












reports describing the presence of gliosis in the retinas of
TgIGF-I mice (14, 15). To determine whether there is a tempo-
ral progression of glial alterations, GFAP immunohistochemis-
try was performed at different ages. We observed increased
GFAP staining in both astrocytes and Müller cells in TgIGF-I
animals as young as 1.5 months of age, and this GFAP up-reg-
ulation was maintained and even intensified throughout the
animal’s life (Fig. 5A). Quantification by Western blot con-
firmed amarked increase inGFAP retinal content from an early

age (Fig. 5B). Another cellular response characteristic of acti-
vated Müller cells is activation of the ERK1/2 pathway (23). In
agreement with the presence of gliosis in TgIGF-I mice, a
modest but statistically significant increase in the phosphor-
ylated form of ERK was observed in 3-month-old animals,
with very evident activation of ERK signaling in old animals
(Fig. 5C).
Microglial cells are resident macrophages of the retina and

become activated upon retinal injury (24). IGF-I induces prolif-

FIGURE 5. Progression of gliosis and microgliosis in TgIGF-I retinas. A, GFAP immunofluorescent detection (green) in retinal sections from WT and TgIGF-I
mice at different ages. At all ages analyzed, transgenic retinas showed overexpression of GFAP, especially in radial Müller cells processes spanning the entire
retina (arrows), where GFAP is hardly expressed. This pattern of GFAP staining indicated the presence of reactive gliosis in transgenic retinas. Nuclei were
stained with DAPI (blue). Scale bar, 31.27 �m. B, GFAP content was analyzed by Western blot in retinal extracts from WT and TgIGF-I mice at the indicated ages.
Quantification of blots demonstrated that GFAP levels were increased in transgenic retinas at all ages. AU, arbitrary units. Values are expressed as mean � S.E.
of two animals/group. *, p �0.05. C, ERK phosphorylation was analyzed by Western blot in retinal extracts from WT and TgIGF-I mice at 3 and 7.5 months of age.
After normalization by total ERK levels, quantification of blots showed that P-ERK levels were increased in transgenic retinas at both ages. Values are expressed
as mean � S.E. of four animals/group. *, p �0.05. D, immunofluorescent detection with tomato lectin (Lycopersicum esculentum) allowed the identification of
microglial cells in retinal sections. The number of lectin-positive cells per section was determined in retinal sections from WT and transgenic retinas at different
ages, showing statistically significant differences in retinas of mice aged 3 months and older. Values are expressed as mean � S.E. of four animals/group. *, p
�0.05; **, p �0.01. E, representative images obtained from transgenic retinas at 7.5 months of age. Arrow indicates a round-shaped lectin� cell, likely an
activated microglial cell, and arrowheads indicate a microglial cell with characteristic stellar shape and dendriform ramifications. Scale bar, 12.06 �m (left panel),
8.54 (right panel).

IGF-I-induced Retinal Neurodegeneration

JUNE 14, 2013 • VOLUME 288 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17637

 at U
A

B
/FA

C
. M

E
D

IC
IN

A
 on A

pril 19, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



eration and activation ofmicroglial cells in retina and brain (25,
26). We previously reported that old TgIGF-I mice had
increased numbers of bone marrow-derived microglia (15).
When analyzed by staining with tomato lectin, we found that
the number of microglial cells was higher in TgIGF-I retinas at
all ages, confirming increased microglial infiltration starting
early in the animal’s life (Fig. 5D). Moreover, few of the tomato
lectin-positive cells showed a rounded shape, a characteristic
morphology of activated microglia (Fig. 5E, insets).
Gliosis Is a Direct Consequence of IGF-I Signaling—Further

confirmation of the direct effects of IGF-I on retinal glial cells
was obtained by culturing retinas isolated fromWT mice with
different concentrations of recombinant IGF-I protein. After
48 h of exposure to 100 ng/ml IGF-I, therewas a nonstatistically
significant increase in retinal expression of Gfap over levels of
untreated retinas, which became clearly significant (about
4-fold)when incubatedwith 200ng/ml, suggesting a direct acti-
vation of glial cells by IGF-I (Fig. 6A). This effect was abrogated
in the presence of wortmannin, a specific inhibitor of PI3K, a
downstream effector of IGF-I signaling pathway (Fig. 6A). A
similar pattern of IGF-I-mediated up-regulation was observed
when the expression of S100b was analyzed (Fig. 6B). These
data clearly demonstrate the link between IGF-I signaling and
gliosis.
Increased Oxidative Stress in IGF-I-overexpressing Retinas—

