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Environmental enrichment strongly affects visual system maturation both at retinal and cortical levels. Which molecular pathways are
activated by an enriched environment (EE) to regulate visual system development has not been clarified. Here, we show that early
[postnatal day 1 (P1) to P7] insulin-like growth factor 1 (IGF-1) injections in the eyes of non-EE rat pups mimic EE effects both in
increasing BDNF levels in the retinal ganglion cell layer at P10 and in determining a more adult-like retinal acuity, assessed with pattern
electroretinogram at P25. Blocking IGF-1 action in EE animals during the same early postnatal time window by injecting the IGF-1
receptor antagonist JB1 prevents EE effects both on BDNF expression and on retinal acuity maturation. Reducing BDNF expression in the
retina of IGF-1-treated rats prevents IGF-1 effects on retinal acuity development. Finally, we show that tyrosine hydroxylase (TH)
expression is increased in the retina of P10 EE and IGF-1-treated rats and that blocking TH expression in EE animals prevents EE from
affecting retinal acuity development. Thus, early levels of IGF-1 play a key role in mediating EE effects on retinal development through an
action that requires BDNF and involves dopaminergic amacrine cell network.

Introduction
Exposure to an enriched environment (EE) strongly affects visual
system maturation. Recent studies suggest that the development
and plasticity of the visual cortex and the development of retinal
circuitry are controlled by the richness of the environment
through molecular factors such as insulin-like growth factor 1
(IGF-1) and BDNF (Cancedda et al., 2004; Ciucci et al., 2007;
Landi et al., 2007a,b; Sale et al., 2007). Indeed, blocking retinal
BDNF by means of antisense oligonucleotides blocks the effects
of exposure to EE on retinal ganglion cell (RGC) dendritic segre-
gation (Landi et al., 2007b) and retinal acuity development
(Landi et al., 2007a); blocking IGF-1 in the visual cortex blocks
EE effects on visual acuity development (Ciucci et al., 2007).
IGF-1 is also a crucial factor mediating the effect of prenatal
exposure to EE on the process of programmed RGC death (Sale et
al., 2007), which occurs mostly within the first postnatal days.
Although these studies begin to unravel the molecular mechanisms
underlying the accelerated maturation of visual structures in an-
imals exposed to enriched living conditions, which molecular
pathways are activated by EE to regulate visual system develop-
ment remains to be clarified. In particular, whether IGF-1 con-

trols also later stages of retinal development, whether IGF-1 and
BDNF act separately or not, and through which mechanisms they
act on retinal development is not known.

In the present study, we show that the early increase in retinal
IGF-1 found in EE animals is a crucial mediator of EE action on
retinal development. It is necessary for EE effects on retinal
BDNF expression and on the much later occurring development
of retinal acuity, since blocking IGF-1 action in EE animals blocks
both effects; in contrast, determining an early increase in retinal
IGF-1 by means of intraocular injections of IGF-1 in non-EE
animals is sufficient to reproduce both EE effects.

Blocking BDNF expression in the retina of IGF-1-treated an-
imals by means of antisense oligonucleotides prevents IGF-1
from affecting retinal acuity development, suggesting that IGF-1,
in its role of mediator of EE effects on retinal acuity maturation,
requires the increase in BDNF levels in RGC layer of EE pups.

The dopaminergic amacrine cell network could be the ideal
target for EE and IGF-1 action in promoting retinal acuity devel-
opment. Dopaminergic amacrine cells express BDNF receptor
TrkB and are sensitive to BDNF (Cellerino and Kohler, 1997;
Cellerino et al., 1998; Lee et al., 2005; Liu et al., 2007; Loeliger et
al., 2008). Dopamine levels in the retina affect RGC receptive
fields (for review, see Witkovsky, 2004), possibly contributing to
retinal spatial resolution. We have tested this hypothesis analyz-
ing the expression of the dopamine key biosynthetic enzyme ty-
rosine hydroxylase (TH) in EE and IGF-1-treated animals and
assessing the efficacy of EE in controlling retinal development in
animals with reduced TH expression. We found that the number
of TH-immunoreactive neurons is higher in the retina of EE or
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IGF-1-treated rats at postnatal day 10 (P10), when BDNF ex-
pression is enhanced in EE animals. Blocking TH expression in
the retina of EE rats during this time window by means of
antisense oligonucleotides counteracts EE effects on retinal
acuity development.

Materials and Methods
Animal treatment. All experiments were performed on rats in accor-
dance with the Italian Ministry of Public Health guidelines for the care
and use of laboratory animals. Long–Evans hooded rats lived in an ani-
mal house with a temperature of 21°C, a 12 h light/dark cycle, and food
and water available ad libitum. For both housing conditions, mating were
made inside the standard cage.

Rearing environments. In the EE, 7 d before estimated delivery, preg-
nant females were transferred to a large wire netting cage (60 � 50 � 80
cm) with three floors containing several foodhoppers, two running
wheels (one bigger for adults, the other for postweaning pups) to im-
prove physical activity, and differently shaped objects (tunnels, shelters,
stairs) that were completely substituted with others once per week. At
least two to three pregnant mothers were housed into the enriched cage,
together with four to five filler females.

The standard environment (non-EE) was a standard laboratory cage
(30 � 40 � 20 cm) housing one dam with her pups as established by the
Italian law for the care of laboratory animals.

After birth, all the litters were housed with their dam until the date of
experiment.

Intraocular injections of IGF-1 or JB1. For the analysis of the role of
IGF-1 in retinal acuity development, non-EE rats (n � 5) received in-
traocular injections of human IGF-1 (IU100; IBT) (Humbel, 1990; Stew-
art and Rotwein, 1996), whereas EE rats (n � 5) received intraocular
injections of the IGF-1 antagonist JB1 (H-1356.0001; Bachem). As a
control, the other eye was injected with saline (0.9% NaCl; same volume
as for IGF-1 or JB1). Injections were performed under ether anesthesia at
P1, P4, and P7. IGF-1 concentration in the injected solution was changed
between P1 and P7 according to the increasing size of the eye globe to
maintain a final intraocular concentration of the factor equal to 100
ng/�l (Sale et al., 2007). Analogously, JB1 concentration was varied ac-
cording to the increasing size of the eye globe to maintain a final intraoc-
ular concentration of the factor equal to 1 ng/�l, demonstrated to be
effective for at least 3 d in vitro (Elmlinger et al., 1998; Pozios et al., 2001;
Etgen and Acosta-Martinez, 2003). The volume injected was 250, 500,
and 750 nl at P1, P4, and P7, respectively, both for IGF-1 and JB1. In-
traocular injections were performed by means of a glass micropipette
inserted at the ora serrata and connected to a Hamilton syringe. At P25–
P26, pattern electroretinogram (P-ERG) recordings were made, and ret-
inal acuity was determined for the treated and the control eye.

