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 In the chick, myopia and hyperopia can be artificially
induced by treating the birds with negative and positive lenses,
respectively. Moreover, treating chicks with diffusers that de-
prive the retina from high contrast and high spatial frequen-
cies also leads to myopia. A local mechanism within the retina
is involved in eye growth regulation since neither accommo-
dation nor contributions from the brain are necessary [1].
Among the biochemical changes induced by lens and diffuser
treatment in chicks and tree shrews were alterations in the
expression levels of the transcription factor Egr-1 (also called
ZENK), VIP (Vasoactive Intestinal Polypeptide), and Shh
(Sonic hedgehog). Recently, a mouse model for myopia was
established [2,3]. The major advantages of the mouse are the
completely sequenced genome and the presence of numerous
knockout models. Since the biochemical pathways underly-
ing eye growth regulation involve Egr-1, VIP, and Shh in the
chick, in this report we studied their visual regulation in the
mouse.

Early growth response protein 1 (Egr-1) [4], also known
as NGFI-A, zif268, tis8, cef5, Krox24, and the acronym
“ZENK”, was first identified as an immediate early gene re-
sponsive to growth factors and various differentiation signals
and later confirmed as a transcriptional regulatory protein. Egr-

1 is induced in the absence of de novo protein synthesis by
mitogens, developmental or differentiation cues, tissue or ra-
diation injury, or signals that cause neuronal excitation [5].
Located in the nucleus [6-8], Egr-1 is a zinc-finger protein
with three tandemly repeated Cys

2
His

2
 zinc-finger motifs and

has, according to its role as a transcription factor, numerous
target genes [9], among which are PDGF-A [10] and B [11],
bFGF [12] and TGF-β1 [11,13]. A potential connection be-
tween Egr-1 and myopia was first described in the chick, where
it was found that the expression of ZENK correlates with the
sign of defocus imposed by lenses in a subset of amacrine
cells (AC), specifically the glucagon AC. Moreover, the num-
ber of ZENK-expressing bipolar cells (BC) and AC (all kinds,
including the glucagon AC) varied with time of day [14]. Only
recently, focus sensitive immunoreactivity for Egr-1 was
shown in a subpopulation of GABAergic amacrine cells
(GAD65-immunoreactive cells) in the macaque retina [15].

Vasoactive intestinal polypeptide (VIP) was first isolated
from porcine intestinal wall as a 28 amino acid peptide re-
lated to glucagon and secretin [16]. It was found that VIP stimu-
lates the retinal adenylate cyclase in rabbit [17] and induces
formation of cyclic AMP in vitro [18] in the rabbit, rat and
calf. VIP containing neurons (amacrine cells) could be found
in the chick retina [19] and in the retinas of different species
like mammals, frogs, and fish [20]. A possible link between
VIP expression and regulation of ocular growth was suggested
by the observation that the levels of VIP are increased in de-
prived eyes of primates when compared to open eyes [21]. In
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the chick, VIP may be involved both in the normal develop-
ment of ocular refraction and in the development of form dep-
rivation myopia [22].

Finally, sonic hedgehog (Shh) is a secreted protein impli-
cated in the regulation of CNS polarity and related to the Droso-
phila segment polarity gene hedgehog (hh) [23]. It is expressed
in the murine retina from P7 onwards until adulthood. Shh is
localized both in the ganglion cell layer and in a subset of
cells in the inner half of the inner nuclear layer, possibly ama-
crine cells in mouse [24]. A recent study proposes that the Shh
pathway may act as a regulator of both prenatal and postnatal
retinal growth in mice [25]. In chicks, both mRNA and pro-
tein expression levels of Shh were found to increase under
conditions that induce myopia development. This finding sug-
gests a potential involvement of Shh in the retinal control of
postnatal eye growth [26,27].

The purpose of the present study was to gain information
about the roles of these signaling molecules in eye growth
regulation in mice. Both mRNA and protein expression of Egr-
1, and mRNA levels of VIP and Shh were measured in form
deprived mice and mice with normal visual experience. More-
over, the influence of retinal image illumination and light-dark
transitions was studied.

METHODS
Animals:  Black wildtype C57BL/6 mice were raised under a
12 h light: 12 h dark cycle with light onset at 8:00 AM and
were studied at postnatal age P29 to P33. The animals were
reared in the local animal facility with free access to water
and food. The experimental treatment was in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. The experiments were approved by the
University Commission for Animal Welfare (reference AK 3/
02).

Light conditions during experimental procedures:  Dur-
ing the experiments (1) through (4), animals were kept in trans-
lucent plastic boxes with wire tops and without additional vi-
sual features under a fume hood illuminated by cool white
light (Lumilux 30 W/840; Osram, Munich, Germany). Over-
all illumination was about 120 lux, which is about 2 log units
below the illumination levels used to induce retinal degenera-
tion in mice [28].

Treatment 1: Gene and protein expression in the retinas
of control animals over time:  To follow the changes in mRNA
levels over the day, untreated mice were kept on a regular 12
h light/dark cycle and sampled at different time points within
this cycle: before light onset in the morning, 15, 30, 120, 360,
or 720 min after light onset and 30 min after light offset in the
evening. Each group consisted of 5 age matched animals
(mainly litter mates).

For protein expression analysis, mice were also kept on a
regular 12 h light/dark cycle and sampled at different time
points: before light onset in the morning, 1, 4, or 6.5 h after
light onset and 1 h after light offset in the evening. For histo-
logical studies, all groups consisted of 6 age matched animals.

