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Abstract The retinal circadian clock is crucial for opti-
mal regulation of retinal physiology and function, yet its
cellular location in mammals is still controversial. We used
laser microdissection to investigate the circadian profiles
and phase relations of clock gene expression and Period
gene induction by light in the isolated outer (rods/cones)
and inner (inner nuclear and ganglion cell layers) regions
in wild-type and melanopsin-knockout (Opn;’~) mouse
retinas. In the wild-type mouse, all clock genes are rhyth-
mically expressed in the photoreceptor layer but not in the
inner retina. For clock genes that are rhythmic in both reti-
nal compartments, the circadian profiles are out of phase.
These results are consistent with the view that photorecep-
tors are a potential site of circadian rhythm generation. In
mice lacking melanopsin, we found an unexpected loss of
clock gene rhythms and of the photic induction of Perl-
Per2 mRNAs only in the outer retina. Since melanopsin
ganglion cells are known to provide a feed-back signal-
ling pathway for photic information to dopaminergic cells,
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we further examined dopamine (DA) synthesis in Opn;”’~
mice. The lack of melanopsin prevented the light-depend-
ent increase of tyrosine hydroxylase (TH) mRNA and of
DA and, in constant darkness, led to comparatively high
levels of both components. These results suggest that mel-
anopsin is required for molecular clock function and DA
regulation in the retina, and that Period gene induction by
light is mediated by a melanopsin-dependent, DA-driven
signal acting on retinal photoreceptors.

Keywords Clock genes - Photoreceptor - Dopamine -
ipRGC
Introduction

The mammalian retina contains a circadian clock that con-
trols a broad range of temporal retinal physiology, includ-
ing photoreceptor disc shedding and phagocytosis [1, 2],
expression of immediate early genes and visual photopig-
ments [3, 4], N-acetyltransferase expression, dopamine/
melatonin synthesis [5-8], circadian gene and clock gene
expression [9-11] and visual processing [10, 12, 13]. The
retinal clock generates molecular circadian rhythms inde-
pendent of the master clock of the suprachiasmatic nucleus
(SCN; [9, 10, 14, 15]) through cell-autonomous autoregula-
tory transcriptional/translational feedback loops composed
of several clock genes, including Perl, Per2, Clock, Bmall,
Cryl, Cry2, Reverba and Rorp and their protein products
[16, 17].

The presence of an endogenous clock in the retina was
first described in Xenopus laevis [18] and subsequently
in fish [19], reptiles [20], birds [3] and mammals [5, 21].
In contrast to the amphibian retina, in which photorecep-
tors are cell-autonomous circadian oscillators [22, 23] that
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mediate rhythmic melatonin release [24], in mammals, the
cellular location of the circadian clock is still controversial,
and widespread clock gene expression has been found in
different retinal neurons. In rodents, clock genes are widely
expressed in the inner nuclear (INL) and ganglion cell
(GCL) layers [9, 25-29]. Ruan et al. [9], using real time
RT-PCR, have shown that several neurons of the inner ret-
ina coordinately express six core clock genes whereas rod
photoreceptors do not, and in cultured rd mouse retinas, the
circadian rhythm of PER2::LUC is sustained. Although this
suggests the absence a circadian clock in the outer retina,
other studies have confirmed that photoreceptors contain
clock genes [11, 26, 27] that are rhythmically expressed
in the isolated photoreceptor layer [11, 30, 31]. Further-
more, Tosini et al. [11] found that the isolated photorecep-
tors contain a functional clock involved in the regulation
of melatonin synthesis. A recent study by Liu et al. [32]
demonstrated circadian rhythms of clock proteins in several
classes of inner and outer retinal neurons including cones,
but nevertheless observed disparities in their temporal pro-
files. Taken together, these studies suggest distinct cellular
clocks in the mammalian retina.

Light acting through retinal photoreceptors resets the
retinal circadian clock and exerts acute effects on clock-
controlled functions [15, 33, 34], but it is unknown whether
photopigment deletion impacts on the molecular function
of the clock. Intrinsically, photosensitive melanopsin reti-
nal ganglion cells (ipRGCs) participate in several aspects
of retinal function, including the circadian regulation of
the light-adapted ERG, a function that has been proposed
to be mediated by the upregulation of dopamine (DA) by
light and/or by the circadian clock [13, 35]. Indeed, retina-
specific Bmall clock gene-deficient mice display a similar
phenotype of altered light-adapted circadian ERG [10].
ipRGCs are functionally and synaptically connected to
dopaminergic (DAergic) amacrine cells [36-38], and play
a crucial role as an intraretinal retrograde pathway, provid-
ing excitatory sustained light responses to DAergic neu-
rons [12, 39]. In turn, DA signalling is implicated in many
aspects of retinal neuromodulation, mediation of light
responsiveness, and clock gene regulation [33].