Subcutaneous injections of IGF-1. IGF-1 (IU100; 1.8 �g/g body weight;
IBT) (Humbel, 1990; Stewart and Rotwein, 1996; Woodall et al., 1999;
Thongsong et al., 2002) was administered via subcutaneous injections in
non-EE rats (n � 9). Injections were performed daily, under ether anes-
thesia, for 1 week between P1 and P7. The volume injected was 1 �l at P1
and increased according the increase in pup weight. Subcutaneous injec-
tions were performed using a catheter with a 20 gauge needle connected
to a Hamilton syringe.

Electrophysiological assessment of retinal acuity. P-ERG was recorded in
21 rats [non-EE rats subjected to intraocular injections of IGF-1 in one
eye and of saline in the other eye (n � 5); EE rats subjected to intraocular
injections of JB1 in one eye and of saline in the other eye (n � 5); IGF-1
subcutaneously treated animals injected in one eye with BDNF antisense
(BDNF-AS) and in the other eye with sense oligonucleotides (n � 5); EE
rats treated in one eye with TH antisense (TH-AS) and in the other eye
with TH mismatch (TH-MS) oligonucleotides (n � 6)].

Rats were anesthetized with an intraperitoneal injection of 20% ure-
thane (0.7 ml/Hg; Sigma). P-ERG was recorded as in the studies by
Berardi et al. (1990) and Domenici et al. (1991). The stereotaxic appara-
tus was oriented with an angle of �40° with respect to the position of the
screen; P-ERG electrodes were small silver rings positioned on the cor-
neal surface by means of a microelectrode drive, so as to avoid occlusion

of the pupil. Visual stimuli were sinusoidal gratings alternated in phase
with a fixed temporal frequency of 4 Hz. Recorded signals were filtered
(0.1–100 Hz) and amplified in a conventional manner, computer aver-
aged, and analyzed; 15 packets of 20 sums each (300 events) were aver-
aged for each stimulus spatial frequency, changing randomly the spatial
frequency from one record to another. For each spatial frequency, the
amplitude of the P-ERG signal was taken as the amplitude of the second
harmonic in the averaged signal, calculated by a fast Fourier frans-
form; the P-ERG amplitude decreases with increasing spatial fre-
quency (Berardi et al., 1990; Rossi et al., 2001). The noise level was
estimated by measuring the amplitude of the second harmonic in records
in which the stimulus was a blank field. Retinal acuity was taken as the
highest spatial frequency still evoking a response above noise level. We
have controlled, for every animal, that the pupil remained constricted, as
normally is in anesthetized animals during the entire duration of the
P-ERG recording. The transparency of the optic media was also checked
in every animal throughout the experiments by means of an ophthalmo-
scope; only the results for animals with clear optics are included in this
study.

Preparation of retinal sections for immunohistochemistry. Animals were
deeply anesthetized with chloral hydrate and perfused transcardially with
1� PBS followed by fixative (4% paraformaldehyde, 0.1 M phosphate
buffer, pH 7.4). Eyes were gently removed, postfixed in 4% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4, and cryoprotected in 30%
sucrose. Vertical retinal sections (20 or 16 �m thick) were cut using a
cryostat and processed for IGF-1, IGF-1 receptor, or BDNF immunohis-
tochemistry as described below.

IGF-1 and IGF-1 receptor immunohistochemistry. The total number of
animals used for IGF-1 immunoreactivity analysis was 30: four non-EE
and four EE rats at P1, four non-EE and four EE rats at P6, four non-EE
rats and four IGF-1 treated non-EE rats at P8, and three non-EE and
three EE rats at P9. The total number of animals used for IGF-1 receptor
immunoreactivity analysis was 16: four non-EE and four EE rats at P6
and four non-EE and four EE rats at P8. Retinal sections were permeabil-
ized in 0.3% Triton X-100 and incubated in 1:50 rabbit polyclonal anti-
IGF-1 receptor antibody (C-20; sc-713; Santa Cruz Biotechnology) or
1:500 rabbit polyclonal anti-IGF-1 antibody kindly provided by Dr. I.
Torres-Aleman (Cajal Institute of Neurobiology, National Research
Council, Madrid, Spain). This IGF-1 antibody already has been used for
IGF-1 immunohistochemistry by Carro et al. (2000) and Trejo et al.
(2001). It has a specificity �1% cross-reactivity with either insulin or
IGF-II, as determined by competition with 125I-IGF-1 (Carro et al.,
2000). Also the IGF-1 receptor antagonist known as JB-1 has been shown
by the Torres-Aleman group and others to inhibit the action of IGF-1
both in vivo and in vitro (Fernandez et al., 1997). Bound antibodies were
detected by incubating sections with biotinylated goat anti-rabbit IgG
(1:200; catalog #BA-1000; Vector Laboratories) followed by fluorescein-
conjugated extravidin (1:300; E2761; Sigma). Immunostaining of IGF-1
retinal sections was performed in parallel within the same experimental
set. Images of RGC regions were acquired at 20� magnification using a
Zeiss HR Axiocam video camera connected to a Zeiss Axiophot micro-
scope and digitalized by Axiovision software. To compare different spec-
imens, the time of exposure was optimized at the start and then held
constant throughout image acquisition. Collected images were imported
to the image analysis system MetaMorph (Universal Imaging) and used
to evaluate pixel intensity of cellular immunofluorescence. All image
analyses were done blind. IGF-1 and IGF-1 receptor pixel intensity in the
RGC layer was measured within the entire RGC layer area. The resulting
mean pixel intensity value was divided by average signal density in over-
lying equivalent regions in the outer nuclear layer (ONL). IGF-1 and
IGF-1 receptor immunoreactivity and mRNA are not detectable in the
ONL at this early age (Bondy, 1991; Lee et al., 1992; Sale et al., 2007).
Normalized pixel intensity values obtained from at least 8 –10 retinal
fields were used to calculate the average normalized pixel intensity value
in the RGC layer per animal (Landi et al., 2007a,b; Sale et al., 2007).

BDNF immunohistochemistry. A total of 14 Long–Evans hooded rats,
aged P10, were used (non-EE rats treated with IGF-1, n � 7; EE treated
with JB1, n � 7). After a blocking step, retinal sections were permeabil-
ized in 0.01% Triton X-100 and incubated in 1:400 antihuman BDNF
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antibody (catalog #G1641; Promega). Bound antibody was detected by
incubating sections with biotin-conjugated anti-chicken IgG (1:200; cat-
alog #G2891; Promega), followed by fluorescein-conjugated extravidin
(1:300; E2761; Sigma). Images of RGC portions were acquired with a
confocal Olympus microscope at 20� magnification [numerical aper-
ture (NA), 0.7; field, 707 � 707 �m acquired at 1024 � 1024 pixels].
Settings for laser intensity, gain, offset, and pinhole were optimized ini-
tially and held constant through the experiment. Then, the collected
images of the retina were imported to the image analysis system Meta-
Morph (Universal Imaging) and used to evaluate pixel intensity of cellu-
lar immunofluorescence. For each animal, at least 24 retinal sections (12
for the IGF-1- or JB1-treated eye and 12 for saline-treated eye) were
analyzed. All image analyses were done blind. The profile of single cells in
the RGC layer was outlined, and pixel intensity was measured within this
area. Normalized BDNF immunoreactivity levels were calculated as the
ratio between the pixel intensity of RGC profiles and the background
level, measured in the ONL as described by Landi et al (2007a,b).