Different light exposure periods for mRNA and protein
analyses were chosen since changes in mRNA levels can be

detected more rapidly than changes in protein levels.
Treatment 2: Analysis of retinal Egr-1 protein expression

in animals after defined light/dark conditions:  To investigate
the influence of light on Egr-1 protein expression, two groups
of animals were kept under special light/dark conditions con-
sisting of four alternating light and dark periods, more pre-
cisely: light-dark-light-dark. The length of a single period was
90 min and the first light period began right after the regular
12 h dark cycle. The animals of one group were sacrificed
directly after the last dark period, whereas the animals of the
other group were exposed to light for 1 h after the last dark
period before tissue preparation.

To investigate the influence of the time of day and light
on Egr-1 protein expression, another group of animals was
kept in darkness until 1:30 p.m. and was then exposed to light
for 1 h before tissue preparation.

Treatment 3: Effects of defined light attenuation by neu-
tral density (ND) filters on gene expression in the retina:
Experiments were conducted to investigate the influence of
retinal image illumination on mRNA expression: animals (n=5
for each experiment) were fitted with ND filters of different
light attenuation (Kodak Wratten Gelatin Filter No. 96, Roch-
ester, NY). ND filters with 0.1, 0.3 and 0.5 log units attenua-
tion (corresponding to 80, 50 and 32% transmission, respec-
tively) were bilaterally attached to the periorbital fur by
superglue (UHU instant glue “Sekundenkleber”, Gel; Buehl,
Germany) in the evening. An additional group was bilaterally
fitted with completely black diffusers. After the attachment of
the ND filters and diffusers animals were immediately put into
darkness. All animals were exposed to 30 min of light in the
morning of the following day before retinal gene expression
was measured.

Treatment 4: Effects of image degradation on the expres-
sion of Egr-1, VIP, and Shh mRNA and Egr-1 protein: To in-
vestigate the influence of spatial information in the retinal
image on mRNA expression, mice (n=5) were fitted with
frosted diffusers over one eye and ND filters over the other
(0.3 log units light attenuation) in the evening. They were kept
in darkness overnight. We used heavily frosted diffusers, as
described earlier [29]. These diffusers act as low pass filters
on the spatial frequency spectrum, and reduce contrast over a
wide range of spatial frequencies. Light attenuation through
both diffusers and ND filters was matched (as measured by a
light meter, Nuernberg, Germany) so that the illumination was
balanced in both eyes. Starting at 8:00 AM, single animals
were consecutively transferred into light and were exposed
for either 15, 30, 120, or 360 min.

For Egr-1 protein expression analysis, mice (n=6) were
also fitted with diffusers and ND filters and exposed to light
for 60 min.

Treatment 5: Is the expression of Egr-1 controlled by spa-
tial features in the retinal image?:  An additional experiment
was conducted to find out whether Egr-1 expression is con-
trolled only by retinal illumination or also by spatial features.
To this end, the eyes of six mice were covered with a diffuser
on one side and an attenuation matched ND filter on the other
side. Differences in Egr-1 expression can then not be attrib-
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uted to differences in retinal illumination. The mice were ex-
posed to light for 5.5 h before the ND filters and diffusers
were attached so that the Egr-1 expression level was low at
the beginning of the experiment. After attachment of the dif-
fusers and ND filters, animals were kept in a rotating drum
with a diameter of 60 cm and height 35 cm for 30 min. Illumi-
nation was about 400 lux, the stripe pattern had a spatial fre-
quency of 0.1 cycles per degree, and the angular velocity was
about 1 cyc/s.

Diffuser and ND filter design:  Preliminary experiments
were performed to control for slight differences in the design
of diffusers and ND filters. The optomotor grating acuity of
the C57BL/6 mice is limited to approximately 0.3 (cycles/
degree) [30]. Previous experiments have shown that the im-
age contrast is reduced to about 60-70% of the initial value at
the relevant spatial frequencies [29]. Diffusers were hand made
from transparencies that were frosted by emery paper. The
hemispherical shaping of the diffuser was achieved by push-
ing a heated metal ball against the transparency. ND filters
were glued to translucent supports since they were made from
gelatin and could therefore not be shaped like the diffusers.

Preliminary experiments with two kinds of diffusers (“bulged”
diffusers made from one piece of frosted transparency and
“plain” diffusers made from frosted transparency affixed to a
black support) showed no differences in Egr-1 mRNA expres-
sion. The same result was found for ND filters glued to either
translucent or black supports. It is likely that the photorecep-
tors compensate for image illumination differences by adap-
tation.

