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Figure 5. Distribution of rhodopsin
relative to egr-1-d2EGFP transgene
expression. Representative
fluorescence microscopic images of
transverse sections of adult rat retina
showing detection of total cells (DAPI
staining), and immunoreactivities for
d2EGFP (green fluorescent protein,
GFP) and rhodopsin. Animals were
killed at 24:00 h. A: Low magnification
image showing the massive abundance
of rhodopsin protein in the outer
segment (OS) region that obscures
visualization of (OS) GFP. Note that
exposure of the “red” fluorescence
signal is minimized in this image
(relative to B and E) such that the much
lower level of thodopsin fluorescence in
the ONL is not detectable. Bar=50 um.
B-E. Relative expression of rhodopsin
and GFP across the ONL; note the
relative abundance of GFP in the inner
zone of the ONL, which is indicated by
a bracket (}), whereas rhodopsin is
expressed at similar abundance across
the extent of the ONL. Bar=20 um.
Abbreviations: OS, photoreceptor outer
segment; IS, photoreceptor inner
segment; ONL, outer nuclear layer;
INL, inner nuclear layer; GCL, ganglion
cell layer.

retinal organization and the phenomenon of cellular filling by
GFP protein; GFP, unlike Egr-1, is not restricted to
the nucleus and is consequently transported throughout the
cell, filling the extended photoreceptor elements. Robust and
extensive expression of a destabilized fluorescent protein in
rat photoreceptors may provide for several downstream
applications (see next section). The observed pattern of
transgene expression, primarily within the ONL, is in accord
both with previous studies that have localized darkness-
related transcription factor mRNA expression to this retinal
layer [17]and also with the localization of endogenous Egr-1
(present study). Additional sites of transgene expression
within subpopulations of INL (presumed amacrine) and GCL
cells are also in accord with previous studies that have
demonstrated Egr-1 expression within these cell groups (e.g.,
[14]). The relatively low abundance and occurrence of INL

and GCL expression would appear to relate to sampling time
because it has been demonstrated that in the mouse retina, at
least, relatively few INL and GCL Egr-1-positive are observed
at time points beyond 4 h after lights-on [14]. Nevertheless,
transgene expression in these minor cellular populations (that
co-localizes with Egr-1) together with the abundant
(darkness-dependent) ONL expression strongly indicates that
the egr-1 genomic sequences present in our transgene are
sufficient to direct a high fidelity level of cell-specific and
inducible expression. This conclusion, derived from retinal
analysis, is also supported by our previous studies on this
transgenic model that investigated postnatal brain
development and glial cell expression [10,18].