TH immunohistochemistry. TH immunohistochemistry was per-
formed on whole-mount retinas. A total of 18 retinas from P10 Long–
Evans hooded rats were used (non-EE rats treated with IGF-1, n � 7;
non-EE rats treated with saline, n � 6; EE rats, n � 5). After the cryopro-
tection step, eyes were dissected, and the retina was isolated; whole-
mount retinas were permeabilized in 0.3% Triton X-100 for 1 d and
incubated for 4 d in 1:500 TH-AS antibody (catalog #MAB318; Chemi-
con). Bound antibody was detected by incubating sections with 1:200
anti-rabbit biotinylated secondary antibody made in goat (BA-1000; Vector
Laboratories), followed by CY3-conjugated extravidin (1:500; catalog
#E4142; Sigma). The number of TH-positive cells was counted after a “blind
procedure” in the RGC layer of analyzed retinas in fields of 100 � 100 �m at
40� magnification using a Zeiss computerized microscope with Stereo In-
vestigator software (MicroBrightField). The total number of TH-positive
cells per retina was estimated by multiplying the total number of cells
sampled per field times the ratio of the total area of each retina to field
area. Images from whole-mount retinas were acquired with a confocal
Olympus microscope at 20� magnification (NA, 0.7; field, 707 � 707
�m acquired at 1024 � 1024 pixels) to show the density of TH-positive
cells in retinas of P10 EE rats intraocularly treated with TH-AS or TH-MS
oligonucleotides at P6 and P9.

Intraocular injections of oligonucleotides. Non-EE IGF-1-treated ani-
mals received intraocular injections of antisense or sense BDNF phos-
phorothioate oligonucleotides (500 �M; Eurogentec; injection volume at
P6, 500 nl, and at P9, 1000 nl, according to the size of the eye globe;
estimated oligo concentration in the eye, 25 �M) (Menna et al., 2003).
Injections were performed under ether anesthesia at P6 and P9, which is
in correspondence with the period of enhanced BDNF protein levels in
EE; recent findings from our laboratory have demonstrated that in-
traocular injections of BDNF oligonucleotides reduces retinal expres-
sion of BDNF in rats during postnatal development (Menna et al.,
2003; Mandolesi et al., 2005; Landi et al., 2007a).

Intraocular injections of BDNF sense (BDNF-S) and antisense oligos
were performed using a glass micropipette inserted at the ora serrata
connected to a Hamilton syringe. Sequences of the BDNF-AS to reduce
BDNF mRNA translation and sense oligonucleotides (targeted to the
BDNF translation initiation codon) were 5�-CATCACTCTTCTCA-
CCTGGTGGAAC-3� and 5�-GTTCCACCAGGTGAGAAGAGTGATG-
3�, which correspond to nucleotides 51–75 of the BDNF mRNA and are
the same used by Menna et al. (2003) and Mandolesi et al. (2005) to
effectively reduce BDNF levels in the developing retina. Fully phospho-
rothioate oligonucleotides were dissolved in saline with stock solutions
of 1 mM. Stock solutions were preserved at ��80°C and diluted in saline
at the desired concentration at the time of the injection. P-ERG record-
ings were made at P25–P26, and retinal acuity was determined for each
oligo-injected non-EE IGF-1 animal as described previously. Five
non-EE IGF-1 rats were intraocularly injected with antisense oligos in
one eye, whereas the other eye was treated with sense oligos. In these
animals, P-ERG recordings from both eyes were made at P25–P26 to
compare in the same non-EE IGF-1 animal the retinal acuity of the
normal eye (n � 5) and of the eye with decreased BDNF levels (n � 4).

For the study of the role of the dopamine on the maturation of retinal
acuity in EE animals, EE rats received intraocular injections of TH-AS or
TH-MS phosphorothioate oligonucleotides (Eurogentec; injection volume
at P6, 500 nl, and at P9, 750 nl, according to the size of the eye globe; esti-
mated oligo concentration in the eye, 0.6 �g/�l). Injections were performed
under ether anesthesia at P6 and P9, which is in correspondence with the
period of an enhanced number of TH-positive amacrine cells in EE animals.

Intraocular injections of TH-AS and TH-MS oligos were performed
using a glass micropipette inserted at the ora serrata connected to a
Hamilton syringe. The 20-base sequence of the TH-AS oligonucleotide
to reduce TH mRNA translation (targeted to the NH2 terminus around
the initiating codon (Probst and Skutella, 1996) was 5�-GGTGGGCA-
TAGTGCAAGCTG-3�, and that of the mismatch oligonucleotide was
5�-GATCCGCATAGGGCAAGCTG-3� as described by Skutella et al.
(1997) in the rat substantia nigra. Fully phosphorothioate oligonucleotides
were dissolved in saline with stock solutions of 2 mM. Stock solutions
were preserved at �80°C and diluted in saline at the desired concentra-
tion at the time of the injection.

To document whether intraocular oligonucleotide injections decreased
TH expression also in the retina, we performed immunohistochemistry on
whole-mount retinas from untreated (n � 3), TH-MS (n � 3), and TH-AS-
injected (n � 4) rats 24 h after the last injection, and the number of TH-
positive cells was counted after a blind procedure.

P-ERG recordings were made at P25–P26, and retinal acuity was de-
termined for each oligo-injected EE animal as described previously. Six
EE rats were intraocularly injected with antisense oligos in one eye,
whereas the other eye was treated with mismatch to control for the aspe-
cific effects of oligo injections. In these animals, P-ERG recordings from
both eyes were made at P25–P26 to compare in the same EE animals the
retinal acuity of the normal eye (n � 5) and of the eye with decreased TH
levels (n � 6).

Statistics. We have analyzed our data using the statistical software SigmaStat
3.0. To compare two groups, we used the t test or Mann–Whitney rank
sum test, according to the results of the test for normality of the data. The
t test was used for normally distributed data, and the nonparametric
Mann–Whitney rank sum test for non-normally distributed data. To
compare many groups, we have used one-way ANOVA or Kruskal-
Wallis ANOVA on ranks according to the results of the test for normality
of the data; post hoc comparisons were performed with the Tukey’s or
Dunn test. To compare results obtained for different treatments at dif-
ferent ages, we used two-way ANOVA and the post hoc Holm-Sidak
method. To compare the retinal acuity of the two eyes in animals with
one eye injected with IGF-1, JB1, BDNF-AS oligonucleotides, or TH-AS
oligonucleotides and the other with the control treatment, we used a
paired t test or Wilcoxon signed rank test according to the results of the
test for the normality of the data. The difference between groups is con-
sidered significant if p � 0.05. The p level resulting from the test is
reported in the text or in the figure legends.