Tissue preparation, RNA isolation, and cDNA synthesis:
All animals were sacrificed by an overdose of diethylether at
the end of the respective light or dark period. Eyes were enucle-
ated and immediately put into a petri dish filled with ice chilled
Ringer solution until preparation. The eyes were consecutively
put onto a filter paper, perforated by a canula and opened with
scissors cutting around the iris. The lens was removed and the
retina was extracted, snap frozen in liquid nitrogen and stored
at -70 °C. Total RNA was isolated with a kit (RNeasy Mini
Kit; Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The retinas were homogenized for 1 min with
speed increasing from 11,000 to 20,000 rpm (Diax 900 Ho-
mogenizer; Heidolph, Kelheim, Germany). All RNA samples
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Figure 1. Immunohistochemical labeling of Egr-
1, glutamine synthetase (GS), protein kinase C
(PKC) and recoverin in the mouse retina.  Trans-
verse sections through mouse retina were im-
munocytochemically labeled. A: Section labeled
for Egr-1 using immunoperoxidase coupled
diaminobenzidine staining. Cells in the ganglion
cell layer (GC), amacrine cells (AC), and puta-
tive bipolar cells (BC) in the inner nuclear layer
are labeled. B: Section labeled for Egr-1 using
immunoperoxidase with a fluorescent second
antibody. C: Section immunolabeled for
glutamine synthetase (GS). GS labeling is re-
stricted to Müller cells. D: Double labeling for
GS and Egr-1 shows that Müller cells are not
Egr-1 immunoreactive. E: Section
immunolabeled for protein kinase C (PKC).
Bipolar cells and some amacrine cells are la-
beled. The PKC-immunoreactive axons of the
bipolar cells terminate in large varicosities in
the inner third of the inner plexiform layer (IPL)
[32]. F: Section labeled for recoverin. ON and
OFF cone bipolar cells are labeled. The inner
nuclear layer (INL) and ganglion cell layer
(GCL) are also labeled. The scale bar represents
100 µm for all frames.
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were treated with RNase free DNase I (Roche, Mannheim,
Germany). The quality of RNA was checked by gel electro-
phoresis, concentration and purity were determined by spec-
trophotometry at 260 and 280 nm (average ratio 1.89±0.1).
Of each sample, 0.25 µg total RNA were reverse transcribed
(SuperScript™II RNase H- reverse transcriptase; Invitrogen,
Paisley, UK) using a mixture of 50 ng random hexamers and
500 ng oligo (dT)

15
 primers in a total volume of 20 µl.

Histology:  Eyes were enucleated and eyecups were pre-
pared in Ringer solution by cutting around the iris, opening
the eye and removing the lens. The applied fixation method is
described elsewhere [31].

Antibodies and their working dilutions included anti-Egr-
1, rabbit polyclonal antibody at 1:1250 (Egr-1 (588), sc-110,
Lot number L239, Santa Cruz Biotechnology Inc., Santa Cruz,
CA), anti-glutamine synthetase, mouse monoclonal antibody
at 1:500 (MAB302, Chemicon, Temecula, CA), anti-protein
kinase C, mouse monoclonal antibody at 1:400 (PKC (MC5),
sc-80, Santa Cruz), and anti-recoverin polyclonal rabbit anti-
body at 1:500 (gift from Dr. K. W. Koch from the Universitiy
of Oldenburg, Germany). Using mouse monoclonal antibod-
ies for the labeling of mouse tissue might lead to a higher
background, but a successful application of primary antibod-
ies from the same species was previously shown [32]. In double
labeling experiments, sections were incubated with a mixture
of primary antibodies for glutamine synthetase and Egr-1, fol-
lowed by a mixture of secondary antibodies. Cyanin 3 (Cy3-
linked rabbit anti-mouse IgG, Amersham Biosciences,
Freiburg, Germany) was used as fluorophore for both Egr-1
and recoverin, and Oregon green (goat anti-mouse IgG, Mo-
lecular Probes) for glutamine synthetase and protein kinase C
labeling.

Figure 1A,B show Egr-1 immunoreactive cells in the
mouse retina using diaminobenzidine (Figure 1A) and a fluo-
rescent secondary antibody for labeling (Figure 1B), respec-
tively. Cells in the ganglion cell layer (GCL), amacrine cells
(AC), putative bipolar cells (BC) in the inner nuclear layer,
and photoreceptor terminals were intensely labeled. Within

the ganglion cell layer, it was not possible to differentiate be-
tween ganglion cells and displaced amacrine cells. To clarify
the nature of the cells in the inner nuclear layer, retinal sec-
tions were labeled with antibodies for glutamine synthetase
(GS), protein kinase C (PKC) and recoverin. Glutamine syn-
thetase labeling was restricted to Müller cells (Figure 1C) [32]
and the double labeling showed that Müller cells were not
immunoreactive for Egr-1 (Figure 1D). Bipolar cells and some
amacrine cells labeled for protein kinase C (Figure 1E).
Recoverin labeled ON and OFF cone bipolar cells (Figure 1F).

For the analysis of Egr-1 protein expression, frozen eye
cups vertically were cut until the optic nerve became visible.
Four sections derived from the optic nerve region were ana-
lyzed per eye. The labeled cells were counted in four micro-
scope fields per section under 400x magnification. The four
microscope fields consisted of two central and two peripheral
fields. The center (C) was located as the two fields adjacent to
the optic disc, and the periphery (P) as the following micro-
scope fields (Figure 2). The four fields almost covered a whole
retinal section. Cell counts given in the figures correspond to
average cell counts in the four microscope fields. The count-
ing of the Egr-1 immunoreactive cells was performed in a
masked fashion.

Semiquantitative real-time RT-PCR:  The sequences of
18S rRNA (X00686), β-actin (M12481), Egr-1 (M20157), VIP
(NM_011702) and Shh (NM_009170) were obtained from the
National Center for Biotechnology Information (NCBI).
Primer design was performed using a commercial program
(Prime; GENIUSnet HUSAR; KYE Systems, Heidelberg,
Germany) and Primer Premier 5 (PREMIER Biosoft Interna-
tional; Palo Alto, CA). Primers were ordered from a commer-
cial synthesis service (Thermo Electron Corporation, Ulm,
Germany). Details are shown in Table 1.

The PCRs were performed in a thermocycler (iCycler;
Bio-Rad, Hercules, CA) using a commercial fluorescence de-
tection kit (QuantiTect SYBR Green PCR kit; Qiagen). After
an initial heat activation (15 min at 95 °C) 40 cycles of 15 s at
94 °C, 30 s at 59 °C, and 45 s at 72 °C were run with cyclic
fluorescence measurements at the end of the annealing phase.
The volume of a single reaction added up to 15 µl containing
1 ng template and a final primer concentration of 0.6 µM each.
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Figure 2. Definition of the central and peripheral retina.  Transverse
sections of the retina were divided into four parts. The areas most
distant from the optic disc were defined as the peripheral retina (P)
and the two inner areas as the central retina (C).

