrine neurons had already started;
however, those remaining could still be rescued. Addition of
insulin after 3 days had little or no effect on amacrine
neuron survival (not shown).

Insulin dependence of lamellipodia development and
neurite outgrowth in amacrine cells

In control cultures, neurite outgrowth was severely affected
(Fig. 5¢): only approximately 55 and 35% of amacrine

Fig. 7 Effect of wortmannin on amacrine cell death. Cultures were
incubated for 6 days with (a) or without (c) 1.5 um insulin, with
1.5 pm insulin plus 100 nv wortmannin (d) or with wortmannin for
5 h followed by washing out the incubation medium and replacing it
with insulin-containing medium for 6 days (b). Amacrine neurons
(arrows) survived and differentiated normally in cultures incubated
with insulin. Cultures devoid of insulin (c) showed a drastic reduction
in the number of amacrine neurons without apparent damages to
photoreceptor survival (arrowheads in c). Long-term treatment of cul-
tures with wortmannin also affected amacrine neuron survival and
neurite outgrowth (arrow in d). In addition, wortmannin either pre-
vented photoreceptor axon outgrowth (black arrowheads in d) or
caused abnormal axon development (white arrow in d). Washing
wortmannin after 5 h incubation, followed by addition of insulin (b),
rescued approximately 50% of amacrine neurons by day 6. The bar
indicates 10 um.

neurons developed neurites after 2 and 3 days in wvitro,
respectively (Fig. Se). Of those neurons developing neurites,
approximately one-third had single, long axons instead of
the extensive neurite outgrowth characteristic of amacrine
neurons (Fig. 5¢). The sparse neurite outgrowth might be
related to the fact that, in control cultures, amacrine neurons
lacked their characteristic lamellipodia (Figs 6a—d). The
percentage of neurons bearing neurites decreased steadily
with culture time; only 5% of the surviving amacrine
neurons had neurites by day 10 (Fig. Se). Insulin and IGF-I
efficiently promoted neurite outgrowth (Figs 5a and b). In
insulin-supplemented cultures many amacrine neurons
showed conspicuous lamellipodia during the first 24 h of
development (compare Figs 6a and c) and more than 70% of
them already had neurites as early as day 2, a percentage
that increased to approximately 85% by day 10 (Fig. Se). A
similar effect was observed when cultures were incubated
with IGF-I (Figs 5b and e). Therefore, insulin and IGF-I not
only rescued developing amacrine neurons but also
stimulated their lamellipodia development and neurite
outgrowth.
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Fig. 8 Enhancement of phospho-Akt expression by insulin. Fluores-
cence photomicrographs of 9-day cultures incubated with (a and b)
or without (c and d) 1.5 pm insulin or with (e and f) 1.5 um insulin
plus 100 nm wortmannin showing phospho-Akt expression (a, ¢ and
e) and nuclear staining with DAPI (b, d and f). Note phospho-Akt
expression in amacrine cell neurites and bodies in insulin-supple-
mented cultures (wide arrows in a), corresponding to intact nuclei
(b). Attenuation of this expression in (c) and (e) was consistent with
the presence of pycnotic or fragmented nuclei (arrows in d and f).
The bar indicates 20 pum.

Wortmannin inhibition of insulin effects

Many insulin and IGF-I effects require of the activation of
PI 3-kinase (reviewed in Shepherd et al. 1998). To test if
this enzyme was involved in the effects of these factors on
amacrine neurons, cultures were incubated for 10 days with
100 nM wortmannin, a specific inhibitor of PI 3-kinase
activity at this concentration (Guo et al. 1997; Pong et al.
1998; Shepherd et al. 1998). Its addition completely blocked
the action of insulin (Figs 6c and d, and Fig. 7d), entirely
preventing neurite outgrowth (Figs 5d and e); this was an
early effect, since lamellipodia development was already
blocked after 5 h of incubation (Figs 6¢ and d). Wortmannin
addition also triggered apoptosis; by day 4, the percentage of
apoptotic amacrine neurons was approximately 30% in
both insulin-lacking and wortmannin-treated cultures
(Table 1). Apoptosis then progressed more rapidly in
wortmannin-treated cultures than in those lacking insulin.
Experiments in which cell cultures were treated for only 3,
instead of 10, days with wortmannin, and then incubated
with fresh, insulin-containing medium, showed almost the
same results (not shown). Nevertheless, wortmannin
deleterious effects could be halted and reversed by
washing it out after a 5-h incubation and then adding
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fresh, insulin-supplemented neuronal medium (Figs 6e and
f, and Fig. 7b). Under these conditions, the remaining
amacrine neurons again rapidly started growing their
neurites and lamellipodia (Figs 6e and f), showing no
signs of apoptosis.