Results
IGF-1 expression is enhanced in the RGC layer of enriched
pup retinas
Recent experiments show that enriched environmental condi-
tions provided to the dam during the complete period of preg-
nancy modulate retinal IGF-1 expression in the fetuses (Sale et
al., 2007). We have examined IGF-1 protein postnatal expression
in the retinas of the offspring of pregnant females transferred to
an enriched cage a few days before the delivery. We found that
normalized IGF-1 immunoreactivity in the RGC layer of EE rats
(calculated as the ratio between the pixel intensity in RGC layer
and the pixel intensity in the ONL layer) was statistically higher
than in non-EE rats at P1 and at P6 (Fig. 1) (t test, p � 0.037 at P1
and p � 0.019 at P6) showing that maternal enrichment from the
last days of pregnancy is sufficient to determine an early postnatal
IGF-1 increase in the retina of EE pups. At P9, IGF-1 expression
in EE versus non-EE rats no longer differs, in agreement with the
results of Sale et al. (2007) [EE, 1.603 � 0.102 vs non-EE, 1.620 �
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0.191; p � 0.942, two-way ANOVA; age
(P1, P6, and P9) � housing condition
(non-EE or EE): factor age, significant,
p � 0.001; factor housing condition, sig-
nificant, p � 0.009; interaction, p � 0.040;
post hoc Holm-Sidak method].

IGF-1 mediates the effects of EE on
retinal acuity development
To investigate whether the early increase
in retinal IGF-1 in EE animals is a first
crucial event to set in motion the process
leading to the acceleration of retinal acuity
maturation caused by EE (Landi et al.,
2007a), we assessed whether an increase in
IGF-1 levels in the retina of non-EE rats,
achieved by infusing IGF-1 in the eye, was
sufficient to mimic EE effects on retinal
acuity development. We chose to inject
non-EE pups from P1 to P7 because
the marked increase in IGF-1 expression
found in the retinas of EE with respect to
non-EE pups is present in an early time
window after birth (P1–P6) (Fig. 1) and
no longer present around P10, as seen by
us and by Sale et al. (2007). Analysis of
IGF-1 receptor presence in the retina of
EE and non-EE pups at P6 and P8, the
same period during which IGF-1 injec-
tions were made in non-EE pups, revealed
that IGF-1 receptor immunoreactivity is
clearly detectable in the RGC layer (supple-
mental Fig. 1, available at www.jneurosci.
org as supplemental material). The
presence of IGF-1 receptors at such an
early age is in line with previous papers
showing that IGF-1 receptors are present
very early in the retina (Rodrigues et al.,
1988; Waldbillig et al., 1988; Lee et al.,
1992; Lofqvist et al., 2009) and, in partic-
ular, in the rat retina, already at P0 (Lee et
al., 1992). At P0, they are expressed in the
RGC layer and in the optic nerve fiber
layer (Lee et al., 1992).

We injected rats every 3 d with IGF-1
in one eye and with saline in the other eye
as control. We recorded retinal acuity by
P-ERG at P25 both for the IGF-1-treated
and the saline-treated eye. P25 is the age at
which retinal acuity in EE animals be-
comes higher than in non-EE ones (Landi
et al., 2007a). We found that retinal acuity
for the IGF-1-treated eyes was signifi-
cantly higher than for the saline-treated
eyes or for the eyes of untreated animals
(Fig. 2B); the latter two do not differ; the
effects of IGF-1 treatment are comparable with those produced
by EE: retinal acuity of IGF-1-treated eyes does not differ from
retinal acuity of P25 EE animals (one-way ANOVA and post hoc
Tukey’s test; IGF-1-treated eyes vs saline-treated eyes, p � 0.001;
IGF-1-treated eyes vs non-EE eyes, p � 0.001; IGF-1-treated eyes
vs EE untreated eyes, p � 0.993). In three animals, it was possible
to determine retinal acuity for both eyes (Fig. 2C); it is evident

that for all three animals, the acuity of the IGF-1-treated eye is
higher than that for the contralateral eye (paired t test, p � 0.018).

To assess whether the early retinal IGF-1 increase is necessary
for EE to affect retinal acuity development, we antagonized IGF-1
action in EE rats. IGF-1 action in the retina was antagonized
injecting EE rats at P1, P4, and P7 with JB1, an IGF-1 receptor
antagonist (Fernandez et al., 1997; Carro et al., 2000; Ciucci et al.,

Figure 1. IGF-1 expression is enhanced in the RGC layer of EE pup retinas. Pregnant females were exposed to EE or non-EE, and
the pups were examined at P1 and P6 for IGF-1 immunoreactivity. A, B, Representative images of P1 and P6 non-EE and EE pup
retinas. Scale bar, 50 �m. C, Quantitative analysis of mean IGF-1 immunofluorescence intensity in the RGC layer normalized to
mean background level in the ONL layer. Astrisks denote that the difference between normalized IGF-1 immunoreactivity
in the RGC layer of EE and non-EE rats is statistically significant (P1, EE, 1.76 � 0.04 vs non-EE, 1.49 � 0.09; t test, p �
0.037; P6, EE, 3.77 � 0.21 vs non-EE, 3.02 � 0.1; t test, p � 0.019). Error bars represent SEM.
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2007) in one eye, whereas the other eye
was injected with saline as the control.
Retinal acuity was assessed at P25 for both
eyes. We found that JB1 treatment
blocked EE effects on retinal acuity matu-
ration (Fig. 2B). P-ERG acuity assessed
for the JB1-treated eyes of EE rats was sig-
nificantly lower than the retinal acuity
found for the eyes treated with saline or
for the eyes of EE untreated animals and
did not differ from the retinal acuity of the
eyes of P25 non-EE rats ( p � 0.001, one-
way ANOVA and post hoc Tukey’s test; EE
untreated eyes vs EE JB1-treated eyes, p �
0.001; EE saline-treated eyes vs EE JB1-
treated eyes, p � 0.003; EE JB1-treated
eyes vs non-EE eyes, p � 0.963; EE vs. EE
saline-treated eyes, p � 0.079). In four an-
imals, we have been able to assess retinal
acuity for both eyes; it is evident that for
all four animals, the acuity of the JB1-
treated eye is lower than that for the con-
tralateral eye (paired t test, p � 0.024)
(Fig. 2C).

These results support the hypothesis
that the early increase in retinal IGF-1 is a
crucial event in mediating EE effects on
retinal maturation.

Intraocular IGF-1 administration
triggers the enhancement of BDNF
expression in RGC layer at P10
Landi et al. (2007a,b) have shown that EE
increases BDNF expression in the RGC
layer around P10 and that this increase in
BDNF expression is necessary for EE ef-
fects on the maturation of retinal acuity.
Having now shown that IGF-1 intraocular
administration from P1 to P7 mimics EE
effects on retinal acuity maturation, we
asked whether IGF-1 could affect BDNF
expression.