TABLE 1. PRIMER SEQUENCES, PRODUCT LENGTHS AND PRIMER

POSITIONS

                                               Primer      Amplicon
  Gene             Primer (5'-3')             location     size (bp)
--------   -------------------------------   -----------   ---------
18S rRNA   F: 5'-GAGCCGCCTGGATACCG-3'          837/996       160
           R: 5'-CGCTCTGGTCCGTCTTGC-3'

β-actin    F: 5'-GGCTATGCTCTCCCTCACG-3'        424/567       144
           R: 5'-CTTCTCTTTGATGTCACGCACG-3'

Egr-1      F: 5'-TAGCAGCAGCAGCACCAGC-3'        441/541       101
           R: 5'-CGGCTCGCTTGTTGGGATAC-3'

VIP        F: 5'-ATGTGTCAAGAAATGCCAGG-3'       388/512       125
           R: 5'-GATGCTGCTGCTGATTCGTT-3'

Shh        F: 5'-GCTCGCCTGGCTGTGGAAG-3'        487/690       204
           R: 5'-GTCGTCAGCCGCCAGCAC-3'

Primer sequences, product lengths and primer positions for 18S rRNA,
β-actin, Egr-1, VIP, and Shh.
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All PCR products were positively verified by automated se-
quencing. 18S rRNA and β-actin both served as reference
genes for semiquantitative analysis.

Data analysis and statistics:  Statistical data analysis was
based on the threshold cycles (C

T
) and performed as described

elsewhere [33]. The efficiency (E) of the PCR reaction for
each primer pair is determined by dilution series. The effi-
ciency (E) of the PCR reaction for each primer pair is deter-
mined by dilution series and the obtained values are as fol-
lows: 2.02 for 18S rRNA, 1.99 for β-actin, 1.98 for Egr-1,
1.89 for VIP, and 1.97 for Shh.

Measurements were performed in triplicate and mean
values of C

T
 were used for further analysis. The mean normal-

ized expression (MNE) [34] was used to compare relative ex-
pression levels among different groups. A logarithmic trans-
formation of the MNE was used to assure a normal distribu-
tion of the residuals for further statistical analysis [34].

18S rRNA and β-actin are both reference genes; Egr-1,
VIP, and Shh are target genes. A logarithmic transformation of
the MNE was used to assure a normal distribution of the re-
siduals for further statistical analysis.

If multiple comparisons were involved, for example to
analyze the influence of different light exposure intervals and
to compare different groups with each other, analysis of vari-
ance (ANOVA) was carried out (1) to analyze the influence of
different light exposure intervals on the mRNA and protein
expression of the individual groups (control groups, diffuser
treated groups, ND filter treated groups), (2) to analyze the
influence of light/dark conditions on Egr-1 protein expression,
and (3) to analyze the mRNA expression differences between
the groups treated with different ND filters for the same time
period. A significant ANOVA was followed by a Tukey-Kramer
test for post-hoc analysis.
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Figure 3. Retinal Egr-1, VIP, and Shh mRNA expression in control
animals over time.  The changes of retinal Egr-1 (A), VIP (B), and
Shh (C) mRNA concentrations in control animals over time. The gray
bars correspond to lights off. Error bars represent the standard error
of the mean. The detailed results of the post-hoc analysis are given in
the text. The sample size is 5 animals per group.

Figure 4. Comparison of Egr-1 protein expression between central
and peripheral retina.  Density of Egr-1 labeled amacrine cells (AC),
ganglion cell layer (GCL), and bipolar cells (BC) in the central (C)
and peripheral (P) retina of untreated animals 1 h after light onset in
the morning. Cell counts given in the figure correspond to average
cell counts in two microscope fields. Error bars represent the stan-
dard error of the mean. The sample size is 6 animals per group.

Figure 5. Retinal Egr-1 protein expression in control animals over
time.  Egr-1 protein expression in amacrine cells (blue), the cells of
the ganglion cell layer (green) and in bipolar cells (red) in the retina
over the day. Cell counts given in the figure correspond to cells in
four microscope fields. The gray bars correspond to lights off. Error
bars represent the standard error of the mean. The sample size is 6
animals per group.
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For the analysis of paired data (diffuser compared to ND
filter treated eyes of single animals), paired t-tests were ap-
plied and results were Bonferroni corrected for multiple com-
parisons.

Influence of treatment and light exposure on reference
gene expression:  The independence of reference gene expres-
sion under treatment conditions is essential for semiquantitative
analyses. By plotting the C

T
 values of 18S rRNA and β-actin

of all groups and performing an ANOVA, a significant influ-
ence of treatment and/or time could be found for both genes.
Nineteen individual groups were included in the ANOVA,
overall sample C

T
 mean was 20.13±0.32 for β-actin (lowest

C
T
 mean 19.85, highest C

T
 mean 20.49) and 9.84±0.57 for

18S rRNA (lowest C
T
 mean 9.21, highest C

T
 mean 10.99).