It is noteworthy that photoreceptors treated with wort-
mannin for 6 days also showed an abnormal pattern of
development and axon outgrowth, as compared with those
incubated in an insulin-depleted media for a similar period
(Figs 7c and d). This suggests that PI 3-kinase might be
involved, at least to some extent, in the cascade of events
leading to photoreceptor development.

Akt activation

The serine/threonine protein kinase Akt (also known as
protein kinase B) is activated by diverse trophic factors via a
PI 3-K-dependent pathway (Burgering and Coffer 1995;
Dudek et al. 1997). To evaluate its participation in IGF and
insulin-mediated survival of amacrine neurons, we investi-
gated the expression of its active, phosphorylated form, in
control and insulin-supplemented cultures. Expression of
phosphorylated Akt was observed in insulin-supplemented
cultures, and this expression was enhanced at long culture
times (Fig. 8a). On the contrary, phosphorylated Akt was
hardly visible in insulin-lacking or wortmannin-treated
cultures (Figs 8c and e), where amacrine cell nuclei showed
either the pycnotic or highly fragmented appearance
characteristic of the late stages of apoptosis (Figs 8d and f).

C-Jun expression

An increase in transcription factor c-Jun expression has been
involved in the regulation of cell death (Estus et al. 1994,
Ham et al. 1995) and its phosphorylation has been proposed
to be required for induction of apoptosis upon trophic factor
withdrawal (Watson et al. 1998). Hence, we investigated
c-Jun and phospho-c-Jun expression in amacrine neurons in
culture (Fig. 9). In the absence of IGF-I and insulin, c-Jun
expression in amacrine neurons increased with culture time
(Fig. 9h, Table 1). By day 4, 13.5% of these neurons
expressed total c-Jun and half of it was phosphorylated
(Table 1). These percentages dramatically increased by day
6, when over 75% of amacrine neurons expressed c-Jun and
almost all of it was phosphorylated. These values were
slightly higher by day 10. Most of the label was found in
the cytoplasm (Fig. 9h), although at day 10 expression
of phosphorylated c-Jun was found in the nuclei of
13.8 = 2.0% of the amacrine cells in cultures devoid
of insulin. The evolution of apoptosis in insulin-lacking
cultures was slower than the increase in c-Jun expression; by
day 10, apoptosis extended to 42% of these cells, while
approximately 84% of them expressed c-Jun (Table 1).
Addition of 1.5 uM insulin markedly reduced both c-Jun
expression and apoptosis (Figs 9b and c): at day 4, less
than 6% of amacrine neurons expressed c-Jun and only
2% phosphorylated c-Jun (Table 1). These percentages
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increased with culture time: however, only 35% of these
cells were c-Jun positive by day 10, less than half of those
expressing c-Jun at the same time in insulin-lacking
cultures. In insulin-supplemented cultures, less than 1% of
the amacrine neurons were apoptotic at every incubation
time (Table 1). It is noteworthy that almost all phospho-c-
Jun was found in amacrine cell cytoplasm in insulin-
supplemented cultures by day 10 (Fig. 9e); only a negligible
0.1% = 0.1% was detected in cell nuclei.

Evolution of c-Jun expression in wortmannin-treated
cultures was similar to that observed in amacrine neurons
grown without insulin (Fig. 9k, Table 1); although more
amacrine neurons expressed c-Jun by day 4 in the former
than in the latter condition, both values were approximately
the same by day 7 in culture. Therefore, an increase in c-Jun
expression correlated with amacrine neuron degeneration,
and preceded nuclear fragmentation.