We investigated whether IGF-1 treat-
ment affected BDNF expression in the
RGC layer by immunohistochemistry. We
intraocularly injected non-EE animals at
P1, P4, and P7 with IGF-1 in one eye (Fig.
3A). The other eye was injected with saline
as the control. We analyzed BDNF expres-
sion at P10. We found that IGF-1 treat-
ment affects BDNF protein expression
(Fig. 3B,C); BDNF immunoreactivity is
significantly higher in the RGC layer of
IGF-1-treated eyes than in the saline-
treated ones (Mann–Whitney rank sum
test, p � 0.001).

IGF-1 blockade prevents BDNF
enhanced expression in RGC layer
of EE animals at P10
To determine whether the increase in
BDNF expression found in EE rats results
from the IGF-1 increase caused by EE, we

Figure 2. IGF-1 intraocular injections affect retinal acuity development in standard reared rats, whereas IGF-1 blockade prevents EE
effects on retinal acuity development in enriched animals. A, Schematic protocol of the experiment. B, Mean P-ERG acuity assessed at P25
for non-EE animals intraocularly treated with IGF-1 or saline and EE animals intraocularly treated with JB1 or saline. Mean P-ERG acuity in
P25 non-EE [0.51 � 0.01 cycles/degree (c/deg); n � 5] and EE (0.67 � 0.03 c/deg; n � 5) animals is reported for comparison. Retinal
acuity in IGF-1-treated eyes of non-EE animals (non-EE IGF-1, 0.68 � 0.02 c/deg; n � 5) is significantly higher (asterisks) than in non-EE
saline-treated eyes (non-EE saline, 0.5 � 0.02 c/deg; n � 3) and in non-EE untreated animals, but it is comparable to that reached in EE
animals (one-way ANOVA, p�0.001, post hoc Tukey’s test; non-EE IGF-1 vs non-EE saline, p�0.001; non-EE IGF-1 vs non-EE, p�0.001;
non-EE IGF-1 vs EE, p�0.993). Mean retinal acuity at P25 for the eyes of EE animals intraocularly injected with JB1 (EE JB1; n�5) or with
saline (EE saline; n�5) is shown. P-ERG acuity of EE JB1-treated animals is significantly lower (asterisks) than in EE animals either treated
with saline or untreated and does not differ from the P-ERG acuity of P25 non-EE animals (one-way ANOVA, p � 0.001, post hoc Tukey’s
test; EE vs EE JB1, p �0.001; EE saline vs EE JB1, p �0.003; EE JB1 vs non-EE, p �0.963; EE vs EE saline, p �0.079). Error bars represent
SEM. C, Left, Data for single non-EE animals injected in one eye with IGF-1 (non-EE IGF-1; n � 5) and in the contralateral eye with saline
(non-EE saline; n � 3). In three animals, retinal acuity was determined for both eyes (data points joined by dotted lines); it is evident that
for all three animals, the acuity of the IGF-1-treated eye is higher than that for the contralateral eye (paired t test, p � 0.018). Right, Data
for single EE animals injected in one eye with JB1 (EE JB1; n�5) and in the contralateral eye with saline (EE saline; n�5). In four animals,
retinal acuity was determined for both eyes (data points joined by dotted lines); it is evident that for all four animals, the acuity of the
JB1-treated eye is lower than that for the contralateral eye (paired t test, p � 0.024).
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injected EE pups with JB1 in one eye and
with saline in the other eye. We found that
BDNF protein levels are not affected by EE
if IGF-1 action is antagonized (Fig. 3B,C):
BDNF levels in the eyes of JB1-treated EE
animals do not differ from those found in
non-EE saline-treated ones and are signif-
icantly lower than in the saline-treated
eyes of EE animals (Kruskal-Wallis one-
way ANOVA on ranks, p � 0.001). These
data show that the early IGF-1 increase in
the retina is both necessary and sufficient
to determine an enhancement of BDNF
expression in the RGC layer.

Block of BDNF in the retina prevents
IGF-1 effects on retinal
acuity development
We already know that blocking BDNF ex-
pression in EE animals around P10 blocks
EE effects on retinal development (Landi
et al., 2007a,b). To assess whether IGF-1
requires BDNF to affect retinal functional
development, we antagonized BDNF ac-
tion in IGF-1-treated rats and assessed
whether this blocked IGF-1 action on ret-
inal acuity development. To reduce the
number and volume of injections in the
eyes, IGF-1 was administered subcutane-
ously in non-EE rats from P1 to P7 (daily
injections) (Fig. 4A). We have controlled
that this treatment is effective in increas-
ing IGF-1 retinal levels (Fig. 4B); indeed,
IGF-1 levels in the RGC layer are signifi-
cantly higher at P8 in IGF-1-treated rats
with respect to untreated (control) rats (t
test, p � 0.002). We then injected rats sub-
jected to IGF-1 subcutaneous treatment
with BDNF-AS oligos in one eye and
BDNF-S oligos in the other eye, as de-
scribed by Landi et al. (2007a). These an-
imals have been recorded at P25, and the
P-ERG acuity of the BDNF-AS-treated
eye was compared with that of the
BDNF-S -treated eye. We found that reti-
nal acuity of the BDNF-AS-treated eye
was significantly lower than that recorded
from the eyes of EE untreated animals or
BDNF-S-treated animals and does not
differ from that of non-EE rats (Fig. 4C)
(one-way ANOVA, p � 0.001; post hoc
Tukey’s test; BDNF-AS-treated eye vs EE
untreated eyes, p � 0.009; BDNF-AS-
treated eyes vs BDNF-S treated, p � 0.032;
BDNF-AS-treated eyes vs non-EE un-
treated eyes, p � 0.572). In four animals, we succeeded in record-
ing retinal acuity from both eyes, the BDNF-AS-treated and the
BDNF-S-treated ones; it is evident that the acuity of the antisense-
treated eye is lower than that for the contralateral, sense-treated eye
(paired t test, p � 0.027) (Fig. 4C).

Thus, the reduction of retinal BDNF blocks the effects of
IGF-1 on retinal functional maturation. All together, our re-
sults suggest that EE determines an early increase in retinal

IGF-1, which then causes an increase in retinal BDNF, which
then determines a more adult-like retinal acuity at P25.