We thus used laser microdissection to investigate the
circadian profiles and phase relations of clock gene expres-
sion and Period gene induction by light in the isolated outer
(rods and cones) and inner (INL plus GCL) regions in wild-
type and melanopsin-knockout (Opn;’~) mouse retinas. In
addition, we examined the role of melanopsin in the regula-
tion of tyrosine-hydroxylase (TH) mRNA expression, the
key enzyme in DA synthesis, and DA content. We found
that melanopsin is essential for circadian retinal function
since invalidation of this photopigment leads to an increase
in retinal DA coupled with the loss of circadian clock gene
expression and light induction of Per/ and Per2 in the outer
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retina. Furthermore, the light-induced increase in TH activ-
ity and DA synthesis are absent in the Opn;/ ~ mouse.

Materials and methods
Animals

Male C57BI6 wild-type and Opn,”~ mice between 6 and
8 weeks of age were used. Animals were housed in plexi-
glass cages under a 12-h light/12-h dark cycle (12L/12D,
light intensity around 200 lux), with food and water ad libi-
tum. All treatment of animals was in strict accordance with
current national and international regulations on animal
care, housing, breeding and experimentation.

Laser capture microdissection of the inner and outer retina

Circadian expression of clock and clock-controlled genes
and light induction of Perl and Per2 in the inner and outer
retina  Adult wild-type and Opn;/ ~ male mice (n = 18
of each genotype) were initially maintained for 2 weeks
under a 12L/12D cycle with broad-band white light. Sub-
sequently, animals were kept under constant dark (DD)
conditions. To quantify circadian expression of clock genes
and clock-controlled genes, eyes were collected during
the first circadian cycle every 4 h (CTO, CT4, CTS, CT12,
CT16 and CT20). To analyse Perl and Per2 induction by
light, a single pulse of monochromatic light (480 nm) of
constant duration and irradiance (15 min, 2.8 x 10" pho-
tons/cm?/s) was administered at CT16 (first day in DD).
Animals were sacrificed 30 min after the beginning of the
light pulse (n = 5 for each genotype). In both cases, eyes
were embedded in OCT (Tissue-Tek), frozen on dry ice,
and stored at —80 C. All dissections during the dark phase
were carried out under dim red light.

Laser capture microdissection  Frozen eyes were cut at
12-pm thickness and mounted on uncharged glass slides.
The frozen sections were thawed for 30 s and were dehy-
drated in graded ethanol solutions (75, 95, 100 %) of 30 s
each. Then, the sections were cleared in three successive
baths of xylene (respectively, 3, 3 and 5 min). The slides
were kept in a vacuum desiccator for a minimum of 10 min.
In order to isolate the outer compartment (outer nuclear
layer) of the retina from the inner compartment (INL plus
GCL) in a contact- and contamination-free manner, the
PixCell II laser capture microdissection system (LCM;
Arcturus Engineering) was used. Laser capture was per-
formed by separately lifting these two compartments onto
HS-CapSure noncontact laser capture microdissection film.
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Fig. 1 The isolation of inner from outer microdissected samples was
evaluated by using specific markers to control for the absence of A
tyrosine-hydroxylase (TH, 235 bp) transcript in the outer retina, and B
of rhodopsin (179 bp) transcript in the inner retina by RT-PCR. Aga-
rose gel electrophoresis of the transcript amplification products show
that rhopdopsin transcripts are amplified from photoreceptor samples,
whereas TH is not, and the inverse was found for TH transcripts in
the inner retina for wild-type and Opn;”~ mouse at all circadian times
(CT)0,4,8,12, 16 and 20

After visual control of the completeness of laser micro-
dissection (caps control), the captured tissue is lysed with
buffer RLT (Qiagen Rneasy Micro Kit). We evaluated the
isolation of the inner from outer microdissected samples by
using specific markers to control for the absence of tyros-
ine-hydroxylase (TH, 235 bp) in the outer retina and of
middle-wavelength (MW, 143 bp, results not shown) opsin
and rhodopsin(179 bp) in the inner retina (Fig. 1). Results
in Fig. 1B show that rhopdopsin transcripts are amplified
from photoreceptor samples, whereas TH is not, and the
inverse was found for TH transcripts in the inner retina
(Fig. 1A) for wild-type and Opn;”~ mouse at all circadian
times (CT) 0, 4, 8, 12, 16 and 20.

RNA extraction and amplification of the inner and outer
retina samples RNA was isolated on silica-based col-
umns, DNase I-digested and eluted with water, using RNe-
asy Micro Kit following the manufacturer’s instructions
(Qiagen, France). RNA qualities were assessed on an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, USA); RNA
was prepared from microdissected assays have a RIN >8
(RNA integrity number). Samples (10 ng of RNA) were
amplified using ExpressArt mRNA linear amplification
Nano kit (Amp Tec-Exilone, France), using the manufac-
turer’s protocol. Reverse transcription of amplified RNA

was performed with a iScript cDNA Synthesis Kit (Bio-
Rad, France). cDNA synthesis was carried out from 1 pg
amplified cRNA.