Effects of insulin on protein phosphorylation

Protein composition and the pattern of protein phos-
phorylation in cultures incubated with or without insulin
were also analyzed. By day 2, protein amounts and
composition were similar in both culture conditions. A
significant increase in protein content occured in insulin-
containing cultures by day 5: while cells grown without
insulin had 31.0 £ 5.5 pg protein per culture dish, those

Fig. 9 c-Jun and phospho c-Jun expres-
sion: insulin and wortmannin effects. Phase
(a, d, g and j) and fluorescence photomicro-
graphs depicting c-Jun (b) and phospho
c-Jun (e, h and k) expression and nuclear
staining with DAPI (c, f, i and ) of 10-day
cultures incubated with (a—f) 1.5 pm insulin;
without (g—i) insulin or with (j—I) 1.5 pm
insulin plus 100 nm wortmannin. Note that
while cytoplasmic (open arrow in h) and
nuclear (white arrows in h and k) localiza-
tion of phospho c-Jun is observed in insu-
lin-lacking and wortmannin-treated cultures,
mainly cytoplasmic localization of c¢-Jun
(open arrow in b) and phospho c-Jun (e) is
detected in insulin-supplemented cultures.
Also notice that amacrine cell nuclei, intact
in insulin-supplemented cultures (white
arrows in ¢ and f), are fragmented in control
or wortmannin-treated cultures (i and I).
The bar indicates 20 pm.

incubated with 1.5 pM insulin had 80.4 £ 10.9 pg protein
per dish. The higher protein content was consistent with the
increased survival and differentiation (i.e. higher number of
neurites) of amacrine neurons in insulin-supplemented
cultures.

Entire cells incubated with [32P]ph0sphate were rapidly
phosphorylated and several neuronal proteins were labeled
(Fig. 10a, lanes d and e). This labeling was enhanced by
insulin: after 1 h of incubation, proteins were more heavily
labeled in insulin-supplemented than in insulin-lacking
cultures.

Neuronal proteins were also rapidly and heavily phos-
phorylated in cell lysates incubated with [y->>P]JATP
(Fig. 10b). The pattern of phosphorylation was selectively
modified leading to an increase in the labeling of a
105-110-kDa band in cells obtained from insulin-
supplemented compared with those from insulin-lacking
cultures (Fig. 10b, lanes e and d). The different patterns of
phosphorylation obtained in the entire system and in the
lysates might be due to the presence of insulin in the culture
medium during the phosphorylation reaction in the first case,
and its absence in the latter. In this case, neurons were
grown with insulin and then phosphorylation was performed
in a medium without insulin. This suggests that the presence
of insulin was required for an overall increase in
phosphorylation.
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Fig. 10 Insulin effects on the phosphoryla-
tion of neuronal proteins. (a) Phosphoryla-

tion of neuronal proteins with [32P]
phosphate. Neurons were grown with or
without insulin for 2days and then

[®2P]phosphate was added to the cultures
for 30 min. Lane a — molecular weight
standards; lanes b and ¢ — neuronal pro-
teins from cultures incubated without and
with insulin, respectively, stained with Coo-
masie Blue; lanes d and e — phosphoryla-
tion pattern of the neuronal proteins shown
in lanes b and c, respectively. (b) Phos-
phorylation of neurons with [y-*2P] ATP, in
the presence of 10 mm KF as a phospha-
tase inhibitor. Lane a — molecular weight
standards; lanes b and ¢ — neuronal pro-
teins from cultures incubated without and
with insulin, respectively, stained with Coo-
masie Blue; lanes d and e — autoradio-
grams from lanes b and c, respectively. (c)
Protein pattern of 2 days neurons without
or with insulin: lanes a and b, respectively,
incubated with [y-*2P] ATP in the absence
of phosphatase inhibitors; lanes ¢ and
d — autoradiogram of lanes a and b,
respectively. (d) Phosphorylation  with
[y-32P] ATP of neuronal proteins incubated
in insulin-supplemented medium in the pre-
sence of staurosporin. Lane a — molecular
weight standards; autoradiogram of lane b,
control condition (with DMSO) or lane ¢
with staurosporin. In all cases, samples
were normalized to load the same amount
of proteins (~15 g per well) in each lane. a b

Phosphatases were among the plethora of proteins
activated by insulin. In the experiments described above,
the incubation media contained phosphatase inhibitors.
When incubation with [y-’PJATP was performed
without any phosphatase inhibitor, cells obtained from
2-day insulin-supplemented cultures showed a striking
decrease in protein labeling (Fig. 10c, lanes ¢ and d).
Most proteins were dephosphorylated in these conditions
and the band at 105-110 kDa was markedly reduced. On
the contrary, in cells from insulin-lacking cultures the
pattern and intensity of protein labeling was approximately
the same either with or without phosphatase inhibitors.
This suggests that insulin was required for phosphatase
activity.