Role of dopaminergic amacrine cells in retinal maturation in
EE animals
In the rat retina, dopaminergic amacrine cells express TrkB (Cel-
lerino and Kohler, 1997); their development is accelerated by
BDNF intraocular injections from P8 to P14 (Cellerino et al.,

Figure 3. IGF-1 expression controls BDNF protein levels in RGC layer at P10. A, Experimental protocol. B, Retinal section
micrographs of P10 non-EE rats intraocularly injected with IGF-1 or saline (top) and of P10 EE rats intraocularly injected with JB1 or
saline (bottom). BDNF-immunolabeled cells are detectable at the level of the RGC layer. Scale bars, 50 �m. C, Left, Quantitative
analysis of mean BDNF immunofluorescence intensity in the RGC layer normalized to mean background level in the ONL layer of
non-EE rats intraocularly injected with IGF-1 or saline and immunostained for BDNF at P10. BDNF immunoreactivity is significantly
higher (asterisk) in the retinas of non-EE IGF-1-treated rats (1.103 � 0.033; n � 7) with respect to those of non-EE saline-treated
rats (1 � 0.033; n � 7) (Mann–Whitney rank sum test; p � 0.001). Right, Mean BDNF immunofluorescence intensity in the RGC
layer normalized to mean background level in the ONL layer of EE rats intraocularly injected with JB1 or vehicle and immunostained
for BDNF at P10. BDNF immunoreactivity is significantly lower (asterisk) in the retinas of EE JB1-treated rats (1.001 � 0.033; n �
7) with respect to those of EE saline-treated rats (1.104 � 0.039; n � 5) (Mann–Whitney rank sum test; p � 0.001). Error bars
represent SEM.
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1998), and BDNF signaling modulates
maturation of TH-immunoreactive ama-
crine cells (Liu et al., 2007). Dopaminergic
input has been suggested to contribute to
RGC receptive field organization in ani-
mals (for review, see Witkovsky, 2004). In
addition, in children with phenylketonu-
ria who experienced very high phenylala-
nine levels in the first postnatal days, and
who should therefore have particularly
low levels of dopamine in the retina, visual
acuity is lower than in normal ones (Mu-
nakata et al., 2004). Furthermore, a reduc-
tion in retinal dopamine, as occurs in
parkinsonian patients, results in reduced
retinal spatial resolution (Peppe et al.,
1998).

We therefore tested the hypothesis that
the dopaminergic input could be involved
in the effects produced by EE on the reti-
nal acuity maturation.

We have assessed the expression of TH
by immunohistochemistry and quantified
the number of TH-positive cells in the ret-
ina of P10 EE, non-EE, and non-EE ani-
mals intraocularly injected with IGF-1.
P10 is the age at which a strong increment
in BDNF expression is already evident in
EE and IGF-1-treated non-EE rats with
respect to non-EE control animals. We
found (Fig. 5) that the number of TH-
positive amacrine cells was significantly
higher in P10 IGF-1-treated non-EE rats
than in non-EE untreated animals. The ef-
fect of IGF-1 administration is compara-
ble with that induced by EE: the number
of TH-positive amacrine cells in P10 IGF-
1-treated non-EE rats did not differ from
that of P10 EE rats, indicating that a com-
parable change in the development of the
dopaminergic network is triggered by en-
hanced levels of IGF-1/BDNF protein ex-
pression or EE ( p � 0.005, one-way
ANOVA and post hoc Tukey’s test;
non-EE untreated eyes vs IGF-1-treated

eyes, p � 0.008; non-EE untreated eyes vs EE untreated eyes, p �
0.015; EE untreated eyes vs. IGF-1-treated eyes, p � 0.998).

We then analyzed whether the effect of EE on the dopaminer-
gic system contributes to the maturation of retinal acuity.

To answer this question, we decreased TH expression in the
retina of EE rats by injecting antisense oligonucleotides against TH.
We first tested whether antisense oligos against TH reduce TH ex-
pression in the retina of EE rats by means of immunohisto-
chemistry. EE rats were intraocularly injected with TH-AS or
TH-MS oligos at P6 and P9 (Fig. 6A) and 24 h after the last
injection the eyes have been removed and processed for TH im-
munohistochemistry. We found that the number of TH-positive
cells was lower in the retinas of EE animals treated with TH-AS
compared with retinas of EE animals treated with TH-MS or
retinas of EE untreated animals (Fig. 6B). We cannot say
whether the decreased number of TH-positive cells detected in
EE rats intraocularly injected with TH-AS is attributable to a
reduced expression level of TH in amacrine cells or to a reduc-

Figure 4. Block of BDNF in the retina prevents the increase of retinal acuity present at P25 in IGF-1-treated rats. A, Schematic protocol
of the experiment. B, Left, Representative images taken from P8 retinas processed for IGF-1 immunoreactivity. Right, Normalized IGF-1
expression in the RGC layer. IGF-1 levels in the RGC layer of IGF-1 systemically infused non-EE rats (3.72 � 0.24; n � 4) are significantly
higher (asterisks) than in control non-EE rats (2.92�0.16; n�4) (t test, p�0.002). Scale bar, 50 �m. Error bars represent SEM. C, Left,
Mean retinal acuity at P25 for IGF-1 systemically injected pups that had been intraocularly injected with BDNF-AS oligonucleotides (n�4)
in one eye and with BDNF-S oligonucleotides (n�5) in the other. P-ERG acuity for the eye treated with antisense BDNF oligonucleotides is
significantly lower [0.55 � 0.02 cycles/degree (c/deg)] than in sense-treated eyes (0.65 � 0.03 c/deg) or untreated eyes of EE animals
(0.67�0.03 c/deg; n�5) and does not differ from the P-ERG acuity of P25 non-EE animals (0.51�0.01 c/deg; n�5) [one-way ANOVA,
p�0.001, post hoc Tukey’stest;BDNF-AS-treatedeyevsEEeyes, p�0.009(asterisk);BDNF-AS-treatedeyesvsBDNF-S-treatedeyes, p�
0.032 (asterisk); BDNF-AS-treated eyes vs non-EE eyes, p � 0.572; BDNF-S-treated eyes vs non-EE eyes, p � 0.05 (asterisk)]. Error bars
represent SEM. Right, Data for single IGF-1 systemically treated animals injected in one eye with BDNF-AS and in the contralateral eye with
BDNF-S oligos. In four animals, retinal acuity was determined for both eyes (data points joined by dotted lines); it is evident that for these
animals, the acuity of the antisense-treated eye is lower than that for the contralateral eye (paired t test, p � 0.027).

Figure 5. IGF-1 increases the number of amacrine dopaminergic cells. The number of TH-positive
amacrine cells is significantly higher in P10 IGF-1-treated non-EE rats than in non-EE untreated ani-
mals (67�5 vs 46�3 cells/mm 2). The effect of IGF-1 administration is comparable with that indu-
ced by EE: the number of TH-positive amacrine cells of P10 IGF-1-treated non-EE rats did not differ
from that of P10 EE rats (66 � 3 cells/mm 2) (one-way ANOVA, p � 0.005, post hoc Tukey’s test;
non-EE untreated eyes vs IGF-1-treated eyes, p �0.008 (asterisk); non-EE untreated eyes vs EE untreated
eyes, p�0.015(asterisk);EEuntreatedeyesvsIGF-1-treatedeyes, p�0.998).ErrorbarsrepresentSEM.
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tion in the number of these cells. Previous
experiments using the same TH-AS oligo-
nucleotides used by us would suggest that
they do not produce nonspecific effects in
terms of neuronal toxicity and/or general
disruption of protein synthesis (Skutella
et al., 1997). In accordance, the number of
TH-positive cells in EE animals treated
with TH-AS did not differ from that in
non-EE animals ( p � 0.001, one-way
ANOVA and post hoc Tukey’s test; TH-AS
vs EE, p � 0.001; TH-AS vs TH-MS, p �
0.004; TH-AS vs non-EE, p � 0.316).