Even though the ANOVA for β-actin showed significant ex-
pression changes, the variation was rather small. Addition-
ally, similar results were obtained when statistical analyses
were done using only the raw data (C

T
 values) without nor-

malization to a reference gene.
Another measurement for the variability of a PCR is the

calculation of the coefficient of variation (CV). The CV is
determined by dividing the standard deviation (SD) of each
triplicate by the appropriate C

T
 mean. For 18S rRNA the CV

was 1.14%±0.57, whereas for β-actin it was 0.52%±0.29.
Based on these results, β-actin was used as a housekeep-

ing gene for further data analysis.
Correlation of gene expression in control animals:  The

mRNA expression of Egr-1 (p<0.001), VIP (p<0.001) and Shh
(p<0.01) was found to be correlated in both eyes of untreated
animals, therefore expression data were pooled and the mean
was used for further comparisons.

RESULTS
Changes of mRNA expression in control animals over time:
The mRNA expression levels of Egr-1, VIP, and Shh were
measured at different points during the 12 h light period, and
30 min after light offset. Significant changes were observed
for all genes (Figure 3).

Egr-1 mRNA expression was strikingly upregulated im-
mediately after light onset with a peak after 30 min (20.5 fold
increase compared to the initial value at 0 min; Tukey-Kramer
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Figure 6. Egr-1 protein expression in amacrine cells, bipolar cells
and cells of the ganglion cell layer after different light conditions.
Egr-1 protein expression in amacrine cells (A), bipolar cells (B), and
cells of the ganglion cell layer (C) after different light conditions.
Cell counts given in the figure correspond to cells in four micro-
scope fields. Bars below the abscissa illustrate the illumination pat-
terns. Error bars represent the standard error of the mean. The sample
size is 6 animals per group. The detailed results of the post-hoc analy-
sis are given in the text.

TABLE 2. REFINED LIGHT AND DARK REGIMENS

                                                    Time of
Group             Light/dark regimens             preparation
-----   ---------------------------------------   -----------
  1     12 h darkness                               8:00 AM

  2     12 h light, 1 h darkness                    9:00 PM

  3     starting at 8:00 AM, 2 cycles of: 1.5 h     2:00 PM
        light and 1.5 h darkness

  4     12 h darkness, 1 h light                    9:00 AM

  5     17.5 h darkness, 1 h light                  2:30 PM

  6     starting at 8:00 AM, 2 cycles of: 1.5 h     3:00 PM
        light and 1.5 h darkness, 1 h light

The retinal Egr-1 protein expression was quantified in different
groups.
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test, p<0.001). After 6 h, the mRNA level of Egr-1 had re-
turned to the initial value. Towards the end of the twelve hour
light cycle, Egr-1 mRNA level increased again (6 h light com-
pared to 12 h light, Tukey-Kramer test, p<0.05). A further in-
crease of Egr-1 mRNA expression was observed 30 min after
light offset (4.2 fold increase compared to the value at the end
of the light phase; Tukey-Kramer test, p<0.001). The mRNA
levels of Egr-1 in the retina were similarly high 30 min after
the dark to light transition and the light to dark transition (Fig-
ure 3A).

VIP mRNA expression increased significantly during the
second half of the 12 h light period (2.8 fold increase from 6 h
light to 12 h light; Tukey-Kramer test, p<0.001). The begin-
ning of the dark period did not significantly influence VIP
mRNA expression (Figure 3B).

The expression pattern of Shh mRNA resembled the pat-
tern observed for VIP mRNA. After an initial decrease 2 h
after light onset (1.6 fold decrease compared to the initial value
at 0 min; Tukey-Kramer test, p<0.01), mRNA expression in-
creased steadily over the next 10 h (2 fold increase in mRNA
expression; Tukey-Kramer test, p<0.001). Expression of Shh
mRNA, like that of VIP mRNA was not influenced by the
short dark period at the end of the day (Figure 3C).

Distribution of Egr-1 labeled cells in the retina of un-
treated mice:  To gain more information on the density of Egr-
1 protein was labeled by Egr-1 antibody in retinal cells la-
beled amacrine cells (AC), bipolar cells (BC) and cells of the
ganglion cell layer (GCL) were counted separately in the cen-
ter and the periphery. The number of Egr-1 expressing neu-
rons was counted in 6 untreated animals one hour after light
onset in the morning. As a result, the cell density analysis of
all three cell types (AC, BC, and GCL) showed no significant
difference between periphery and center (Figure 4).

Changes in Egr-1 protein expression in control animals
over time:  The diurnal regulation of Egr-1 protein was sepa-
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Figure 7. Measurement of EGR-1, VIP and Shh mRNA concentra-
tions after bilateral treatment with neutral density filters and black
diffusers..  Measurement of retinal mRNAs after bilateral treatment
with different ND filters or blackened diffusers for 30 min. Error
bars represent the standard error of the mean. The detailed results of
the post-hoc analysis are given in the text. The sample size is 5 ani-
mals per group.

Figure 8. Retinal Egr-1, VIP, and Shh mRNA expression changes in
diffuser and ND filter treated eyes over time.  Effects of diffusers
(open circles) and ND filters (open squares) on Egr-1 (A), VIP (B),
and Shh (C) mRNA expression over the day. Error bars represent the
standard error of the mean. The detailed results of the post-hoc analysis
are given in the text.
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rately analyzed in AC, BC, and the GCL. The animals either
received no light, 1, 4, or 6.5 h of light, or they were kept in
darkness for one hour following the regular 12 h light cycle
(Figure 5).

The number of Egr-1 immunoreactive cells displayed
prominent changes, increasing after light onset in all three cell
types (Tukey-Kramer test, AC: p<0.001; Tukey-Kramer test,
GCL: p<0.001; Tukey-Kramer test, BC: p<0.05) and subse-
quently returning to baseline expression levels after 6.5 h. After
light offset, a significant increase of Egr-1 expression was
found in the bipolar cells (compared to the initial value at 0
min, Tukey-Kramer test, p<0.05). Since Egr-1 was equally
expressed in the center and the periphery, cell counts across
the retinal section were averaged (cell count/microscope
fields).