Previous work from our laboratory has shown that
PKC is involved in amacrine axon outgrowth (Politi et al.
1998). To investigate the role of this kinase in neuronal
protein  phosphorylation, insulin-supplemented 2-day
cultures were pre-incubated with staurosporine, a PKC
inhibitor, and then incubated with [7-32P]ATP (Fig. 10d)

c
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g 16-18

for 30 min. The presence of staurosporine led to a
reduction in the labeling of the 24-25kDa and
105-110 kDa bands and to the disappearance of the
lower of the double bands observed at 16-18 kDa
(Fig. 10d).

Discussion

IGF-I as a trophic factor for amacrine neurons

The present report shows that amacrine neurons selectively
depended on IGF-I for their survival and differentiation,
strongly suggesting that this molecule might be a natural
trophic factor for amacrine neurons. Insulin and IGF-II in a
high concentration had a similar survival effect. Our results
show for the first time that deprivation of these molecules
led to the selective activation of apoptosis in rat amacrine
neurons. Apoptosis had been shown to occur in the inner
nuclear layer of retinas from diabetic rats and humans
(Barber et al. 1998), and attenuation of apoptotic death by
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insulin had been demonstrated in embryonic chick retinas
(Diaz et al. 1999); however, the affected neuronal type had
not been previously identified.

Amacrine cells showed apoptosis after 4 or 5 days , in the
absence of IGFs and insulin. Addition of IGF-I prevented
the onset of apoptosis in these cells more efficiently than
insulin or IGF-II. Retina insulin receptors have a higher
affinity for IGF-I than for insulin (Waldbillig et al. 1988),
and IGF-II has been reported to act via activation of
IGF-I receptors, inducing a similar response with a lower
affinity (Nielsen et al. 1991). This is consistent with our
results and suggests that IGF-I might be the trophic factor
required by amacrine neurons, while the effects of
insulin and IGF-II were probably mediated through IGF-I
receptors.

Interestingly, amacrine cells in culture also underwent
early cell lysis, which usually suggests a necrotic rather
than a PCD. However, the latter cannot be ruled out because
PCD can be executed by different routines, including
necrotic appearances (Nicotera et al. 1999). These two
modes of cell death suggest that insulin and IGF-I probably
have different roles in different subpopulations of amacrine
neurons.

Trophic factors should not only support survival but also
be coordinately expressed both anatomically and temporally
during development in the tissues where the target neurons
develop. IGF-1 fulfils these requirements because this
molecule and its receptors are concentrated in the neural
retina (Waldbillig er al. 1987; Rodrigues et al. 1988;
Waldbillig and Chader 1988) and are expressed in a
highly developmentally regulated and coordinated manner
(Hernandez-Sanchez et al. 1995; Lee et al. 1992).

Molecular mechanisms involved in insulin and IGF-I
effects

Our results show that insulin affected both protein
phosphorylation and dephosphorylation, leading to a
general increase in protein phosphorylation when cultures
were incubated with [32P]phosphate. In neuron cell lysates
incubated with [y-**P]JATP, only a 105-110-kDa protein
was more labeled in insulin-supplemented than in control
conditions. The marked decrease in the labeling of this and
other proteins in the presence of staurosporine, a PKC
inhibitor, shows that their phosphorylation was PKC-
dependent to some extent. This kinase is involved in the
regulation of laminin-dependent axon outgrowth in
amacrine neurons (Politi et al. 1998), suggesting that
stimulation of amacrine axon outgrowth by IGF-I and
insulin might also involve PKC activity. As experiments
lacking phosphatase inhibitors showed, dephosphorylation
of most proteins was also heavily dependent on insulin,
strongly suggesting that insulin is required for activation
of  phosphatases. By controlling phosphorylation/
dephosphorylation mechanisms, IGF-I or insulin might

regulate the activity of key proteins involved in the survival
and differentiation of amacrine neurons.