We then treated a group of EE animals
with anti-TH oligonucleotides in one eye
(TH-AS) and with TH-MS oligonucleo-
tides as the control in the other eye (TH-
MS) at P6 and P9 and recorded P-ERG at
P25. We found that retinal acuity in the
eyes of TH-MS-treated animals did not
differ from that of the eyes of EE untreated
animals, whereas retinal acuity in EE ani-
mals injected with TH-AS was signifi-
cantly lower than in EE rats and did not
differ from that of non-EE rats of the same
age ( p � 0.001, one-way ANOVA and
post hoc Tukey’s test; EE untreated eyes vs
TH-AS-treated eyes, p � 0.001; EE un-
treated eyes vs TH-MS-treated eyes, p �
0.208; TH-AS-treated eyes vs non-EE un-
treated eyes, p � 0.879; TH-MS-treated
eyes vs TH-AS-treated eyes, p � 0.010)
(Fig. 6C). In five animals, retinal acuity
was determined for both eyes (Fig. 6C); it
is evident that for all of these animals, the
acuity of the TH-AS-treated eye is lower
than that for the TH-MS-treated con-
tralateral eye (paired t test, p � 0.026).

Thus, the reduction of retinal TH
blocks the effects of EE on the retinal
functional maturation.

Discussion
We have provided a direct demonstration
that the early postnatal increase in retinal
IGF-1 is a key mediator of EE effects on
retinal acuity development. IGF-1 action
in controlling retinal maturation requires
retinal BDNF and involves the dopami-
nergic amacrine cell network.

IGF-1 and retinal maturation
Enrichment during pregnancy increases IGF-1 levels in fetal ret-
ina, and this early increase is involved in mediating the accelera-
tion of RGC migration and death caused by EE in the fetus (Sale
et al., 2007). Here, we show that a strong increment in retinal
IGF-1 expression is evident in EE animals also postnatally, be-
tween P1 and P6, and that this increase in retinal IGF-1 in EE
animals is necessary and sufficient for EE to produce its effects
also on later stages of retinal development.

We have recently shown that exposure to EE accelerates reti-
nal acuity development with respect to the developmental time
course found in non-EE animals (Landi et al., 2007a); the final

retinal acuity levels do not differ between EE and non-EE rats,
suggesting that EE affects the developmental trajectory rather
than the final result of the process of retinal acuity development.
The two curves start to differ at P25, when retinal acuity for EE
rats first becomes higher than in non-EE rats (Landi et al., 2007a).
Here, we show that IGF-1 injections in the eyes of non-EE rat
pups between P1 and P7 is sufficient to mimic EE effects in de-
termining a higher retinal acuity at P25. We think that our results
would suggest that early IGF-1 treatment triggers a faster increase
in retinal acuity such as that after early exposure to EE.

IGF-1 increase in the retina of EE animals is also necessary for
EE to affect retinal acuity development, since blockade of IGF-1

Figure 6. Early blockade of TH prevents the effects of EE on retinal acuity. A, Schematic protocol. B, Left, Examples of images
from P10 whole-mount retinas taken from eyes of EE and non-EE rats or of EE rats intraocularly injected at P6 and P9 with TH-AS or
TH-MS oligonucleotides. Right, The number of TH-positive cells is reduced by the treatment with antisense oligonucleotides with
respect to the mismatch treatment. In retinas from EE rats injected with TH-AS (n � 4), the number of TH-positive cells is
significantly lower (asterisks) than in retinas of EE animals treated with TH-MS (n�4) (39�2 vs 58�3 cells/mm 2) and in retinas
from EE untreated animals (66 � 3 cells/mm 2; n � 5) but does not differ from that in non-EE retinas (46 � 3 cell/mm 2; n � 6)
(one-way ANOVA, p � 0.001). Scale bar, 100 �m. Error bars represent SEM. C, In a group of six EE animals injected at P6 and P9
with TH-AS in one eye and with TH-MS as a control in the other eye, retinal acuity was assessed with P-ERG at P25. After EE, retinal
acuity in TH-MS eyes did not differ from that of EE eyes [0.62 � 0.02 vs 0.67 � 0.03 cycles/degree (c/deg)], whereas retinal acuity
after EE in TH-AS animals was significantly lower than in EE rats and did not differ from that of non-EE rats of the same age [0.53 �
0.01 vs 0.51 � 0.01 c/deg; one-way ANOVA, p � 0.001, post hoc Tukey’s test; EE untreated eyes vs EE TH-AS-treated eyes, p �
0.001 (asterisk); EE untreated eyes vs EE TH-MS-treated eyes, p � 0.208; EE TH-AS-treated eyes vs non-EE untreated eyes, p �
0.879; EE TH-MS-treated eyes vs TH-AS-treated eyes, p � 0.010 (asterisk)]. Error bars represent SEM. In five animals, retinal acuity
was determined for both eyes (data points joined by dotted lines); it is evident that for all of these animals the acuity of the
TH-AS-treated eye is lower than that for the TH-MS-treated contralateral eye (paired t test, p � 0.026).
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action in EE pups by means of intraocular injections of JB1
prevents EE effects. This is in accordance with results indicating
that molecular changes activating the acceleration of retinal mat-
uration are likely influenced by EE precociously, when pups are
still immobile and dependent on the dam (Landi et al., 2007a,b); a
strong support to this hypothesis is that a paradigm of EE up to
P10 produces the same effects on retinal maturation induced by a
prolonged EE, as reported previously by Landi et al. (2007a).

IGF-1 is expressed in the liver, and then is blood circulated
(Trejo et al., 2007), but it is also expressed locally in the retina
(Bondy, 1991; Lee et al., 1992; Lofqvist et al., 2009). Early expo-
sure of rat pups to EE increases IGF-1 protein levels not only in
the retina but also in the cerebellum and maternal milk (Sale et
al., 2007). This correlated IGF-1 increase in different brain re-
gions and in the gastric content of EE rat pups would support the
idea that EE effects are not specific for the visual system and
suggests that the increased retinal presence of IGF-1 in EE ani-
mals might derive from a higher level of circulating IGF-1. Tactile
stimulation provided by maternal licking behavior, which is in-
creased in EE (Sale et al., 2004), might be responsible for IGF-1
increase. Indeed, in rat pups subjected to massage, we found a
higher IGF-1 immunoreactivity in the visual cortex, comparable
to that found in EE rat pups, and in the auditory cortex (Guzzetta
et al., 2009); in addition, higher contents of blood IGF-1 have
been found in human babies subjected to massage (Field et al.,
2008; Guzzetta et al., 2009). In massaged babies and rat pups, we
found a more rapid increase in visual acuity (Guzzetta et al.,
2009). These results support the idea that circulating IGF-1 is an
important source of IGF-1 for the CNS in EE animals. However,
we cannot exclude a contribution of an increased IGF-1 mRNA
expression in the retina of EE pups, since IGF-1 expression in the
retina and, in particular, in the RGC layer is well documented
(Bondy, 1991; Lee et al., 1992; Lofqvist et al., 2009).