Identification of rhythmically distinct outer nuclear layer
zones: A second unexpected and interesting finding of the
present study, revealed due to the clarity of transgene
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expression, is the presence of inner and outer zones within the
ONL that are distinct with respect to rhythmic GFP
expression. These anatomic zones are not artifacts of
transgene integration because they were observed in three
independent transgenic lines, and moreover were confirmed,
albeit at lower resolution, with Egr-1 immunohistochemistry.
Through comparison with rhodopsin immunoreactivity it was
also shown that the inner and outer zones of GFP expression
represent two subpopulations of rod photoreceptor cells.
Differential gene expression across the ONL rod population
has not been well documented. Some examples are apparent
in the in the data of Blackshaw et al. [19]. In the latter study,
in situ hybridization analysis revealed differential expression
of mRNAs across the ONL; for example, gene 29794 (Y box
bp3) is expressed uniformly across the ONL layer, whereas
gene 70121 (EST/novel CaBP) is restricted to an inner region
ofthe ONL. Recently, another study demonstrated differential
ONL expression of the chromatin protein Hmgb1 [20]. The
latter finding is of note because differential expression of this
nonhistone “architectural” chromatin protein may influence
the expression of many photoreceptor genes. Further studies
are required, first to broaden our knowledge of differential
ONL gene expression, and second to investigate how these
patterns of expression are influenced by the circadian clock.
Our previous study [7] demonstrated that the darkness-
dependent induction of Egr-1 in the rat retina is gated in a
circadian manner but it is not known whether this temporal
regulation is directly mediated by an intrinsic retinal circadian
clock. Recent studies in the rat have localized a self-sustaining
circadian pacemaker to the photoreceptor (ONL) layer [21],
although it is clear that additional retinal circadian
pacemakers exist in other (non-ONL) retinal cell groups in
mammals [22,23]. It is currently not known whether there are
subpopulations of “clock” and “non-clock” cells within the
ONL, nor whether such an organization could mediate, to
some extent, the differential rhythmic expression of ONL
GFP/Egr-1 observed in the present study. Another identified
circadian clock output gene in the ONL is 44-NAT, which
encodes the penultimate enzyme in the melatonin synthesis
pathway, a neurohormone that is produced in both the pineal
gland and retina [24]. Previous studies have provided
evidence of a rhythm in 44-NAT mRNA expression that is
restricted to the outer zone of the ONL [25,26], although it
should be noted that other studies have questioned this
restriction [27]. Further analysis of these clock-impinged
ONL genes should be of value in uncovering any inner/outer
zone organization of the ONL circadian clock.
The functional role of Egr-1 in rod cells: In addition to
questioning the mechanisms that regulate rhythmicity of
Egr-1 in the ONL, the present study has also drawn attention
to the extensive expression of darkness-related Egr-1 and its
potential role in retinal function. A dramatic induction of
egr-1 following the onset of darkness was first demonstrated
in the mouse [9] and is therefore conserved across rodent
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species. Our previous work [7] has shown that although the
nocturnal induction of Egr-1 in the rat retina is “gated” in a
circadian manner, the magnitude of gene induction is largely
darkness-dependent, and would therefore appear to be an
adaptive correlate of this environmental state. Consequently,
Egr-1 could not be considered a directly “clock-controlled
gene” in this system. The physiologic role of egr-1 within
photoreceptor cells of the ONL remains unknown and must
be considered separately from a distinct role within light and
image processing, for example in a smaller population of
amacrine cells of the INL (e.g., [14]). The extensive
expression of Egr-1 along the ONL suggests a general
function—for example, within the renewal of outer segment
disks that is rhythmically organized in rod cells [28]. Egr-1
exerts multiple actions in a diversity of central and peripheral
systems [10,29]. A previous study has shown that the central
(suprachiasmatic nucleus-related) circadian system is
functionally intact in egr-/ knockout mice [30], but so far as
we are aware, retinal physiology has not been examined in
these mice.

The novel transgenic rat model of retinal gene expression
that is described here will be valuable in future studies of
Egr-1 and also other aspects of photoreceptor biology. Our
model is useful because it recapitulates both anatomic and
temporal specificity of expression. Temporal specificity is
largely maintained because we have used a destabilized
fluorescent protein (d2EGFP) that incorporates a PEST
sequence (sequence incorporating a high concentration of
amino acids proline (P), glutamic acid (E), serine (S) and
threonine (T)) derived from the ornithine decarboxylase
protein, targeting this chimeric protein for rapid degradation.
The resultant 2 h half-life of Q2EGFP is similar to that of Egr-1
[31]. The dynamics of GFP expression that we have monitored
in the present study do not exactly match that of the
endogenous Egr-1 protein—for example GFP-positive cells
are detected in the ONL at 18:00 h whereas Egr-1 is not, at
least using the current detection protocol. However, the
upregulation at 24:00 h, centered in the inner zone of the ONL,
is similar for the two proteins (Figure 4D). Temporal
differences in apparent expression probably result from a
combination of two main factors: 1) extensive extranuclear
GFP expression that expands apparent expression and
provides a range of different cellular environments for
degradation; and 2) the suboptimal detection of Egr-1 (in the
ONL) using the currently available reagents. An aspect of
retinal pathology that may benefit from application of the
egr-1-d2EGFP model is the study of light-induced retinopathy
(e.g., [32]). We have observed (unpublished results) massive
ONL cell loss in rats exposed to continuous lighting for a
period of weeks, a pathological phenomenon that was directly
monitored by GFP fluorescence detection. The presence of an
inherently fluorescent molecule in photoreceptor cell
populations can also be applied to cell sorting technologies
including FACS; the use of RNA amplification should make
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it possible to derive cellular transcriptomes from sorted cell
populations [33]. With respect to the rhythm of Egr-1 studied
here, these approaches may lead to the identification of Egr-1
target genes in  photoreceptors, and  ultimately
characterization of Egr-1 function in photoreceptors.

In conclusion, we have used a novel transgenic rat model
to provide insights into the darkness-related expression of the
transcription factor Egr-1 in photoreceptor cells of the rat
ONL. Our findings, together with those of another recent
study [20], have provided evidence of gene expression
variation between different subpopulations of rod
photoreceptor cells and also of differences in rhythmic
expression in these populations. Future studies of the retinal
transcriptome and its regulation by circadian clock
mechanisms should take account of these variations in cellular
phenotype.
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