Influence of different light conditions on Egr-1 protein
expression:  More refined light conditions were applied to un-
derstand whether the regulation of Egr-1 protein is mainly regu-
lated by light/dark transitions or by the time of day. The con-
ditions are listed in Table 2. ANOVA followed by Tukey-
Kramer test was applied for each cell type to analyze differ-
ences between all groups (1-6).

In the AC (Figure 6A) and the GCL (Figure 6C), it can be
seen that Egr-1 protein expression primarily depends on the
illumination condition that was experienced just prior to the
preparation. The number of Egr-1 immunoreactive amacrine
cells was not different among the groups whose final experi-
ence was darkness (groups 1-3), whereas Egr-1 protein ex-
pression was significantly higher in all groups that were sacri-
ficed after experience of light (Tukey-Kramer test, p<0.001).
Within the groups that were recently exposed to light (groups
4-6), the number of Egr-1 immunoreactive amacrine cells was
significantly higher in animals that were kept in darkness for
a longer period of time when compared to the two other groups
(group 5 compared to group 4 and group 5 compared to group
6, Tukey-Kramer test, p<0.01).
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Figure 9. Retinal Egr-1 protein expression in diffuser and ND filter
treated eyes.  Numbers of amacrine cells (A), bipolar cells (B) and
cells of the ganglion cell layer (C) that were labeled for Egr-1 pro-
tein after a 60 min treatment with diffusers and intensity matched
ND filters. Cell counts given in the figure correspond to cells in four
microscope fields. Error bars represent the standard error of the mean.
Paired t-tests were used for statistical analyses; the asterisk indicates
a statistical difference between the groups (p<0.05). The sample size
is 6 animals per group.

Figure 10. Retinal Egr-1 mRNA expression after diffuser and ND
filter treatment in a visually refined environment.  Treatment with
diffusers and matched ND filters in a visually refined environment.
Error bars represent the standard error of the mean. A paired t-test
was used for statistical analysis; the asterisk indicates a statistical
difference between the groups (p<0.05). The sample size is 6 ani-
mals per group.
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In the GCL, Egr-1 protein expression was also signifi-
cantly different between groups 1-3 and groups 4-6 (Tukey-
Kramer test, p < 0.001), but the duration of the dark phase
(group 5) did not play a role in the regulation of protein ex-
pression.

In the bipolar cells, Egr-1 protein expression was highest
in animals that were kept in darkness until the early afternoon
(group 5). The expression level of this group differed signifi-
cantly from that from groups 1-4 (Tukey-Kramer test,
p<0.001). The recently experienced light condition seemed to
have only a minor influence on protein expression, since the
only significant difference occurred between groups 1 and 6
(Tukey-Kramer test, p<0.01).

Effects of bilateral treatment with neutral density (ND)
filters on mRNA concentrations:  To investigate the effect of
changes in retinal illumination on mRNA expression, animals
were bilaterally fitted with ND filters of differing light attenu-
ation and with completely black diffusers. All animals were
exposed to light for 30 min in the morning (Figure 7).

Based on an average illumination of 120 lux, 0.1 log unit
ND filters reduced the light intensity to 96 lux, 0.3 log unit
ND filters to 60 lux, and 0.5 log unit ND filters to 38 lux.

Gradual attenuation of retinal image illumination by ND
filters had no significant effect on Egr-1 mRNA levels. Inter-
estingly, Egr-1 mRNA expression increased in the animals
wearing black diffusers at the beginning of the light phase
(5.2 fold increase compared to the value at the end of the dark
phase as shown in Figure 3), even though the expression level
remained far below the control group that was exposed to light
for 30 min (3.9 fold difference, Tukey-Kramer test, p<0.001;
Figure 7A).

Neutral density filter wear did not influence VIP mRNA
levels (Figure 7B), while the Shh mRNA level also increased
significantly in animals wearing black diffusers (1.6 fold in-
crease compared to the group treated with 0.1 log unit ND
filters, Tukey-Kramer test, p<0.05 and 1.4 fold increase com-
pared to the group treated with 0.3 log unit ND filters, Tukey-
Kramer test, p<0.05; Figure 7C).

Regulation of mRNA levels by retinal image quality:  The
visual control of eye growth requires good focus and, accord-
ingly, spatial features in the retinal image are analyzed. To
gain information about the influence of retinal image quality
on the regulation of Egr-1, VIP, and Shh in mice, the expres-
sion of their mRNA levels and Egr-1 protein was studied in
eyes treated with frosted diffusers and intensity matched ND
filters.

Over time, the mRNA expression of Egr-1 varied signifi-
cantly in the eyes treated with frosted diffusers and ND fil-
ters, as was determined by ANOVA. The time course was simi-
lar to animals with normal visual experience, with a peak in
expression 30 min after the light was turned on (Figure 8A).
Even though the Egr-1 mRNA expression seemed to be lower
in the eyes treated with diffusers when compared to their in-
tensity matched ND filter treated fellow eyes, the analysis by
paired t-tests revealed no significant difference Figure 8A.

The VIP mRNA content was found to be increased in the
eyes of animals treated for 120 min, but statistically, the in-

crease was significant only in the ND filter treated eyes (2.1
fold increase compared to both the 30 and 360 min groups,
Tukey-Kramer test, p<0.01; Figure 8B). It is nevertheless clear
that the ND filter and diffuser treated eyes track together, but
that the variance in the ND filter treated groups is lower in
most cases. An effect specific to the ND filter, therefore, seems
unlikely.