IGF-1 and BDNF
We have already demonstrated that the increased retinal expres-
sion of BDNF induced by EE around P10 is necessary for the
effects of EE on retinal acuity and RGC dendritic maturation
(Landi et al., 2007a,b). In the adult, BDNF expression is increased
both by EE and physical exercise (Carro et al., 2000; Cotman and
Berchtold, 2002; Adlard and Cotman, 2004; Klintsova et al.,
2004), and this increase is mediated by IGF-1 (Carro et al., 2000).
IGF-1 affects the BDNF system to mediate the effects of physical
exercise on cognitive processes and synaptic plasticity (Ding et
al., 2006). Moreover, IGF-1 promotes neuronal survival and plas-
ticity in primary cultures of cerebrocortical neurons by acting
directly on BDNF through ERK1/2 phosphorylation (McCusker
et al., 2006). Here, we show for the first time that BDNF is a
downstream target of IGF-1 during retinal development and that
the early IGF-1 increase found in EE animals is necessary and
sufficient for the action of EE on BDNF. Indeed, early IGF-1
injections in the eyes of non-EE pups increase BDNF expression
in the RGC layer, whereas blockade of IGF-1 action in EE pups
prevents EE effects on BDNF expression. Thus, EE effects on
BDNF in the developing retina seem to be mediated by IGF-1.

BDNF is a necessary downstream target of IGF-1 in its action
on retinal acuity development: blocking retinal BDNF expression
by means of antisense oligonucleotides in non-EE rats treated
with systemic IGF-1 injections prevents IGF-1 from affecting ret-
inal acuity development. This is consistent with the crucial role
already demonstrated for BDNF in mediating EE effects on reti-
nal development (Landi et al., 2007a,b) and, in particular, with
the block of EE effects on retinal acuity development found in EE

animals with block of retinal BDNF action. Thus, the early IGF-1
increase determined by EE exposure is unable to trigger the in-
crease in retinal acuity at P25 if BDNF expression is antagonized.
We do not know whether BDNF is the sole target of IGF-1 in
regulating retinal acuity development; for instance, several find-
ings provide evidence that IGF-1 and vascular endothelial growth
factor (VEGF) act in concert in promoting retinal vascular mat-
uration (Modanlou et al., 2006; Chen and Smith, 2007). How-
ever, since BDNF is not dispensable for IGF-1 action on retinal
acuity development, one might suggest that other IGF-1 tar-
gets either regulate other aspects of retinal development or are
cofactors with BDNF in regulating retinal spatial resolution
development.

EE, IGF-1, BDNF, and amacrine cell network
As a target of IGF-1/BDNF control on retinal acuity development
of EE animals, we propose a role for the dopaminergic amacrine
cell network. Previous studies have suggested that retinal dopa-
mine level affects visual acuity development (Munakata et al.,
2004). It is known that dopaminergic amacrine cells express
BDNF receptor TrkB (Cellerino and Kohler, 1997), their devel-
opment is accelerated by BDNF intraocular injections from P8 to
P14 (Cellerino et al., 1998), and BDNF overexpression increases
the number of TH-immunoreactive amacrine cells (Liu et al.,
2007). In addition, BDNF increases survival of dopaminergic am-
acrine cells and upregulates TH expression in pathological con-
ditions (Seki et al., 2004; Lee et al., 2005; Loeliger et al., 2008).
Potentially, EE and IGF-1, which cause an increase in retinal
BDNF, could affect dopaminergic amacrine cells. We have pro-
vided direct evidence that this is indeed the case: the number of
TH-immunoreactive cells at P10 is higher in rats exposed to EE
and in non-EE rats intraocularly injected with IGF-1 with respect
to controls. Thus, dopaminergic amacrine cells are similarly af-
fected by IGF-1 and by exposure to EE; this is consistent with the
role for IGF-1 in EE-dependent retinal development. In addition,
the results that a reduction in TH expression, obtained by inject-
ing TH-AS oligos in the eye, prevents EE from affecting retinal
acuity development suggest that changes in dopamine transmis-
sion in EE retinas are necessary for the effects of EE on matura-
tion of retinal acuity.

How could dopamine affect retinal acuity development? Dopa-
mine affects many elements of retinal circuits: it alters the coupling
between horizontal cells and between amacrine cells (Piccolino et
al., 1984; Hampson et al., 1992), probably via a paracrine release
(He et al., 2000) and ultimately affects the center-surround bal-
ance of RGCs (Jensen and Daw, 1984, 1986; for review, see Mas-
land, 2001; for review, see Witkovsky, 2004). Spatial tuning of
RGCs is very likely to contribute to retinal acuity. We cannot
exclude that the spatial tuning of RGCs depends on other retinal
GABAergic amacrine subpopulations (Sinclair et al., 2004) and
other subtypes of amacrine cells also respond to BDNF during
development, as documented by changes in the expression of
neuropeptides colocalizing with GABA (Cellerino et al., 1999,
2003). Furthermore, BDNF could act directly on RGCs. Many
findings have demonstrated that BDNF shapes dendritic mor-
phology (Purves et al., 1988; McAllister et al., 1995; Schwartz et
al., 1997; Xu et al., 2000); interestingly, it has been shown that
locally released BDNF can have an autocrine/paracrine action on
RGCs, promoting the retraction of RGC dendritic arborization in
Xenopus tadpoles (Lom et al., 2002). Recently, we showed that EE
promotes, through the action of BDNF, the remodeling of RGC
dendritic arborizations accelerating the RGC maturation from
monostratified to bistratified, which is a classical feature of retinal
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development (Landi et al., 2007b). Although a correspondence
between development of RGC dendritic arborization and matu-
ration of receptive field size, and consequently of retinal acuity, is
not immediate (Rusoff and Dubin, 1978), we do not exclude the
possibility that a remodeling action of retinal BDNF on RGC
dendrites may contribute to retinal acuity maturation.

Nonetheless, our results that reducing TH expression pre-
vents EE from affecting retinal functional development strongly
suggest that dopamine is necessary for EE action on retinal acuity
development.

In conclusion, our results are the first demonstration that EE
effects on the maturation of RGC functional properties require a
precise molecular signaling mediated by IGF-1 and BDNF and
involving the dopaminergic amacrine cell network.

IGF-1, acting through VEGF (Hellstrom et al., 2001, 2003; for
review, Chen and Smith, 2007), is critical for retinal vascular
development; in particular, low levels of serum IGF-1, often
found in low-birth-weight or premature babies and in infants
with insufficient nutrient intake, causing disruption of retinal
vascularization, appear to correlate with an increased risk of ret-
inopathy of prematurity. Our results emphasize a role for IGF-1
also for neural retinal development, both in the early and the late
phases.
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