Oxidative stress, which can potentially cause neurodegenera-
tion, is especially likely to occur in the retina due to the tissue’s
constant exposure to radiation and its high oxygen consump-
tion. Glutathione acts as a scavenger of free radicals and reac-
tive oxygen species (ROS) (27). In the retina, glutathione is pro-
duced mostly by Müller cells and astrocytes, which rapidly
release it to provide neurons with antioxidant equivalents in
situations of oxidative stress (27). The levels of oxidized gluta-
thione were increased from an early age in TgIGF-I (Fig. 7A).
Moreover, the expression of Nrf2, a transcription factor that
activates a battery of antioxidant and cytoprotective genes (28),
was also increased in transgenic retinas (Fig. 7B). NADPH oxi-
dase is one of the main enzymes involved in the production of
ROS inmicroglia, astrocytes, and neurons (29). The expression
of NADPH oxidase regulatory subunits, p67Phox and p22Phox,

was up-regulated in transgenic retinas (Fig. 7, C and D).
Depending on the cell type, NADPH oxidase can be formed by
different catalytic subunits such as Nox1, Nox2, and Nox4 (29).
All three subunits were strikingly up-regulated in transgenic
retinas at 7.5 months of age (Fig. 7, E–G). In addition, retinal
iNOS expression was also markedly increased at this age (Fig.
7H), suggesting that there might be overproduction of nitric
oxide (NO) in transgenic retinas. Altogether, these results sug-
gest a raise in oxidative stress in TgIGF-I retinas.
Impaired Glutamate Recycling in TgIGF-I—Persistent gliosis

can impair the recycling by Müller cells of neurotransmitters,
such as glutamate, whose accumulation in the retinal milieu
causes neurotoxicity (30). Glutamine synthetase (GS), which
converts glutamate into glutamine (30), showed reduced activ-
ity in transgenic retinas (Fig. 8A), suggesting impairment in
glutamate detoxification.
Increased Production of Pro-inflammatory Cytokines in

Transgenic Retinas—ActivatedMüller andmicroglial cells have
direct neurotoxic effects through the release of pro-inflamma-
tory cytokines such as TNF-� andMCP-1, which can cause the
death of ganglion neurons (31) and photoreceptors (32). Retinal
Tnf-� expression was not altered in younger transgenic mice,
but increased substantially (about 7-fold) by 7.5 months of age
(Fig. 8B). Similarly, the measurement of MCP-1 content at 7.5
months of age showed much higher levels (9-fold increase) in
transgenic retinas (Fig. 8C).

DISCUSSION

IGF-I is a pleiotropic growth factor involved in multiple bio-
logical and pathological processes. In addition to the diabetes-
like vascular alterations previously reported for transgenicmice
with increased intraocular IGF-I (14, 15), this study has unrav-
eled a complex phenotype in transgenic retinas involving neu-
ronal and glial cells. TgIGF-Imice showed a progressive decline
in electroretinographic responses and a decrease in specific
neuronal populations that resulted in significantly impaired
neuronal functionality. Markers of retinal stress, gliosis, and
microgliosis were detected at early ages, before major vascular
alterations occur in this model. Transgenic mice also showed
signs of oxidative stress and alterations in glutamate metabo-

FIGURE 6. Increased gliosis in wild-type retinas exposed to recombinant IGF-I. A, GFAP; B, S100b expression levels in WT retinas incubated with increasing
concentrations of IGF-I in the presence or absence of wortmannin, an inhibitor of IGF-I downstream signaling. The expression of both markers of gliosis was
increased in the presence of IGF-I, and this effect was abrogated by the addition of wortmannin. Values are expressed as the mean � S.E. of 3– 4 retinas/group.
*, p �0.05.
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lism, likely secondary to gliosis. Alterations showed a progres-
sive pattern, worsening as animals aged. These changes in nor-
mal retinal metabolismmay underlie the neuronal dysfunction
observed in transgenic retinas, which would be further exacer-
bated by the increased production of pro-inflammatory cyto-
kines such as TNF-� and MCP-1.
In TgIGF-I mice, ERG recordings showed a pattern compat-

ible with progressive retinal neurodegeneration, from normal

responses at 3 months of age to alterations of all recorded
parameters in both scotopic and photopic conditions by 6–7
months and flat ERG in old animals. Histological analysis
showed loss of retinal neurons (rod photoreceptors, bipolar,
ganglion, and amacrine cells) in aged mice, consistent with the
ERGs.Overt retinal dysfunction occurred at an age, 7.5months,
at which �75% of TgIGF-I mice present retinal detachment
(14, 19). However, when neovascularization and retinal detach-
ment are prevented by long term overexpression of the anti-
angiogenic factor Pedf in the retina (19), ERG responses do not
improve. This observation suggests that additional causes con-
tribute to the dysfunction observed in transgenic retinas.
The analysis of the gene expression profile before onset of