In contrast, retinal Shh mRNA levels were not affected
by treatment with diffusers or intensity matched ND filters
(Figure 8C).

Regulation of Egr-1 protein expression by image quality:
Histological analyses were performed to assess changes of Egr-
1 protein expression separately in AC, BC, and GCL after the
treatment with diffusers and ND filters. Paired t-tests were
applied to analyze changes in Egr-1 protein expression. In AC,
Egr-1 expression was similar in eyes treated with diffusers
and eyes treated with intensity matched ND filters (Figure 9A).
In the BC, Egr-1 expression was decreased in the diffuser
treated eyes with blurred vision, compared to the ND filter
treated fellow eyes with normal vision (paired t-test, p<0.05;
Figure 9B). A similar result was found for the cells in the GCL
(paired t-test, p<0.05; Figure 9C).

Egr-1 mRNA expression after treatment with diffusers and
ND filters in a visually refined environment: Instead of the
normal cage environment that was used for all previous ex-
periments, mice were treated with diffusers on one eye and
ND filters on the contralateral eye and were then put in a ro-
tating drum for 30 min. Additionally, animals were exposed
to light for 5.5 h before the experiment to assure a low baseline
expression of Egr-1 mRNA. The stripe pattern in the drum
consisted of 0.1 cycles per deg. Differences in mRNA expres-
sion between the diffuser and ND filter treated eyes were evalu-
ated by a paired t-test. Egr-1 mRNA levels were found to be
significantly higher in the eyes treated with ND filters com-
pared to the diffuser treated eyes (1.45 fold difference, paired
t-test, p<0.05; Figure 10). This suggests that Egr-1 expression
might be controlled by the spatial features in the retinal im-
age.

DISCUSSION
Regulation of Egr-1 mRNA and protein expression by light:
We have found a very rapid and pronounced induction of Egr-
1 mRNA expression both after light to dark and dark to light
transitions in the C57BL/6 mouse retina.

Egr-1 mRNA expression has previously been investigated
in the retinal degeneration slow (Rds) mutant mouse and the
corresponding BALB/c control mouse, where the level of Egr-
1 mRNA was upregulated after light offset with a peak 2 h
into the dark. Contrary to our present findings, only a minor
increase in Egr-1 mRNA was found in these animals after light
onset [35]. One possible explanation for the differences ob-
served between those two mouse strains might be the melato-
nin deficiency of C57BL/6 mice [36]. The lack of melatonin
in the C57BL/6 mice might lead to altered gene expression in
some retinal cells or the whole retina, even though it was shown
that melatonin does not play a crucial role in the generation or
maintenance of circadian rhythms [37,38].
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The expression patterns of the Egr-1 protein and the
mRNA were similar after light onset, but the induction of pro-
tein was generally less pronounced and only observed in the
bipolar cells after light offset. A transient increase of Egr-1
mRNA was already found in the retina of rats that were ex-
posed to room light from the dark. It seems as though this
augmentation is associated with the activation of cholinergic,
nicotinic, muscarinic, and NMDA receptors, since it can be
suppressed by the corresponding receptor antagonists [39].

The strong influence of light on the regulation of Egr-1
protein is supported by the experiment with different light and
dark cycles. These experiments suggest that the recent history
of light stimulation is crucial for the Egr-1 expression level, at
least in the amacrine cells and the Egr-1 immunoreactive cells
in the ganglion cell layer. Such distinct, cell specific changes
in expression have been described before for the immediate
early gene c-fos gene in the rat retina [40].

The reason for the striking upregulation of Egr-1 protein
in the amacrine cells and the bipolar cells after a prolonged
darkness period of 17.5 h, followed by one hour of light, is
currently not understood but points to an additional circadian
influence on Egr-1 protein expression. In a recent study it was
proposed that the induction of immediate early genes (like
Egr-1) in the rodent retina is controlled by circadian inputs
[40]. Circadian regulation might also explain why Egr-1
mRNA expression was increased in animals wearing com-
pletely black diffusers. Another explanation for the measured
increase in Egr-1 mRNA with black diffusers might be the
change in locomotor activity, which is associated with the trans-
fer of the mice from darkness to light, or that very small
amounts of light pass through the rim of the black diffusers.
Anesthesia and preparation steps cannot account for the in-
crease in Egr-1 mRNA expression since all groups were pre-
pared under the same conditions and the control group with-
out previous light exposure did not show an increased Egr-1
expression. Moreover, a light sensing function of the pineal
organ as described in neonatal rats [41] seems unlikely in young
mice.

A light stimulated increase in Egr-1 expression by light
has already been demonstrated in a variety of tissues in the
central nervous system. Egr-1 was found in the suprachiasmatic
nuclei (SCN) of rats, hamsters and mice where its expression
is induced by photic stimulation during the subjective night
[42-45]. The SCN of the hypothalamus is considered as a cir-
cadian pacemaker. The cell activity within the SCN can be
altered by synchronization of the circadian rhythm to lighting
cycles. However, the function of Egr-1 in this tissue is yet
unknown. In the visual cortex of rats and mice, Egr-1 expres-
sion was found to decrease after several days of dark adapta-
tion. Its expression was rapidly restored to normal levels upon
light exposure. Likewise, Egr-1 expression in the visual cor-
tex can be reduced dramatically by blocking afferent visual
activity by tetrodotoxin [46].