PI 3-kinase plays a central role in insulin and IGF-I
signaling pathways, its activation being necessary and in
many cases sufficient to trigger many insulin-stimulated
signaling pathways (Kapeller and Cantley 1994; Singleton
et al. 1996; Yenush and White 1997; Shepherd et al. 1998).
In the present work, inhibition of this enzyme with
wortmannin completely blocked insulin-promoted survival
and resembled insulin and IGF-I deprivation. A well-known
downstream effector required for PI 3-kinase dependent
neuronal survival is Akt (Dudek et al. 1997; Crowder and
Freeman 1998). Its activation was stimulated in insulin-
supplemented cultures and almost completely prevented
upon wortmannin addition, providing further support for
PI 3-kinase involvement in amacrine neuron survival.
Apoptosis of amacrine cells in wortmannin-treated cultures
progressed more rapidly than that induced by insulin and
IGF-I deprivation. In insulin and IGF-I-lacking cultures, a
small amount of these factors might still be available by
autocrine/paracrine manner, as previously suggested
(Spaventi et al. 1990), thus leading to a slight activation
of PI 3-kinase and, subsequently, to a slower progression of
apoptosis. Addition of wortmannin would completely block
PI 3-kinase activation, enhancing the advance of apoptosis.
Removal of wortmannin after a brief exposure restored
neurite outgrowth in the surviving cells and prevented
further cell death; however, after a 3-day treatment,
wortmannin effects could no longer be reversed. This is
consistent with the absolute requirement for IGF-I and
insulin addition before day 3 in culture, during the early
stages of amacrine neuron development to prevent their
death. As a whole, these results suggest that insulin and
IGF-I effects depended on the activation of PI 3-kinase.
Inhibition of this enzyme leads to apoptosis in several
neuronal systems and its overexpression prevents cell death
(Yao and Cooper 1995; D’Mello et al. 1997; Crowder and
Freeman 1998). It is also implicated in many cellular
responses to insulin and IGF-I, such as cell growth,
proliferation and differentiation (reviewed in Shepherd
et al. 1998). Addition of IGF-I or insulin to the culture
medium prompted lamellipodia development and led to
extensive neurite outgrowth. PI 3-kinase is required for
process formation (Kobayashi et al. 1997; Toker and
Cantley 1997) and mediates the enhancement in growth
cone motility promoted by IGF-I (Feldman et al. 1997).
Hence, the lack of activity of this kinase, due to either
insulin deprivation or wortmannin addition, might lead to
the notorious decrease in lamellipodia development and
neurite outgrowth. Photoreceptor cells were not affected by
insulin or IGF-I deprivation, strongly depending on
docosahexaenoic acid for their survival and differentiation
(Rotstein et al. 1996, 1997, 1998). Both IGF-I and insulin
have been previously shown to be unable to protect
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photoreceptors from the damaging effect of constant light
(LaValil et al. 1992). However, inhibition of PI 3-kinase led
to some impairment in their survival and process formation;
this suggests that photoreceptors and amacrine cells may
share a common effector, PI 3-kinase, apparently regulated
by different survival signals.

The c-Jun transcription factor, proposed to act down-
stream of PI-3 kinase (D’Mello et al. 1997; Okubo et al.
1998), may control both neuronal survival and death
(Herdegen et al. 1997). An increase in its expression and
subsequent phosphorylation is necessary for cell death upon
trophic factor withdrawal in several systems (Estus et al.
1994; Ham et al. 1995; Watson et al. 1998; Eilers et al.
1998). In insulin-lacking cultures, the number of amacrine
cells expressing c-Jun rapidly increased with time; once
expressed, c-Jun was hastily phosphorylated suggesting a
high basal activity of the c-Jun kinases. A similar result was
observed in wortmannin-treated cultures by day 7; the
differences in c-Jun expression in insulin-lacking and
wortmannin-treated cultures by day 4 are consistent with
the different evolution of apoptosis in both experimental
conditions discussed above. It was unexpected to discover a
higher proportion of c-Jun in the cytoplasm than in the
nucleus; however, cytoplasmic detection of c-Jun has also
been reported during PCD of spinal cord motoneurons
(Ayala et al. 1999). The number of amacrine cells
expressing c-Jun was much lower in insulin-supplemented
cultures. Our results showed that a low c-Jun expression was
characteristic of healthy amacrine neurons and an increased
expression correlated with and preceded the evolution of
apoptosis induced by either insulin deprivation or
PI 3-kinase inhibition. This suggests that insulin might
down-regulate c-Jun expression by a pathway that may
depend on PI 3-kinase activation. Further studies are
necessary to establish the role of c-Jun during amacrine
cell apoptosis.

In conclusion, our results suggest that IGF-I acts as a
trophic factor for amacrine neurons regulating their survival
and differentiation. PI 3-kinase seems to be required for the
intracellular signaling and regulation of the pathways
leading to amacrine cell survival.
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