neuronal dysfunction in Tg-IGF-I retinas revealed that the
genes whose expression was altered fell into threemain catego-
ries: retinal stress, which included genes involved in the acute-
phase response (APR), gliosis, and angiogenesis. Nearly every
major disease of the retina, including retinitis pigmentosa and
diabetic retinopathy, is associated with reactive gliosis involv-
ingMüller cells (33). This physiological response contributes to
tissue repair and neuroprotection but, if persistent, may also
contribute to tissue damage (33). Likewise, the acute-phase
response is part of the body’s early defense mechanisms after
infection, tissue injury, stress, or neoplasia (34). However,
chronic APR can lead to disturbances in normal physiology
(35). Increased production of acute-phase proteins has been
reported for animal models of ocular pathologies, such as glau-
coma, experimental diabetes, and photoreceptor degeneration

FIGURE 7. Increased oxidative stress in mice with increased intraocular
IGF-I. Analysis of markers of oxidative stress in WT and Tg-IGF-I animals at
different ages. A, levels of oxidized glutathione were higher in transgenic
retinas at all ages studied. Values are expressed as the mean � S.E. of five
animals/group. *, p �0.05. B, up-regulation of Nrf2 expression in both young
and old transgenic retinas, determined by quantitative PCR. Values are
expressed as the mean � S.E. of 4 –5 animals/group. *, p �0.05. Retinal
expression of the p67Phox (C) and p22Phox (D) regulatory subunits of the
NADPH oxidase enzyme, assessed by quantitative RT-PCR. A marked up-reg-
ulation of both subunits was observed in transgenic mice at 3 and 7.5 months
of age. E–G, retinal expression of the catalytic subunit of NADPH oxidase,
which are expressed in different retinal cell types. E, Nox1; F, Nox2, and
G, Nox4 were all markedly up-regulated in transgenic retinas at 7.5 months of
age. nd, not detected. Values are expressed as mean � S.E. of 4 –5 animals/
group. *, p �0.05. H, retinal expression by quantitative RT-PCR of the enzyme
iNOS. There was a marked increase in iNOS expression in transgenic retinas at
7.5 months of age. Values are expressed as mean � S.E. of 4 –5 animals/group.
*, p �0.05.

FIGURE 8. Impaired retinal glial functionality in mice with increased intra-
ocular IGF-I. A, retinal GS activity was assayed in WT and TgIGF-I mice by
spectrophotometric monitoring of �-glutamyl hydroxamate. GS activity was
significantly reduced in transgenic animals from an early age. Values are
expressed as mean � S.E. of 8 –13 animals/group. *, p �0.05. B, follow up of
retinal TNF-� expression by quantitative PCR. TNF-� was noticeably increased
in TgIGF-I at 7.5 months of age. Values are expressed as mean � S.E. of 4 –5
animals/group. *, p �0.05. C, retinal MCP-1 content in 7.5 month-old WT and
TgIGF-I mice analyzed by Western blot. MCP-1 levels were significantly higher
in transgenic retinas. Values are expressed as mean � S.E. of four animals/
group. **, p �0.01. tub, tubulin.
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(36–38). In our animalmodel, the increase inAPR gene expres-
sion may have resulted from the up-regulation, at an early age,
of the transcription factor CEBP-�, one of the main transcrip-
tional regulators of acute-phase genes (20). IGF-I is also a well
known activator of the transcription factor NF-�B (39),
through several signaling pathways, including the Akt pathway,
which is activated in transgenic retinas (15). Promoter analysis
suggested that 6% of the genes altered in the microarray had
target sequences forNF-�B.Activation ofNF-�B contributes to
the early activation of APR genes, maintained in later stages by
the interaction between CEBP-� and CEBP-� (20).
In our transgenic mice, high intraocular IGF-I led to

increased expression of acute-phase proteins and markers of
gliosis early in the course of the animal’s life (3 weeks), before
neuronal or vascular phenotypes appear (14, 15), suggesting
that these alterations were a direct consequence of IGF-I and
not secondary responses. The observation of up-regulated
expression of Gfap and S100b in wild-type retinas exposed to
recombinant IGF-I confirmed this hypothesis. Noticeably,
increased levels of S100b, produced by reactive astrocytes, have
been associated with a wide range of pathological conditions of
the CNS, including Alzheimer, epilepsy, and diabetic retinopa-
thy (40–42). S100b, through its binding to the receptor for
AGEs (RAGE), can activate NF-�B leading to production of
pro-inflammatory cytokines and ROS in both glial and micro-
glial cells (42, 43). Given that the retinal expression of this gene
is increased early in the life of TgIGF-I (3 weeks), we hypothe-
size that S100b plays an important role in the retinal alterations
of this animal model. Moreover, the fact that S100b exerts its
action through the RAGE the activation of which occurs in
diabetic retinopathy by AGEs (42, 44), may explain in part
the similarities between the ocular phenotype of normogly-
cemic, IGF-I-overexpressing transgenic mice, and diabetic
retinopathy.
Oxidative stress is a causative factor of neuronal death in