The regulation of Egr-1 expression seems to be similar in
chicks and mice. In chicks, the duration of light exposure in-
fluences ZENK (the avian Egr-1 homolog) expression where
the number of ZENK-expressing amacrine and bipolar cells

varied over the day, increasing after light onset in the morning
and declining over the subsequent hour [14].

Regulation of VIP and Shh transcript levels by light: The
changes of VIP mRNA expression in the mouse retina are simi-
lar to previously found patterns of VIP mRNA in the rat SCN
[47], where expression was low during the day and higher
towards the end of the light period.

VIP is also expressed in the SCN of mice [48] and an
involvement of VIP in circadian rhythmicity has been pro-
posed before. Diurnal regulation of the vasoactive intestinal
peptide [49] and its mRNA [50] in the rat SCN have been
described earlier.

The expression pattern of Shh mRNA strongly resembled
the pattern of VIP mRNA, with an initial decrease followed
by a constant increase towards the end of the light period. The
regulation of Shh mRNA over time has not yet been described
in the mouse eye.

Effects of spatial features in the retinal image on Egr-1
expression:  A link between Egr-1 and image focus was first
described in the chicken where ZENK (Egr-1) is regulated
according to the sign of imposed defocus in a subset of ama-
crine cells [14].

In mice, a significant decrease (32%) of Egr-1 mRNA in
eyes treated with diffusers compared to eyes treated with in-
tensity matched ND filters could be found after a total light
exposure of 6 h, whereof the animals were treated for 30 min
and spent the treatment period in a rotating drum that was
inside covered with a stripe pattern of high contrast. The spe-
cial experimental procedure was designed to circumvent the
heavy increase of Egr-1 mRNA that is usually observed in the
morning when the animals are exposed to light for the first
time after the night cycle. In the afternoon, the Egr-1 mRNA
level is low and it is more likely to detect minor changes that
might be due to the altered visual experience. A reason why
no effect was detected after 15 or 30 min treatment in the
morning might be that the strong light driven increase of Egr-
1 mRNA expression obscured the potentially minor influence
of the image contrast on the Egr-1 expression.

Additionally, Egr-1 protein expression in mice was
downregulated only in a subset of retinal cells (BC and cells
of the GCL) of diffuser treated eyes. Such a subtype specific
regulation was also found in chicks and macaque retina, and
total mRNA extraction might cover most of the cell type spe-
cific effects.

Interestingly, Egr-1 mRNA expression was not affected
by differences in retinal image illumination when the eyes were
bilaterally treated with ND filters, whereas Egr-1 expression
decreased when mice were treated with a diffuser on one eye
and a ND filter on the other eye. Since Egr-1 mRNA expres-
sion is not altered by bilateral ND filter treatment but by uni-
lateral diffuser treatment with similar light attenuation, a con-
tralateral eye effect might be involved.

Altogether, these findings suggest two different visual con-
trols for Egr-1 expression in the mouse retina: (1) light/dark
transitions have a major effect on Egr-1 expression, whereas
absolute differences in retinal illumination play no or only a
minor role and (2) spatial frequency and contrast changes seem
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to have a minor, but significant, influence on both Egr-1 mRNA
and protein expression.

The role of Egr-1 for the visual function of the mouse eye
will be studied in more detail in the future. Acting as a tran-
scription factor, Egr-1 can regulate the expression of a num-
ber of other genes, including growth factors. A role for NGFI-
A (Egr-1) in the regulative mechanisms of retinal plasticity
was already shown in rat [51] and primate [52].

Effects of image quality and retinal illumination on VIP
and Shh mRNA levels:

In the chick, intravitreal injection of porcine VIP led to a
decrease of form deprivation myopia development in a dose
dependent manner [22]. In the mouse, neither visual form dep-
rivation nor changes in retinal illumination did induce changes
in VIP mRNA expression. A reason therefore might be the
relatively short treatment period, since chicks were treated for
longer time periods (8 days). Changes in retinal illumination
did not influence VIP mRNA levels.

Shh mRNA expression was shown to increase in chicks
that develop form deprivation myopia [26]. In the mouse, ex-
pression of Shh mRNA (like VIP mRNA) was not influenced
by deprivation of sharp images, although its regulation was
altered over the day. A reason might again be the short treat-
ment period. Changes in retinal illumination induced by ND
filters did not influence Shh mRNA level, whereas the treat-
ment with black diffusers led to an increased expression, pos-
sibly for the same reasons as described for Egr-1.

Summary:  Among the three genes that were previously
proposed to be involved in the visual control of eye growth in
different animal models, and that were studied here, Egr-1
was most responsive to visual stimulation in the retina of mice.
The retinal expression of Egr-1 mRNA and protein was
strongly regulated by light, and in particular by dark to light
and light to dark transitions. Furthermore, both Egr-1 mRNA
and protein levels seem to be regulated by retinal image qual-
ity with lower expression levels in diffuser treated compared
to the attenuation matched ND filter treated eyes. We there-
fore hypothesize that Egr-1 in mice might be expressed by a
focus sensitive subpopulation of retinal neurons, that could be
analog to the glucagonergic amacrine cells in chicks and
GAD65-immunoreactive cells in the macaque retina. It nev-
ertheless remains unclear, whether Egr-1 modulates eye growth
and refractive development in mice and further studies are
necessary to understand the role of Egr-1 in the murine retina.

VIP and Shh mRNA concentrations were also regulated
by light and the time of day but none of those two genes was
influenced by changes in retinal image quality. It could well
be that they are, in fact, not influenced by form deprivation,
or that the treatment periods were too short, or that the illumi-
nation during the experiments was too low.
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