neurodegenerative diseases. Oxidized glutathione was signifi-
cantly increased in transgenic retinas at all ages, suggesting the
presence of oxidative stress. Given that TgIGF-I mice are not
hyperglycemic, the source of any oxidative stress in transgenic

retinas would probably result from IGF-I-mediated cell dys-
function. A strong correlation between increased IGF-I signal-
ing and ROS formation has been established in several cell
types, including endothelial cells and neurons, through the acti-
vation of NADPH oxidase (45). The regulatory and also the
catalytic subunits of this enzyme were up-regulated in IGF-I
transgenic retinas. NADPH oxidase is also overexpressed in
activated microglia (46) and astrocytes (29), and NF-�B has
been postulated to be responsible for this overexpression in
reactive astrocytes in the ischemia/reperfusion model (47).
Moreover, the up-regulation of iNOS in transgenic eyes sug-
gests increased production ofNO, probably by activatedMüller
and/or microglial cells, contributing to the formation of reac-
tive species. Finally, the up-regulation ofNrf2, a master regula-
tor of endogenous antioxidant protection involved in the
transcriptional control of detoxifying enzymes, may be consid-
ered a compensatory mechanism against oxidative stress in
IGF-I-overexpressing retinas. Indeed, the up-regulation ofNrf2
has been reported after prolonged activation of NF-�B (48).

Müller cells maintain the homeostasis of the retinal milieu,
controlling pH, the concentrations of ions, and the recycling of
neurotransmitters, such as glutamate (33). However, all these
essential functions are impaired when gliosis is established.
Glutamate accumulation causes neurotoxicity (30). The retinal
activity of the enzyme GS, which detoxifies glutamate to gluta-
mine, is decreased in experimentalmodels of retinal injury (49).
Similarly, this activity was significantly reduced in transgenic
retinas from an early age, suggesting impaired glutamate detox-
ification. In addition, in situations of retinal injury and gliosis,
activated Müller and microglial cells can produce and secrete
pro-inflammatory cytokines, which may contribute to the dys-
function of the blood-retinal barrier and also cause neuronal
death (31, 50). Among cytokines, TNF-� and MCP-1 directly
contribute to neuronal loss (31, 32). In agreement with the
extensive gliosis and microgliosis observed in IGF-I mice, the
levels of TNF-� andMCP-1 were considerably increased at 7.5
months of age, when severe loss of vision occurs, according to
ERG measurements and the marked reduction of retinal neu-
rons. The increased production of cytokines may act synergis-

FIGURE 9. Schematic representation summarizing IGF-I actions on IGF-I transgenic retinas. IGF-I has well described prosurvival properties that are
essential for normal neuronal functionality and protection. However, excess IGF-I stimulation induces deleterious processes (gliosis and microgliosis, retinal
and oxidative stress) that contribute to the impairment of neuronal functionality and viability, leading to neurodegeneration. IGF-I pro-survival actions are
unable to counteract neurodegeneration as animals age.
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tically with the impairment of glial supportive functions to
cause neuronal loss in TgIGF-I retinas.
In our model, glial alterations are observed early in the ani-

mals’ life, whereas neuronal loss and functional impairment do
not become evident until mice are 6 months or older. This
probably results from the fact that IGF-I is a pro-survival mol-
ecule for neurons (8). Despite the profound alterations in reti-
nal homeostasis caused by glial dysfunction and oxidative
stress, it is likely that IGF-I overexpression delayed neuronal
death in this environment, preventing neuronal functional
alterations in young TgIGF-I retinas. As animals aged, the pro-
survival effects of IGF-I in the retina were progressively over-
come leading to neurodegeneration (Fig. 9).
In conclusion, high intraocular levels of IGF-I trigger a series

of cellular processes that bring about retinal stress, impair
homeostatic functions of the glia, and lead to neuronal dysfunc-
tion and death. This work highlights the importance that
increased intraocular levels of IGF-I may have in the progres-
sion of diseases such as ischemic or diabetic retinopathy.
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