Whole retina sampling

Circadian expression and light induction of tyros-
ine-hydroxylase mRNA in the retina of wild-type and
Opn;/ ~ mice Mice were exposed to a 12L/12D cycle for
15 days (n = 5 for each genotype). Subsequently, animals
were kept under DD conditions. For circadian expression
of TH, pools of two retinas from the same animal were
directly collected at CTO and CT12 during the first circa-
dian cycle in DD. To analyse TH mRNA induction by light,
a single pulse of monochromatic light (480 nm, 15 min,
2.8 x 10" photons/cm?/s) was administered at CT16. Ani-
mals were sacrificed 30 min after the beginning of the light
pulse (n = 5 for each genotype). Pools of two retinas from
the same animal were directly collected. In the two experi-
ments, retinas were frozen on dry ice and stored at —80 °C
until RNA extraction and quantification.

Circadian expression and SW-, MW- and rhodopsin mRNA
in the retina of wild-type and Opn;/ ~ mice To quantify
circadian expression of middle-wavelength (MW) and
short-wavelength (SW) opsins and rhodopsin, we main-
tained adult wild-type and Opn;’~ male mice (n = 24 of
each genotype) for 2 weeks under a 12L/12D cycle with
broad-band white light. Animals were then kept for one
cycle under DD conditions and euthanized during the first
circadian cycle every 4 h (CTO, CT4, CT8, CT12, CT16
and CT20). Pooled retinas from the same animal were
directly collected under dim red light, frozen on dry ice and
stored at —80 °C.

RNA extraction

Total RNA was extracted using Trizol reagent (Invitro-
gen) according to the manufacturer’s instructions and sub-
sequently subjected to DNase digestion. Total RNAs was
reverse transcribed using random primers and MMLV
Reverse Transcriptase (Invitrogen).

Real-time RT-PCR
Real-time PCR was then performed on a LightCycler™
system (Roche Diagnostics) using the light Cycler-DNA

Master SYBR Green I mix. The efficiency and the speci-
ficity of the amplification were controlled by generating
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standard curves and carrying out melting curves and aga-
rose gels of the amplicons, respectively. Relative tran-
script levels of each gene were calculated using the second
derivative maximum values from the linear regression of
cycle number versus log concentration of the amplified
gene. Amplification of the non cycling control gene HPRT
was used for normalization. Primer sequences were the
following: Perl sens, GCGTTGCAAACGGGATGGT
and reverse, GAACCTGCAGAGGTGCCAG; Per2 sens,
CCACACTTGCCTCCGAAATA and reverse ACTGCCTC
TGGACTGGAAGA,; Per3 sens, CAGTGGCAGAGACGTG
CGT and reverse GACACTGTCGATACAGTTCAT; Clock
sens, GTT TGA TCA CAG CCC AAC TC and reverse CTC
CGC TGT GTC ATC TTT TC; Bmall sens, CTCAGCT-
GCCTCGTTGCAAT and reverse GCTGTCGCCCTCTG
ATCTAC; Cryl sens GCCAGCTGATGTATTTCCCAG and
reverse CGCCAGCCTCAGTAGCCAG; Cry2 sens, GAGA-
GACCTCGGATGAATGC and reverse CTCGCCACAG-
GAGTTGTCCA; Reverba sens, GCTCCATCGTTCGCAT
CAAT and reverse CTAGAGGGCACAGGCTGCT; Rorp
sens, GCG AGC ACA AAT TGA AGT GA and reverse
AAC GGT TCC TGT TGG TTC TG; E4Bp4 sens, CGG
AAG TTG CAT CTC AGT CA and reverse GCA AAG
CTC TCC AAC TCC AC; Dbp sens, CGTGGAGGT-
GCTAATGACCT and reverse CGGCTCCAGTACTTCT-
CATC; HPRT sens, ATCAGTCAACGGGGGACATA and
reverse AGAGGTCCTTTTCACCAGCA. For the target
genes, primer sequences are the following; TH sens, GAA-
GGGCCTCTATGCTACCC and reverse GGCATGACG-
GATGTACTGTG SW sens, GCCCAGACGTGTTCAGCG
and reverse, GACCATCACCACCACCAT; MW sens, GCT-
GCATCTTCCCACTCAG and reverse GACCATCAC-
CACCACCAT; Rhodopsin sens, GCCACCACTCAGAA-
GGCAG and reverse GATGGAAGAGCTCTTAGCAAAG.

Biochemistry

Adult wild-type and Opn;’~ male mice (n = 9-11 for each
genotype) were initially maintained for 2 weeks under a
12L/12D cycle with broad-band white light. Subsequently,
animals were kept under DD conditions and euthanized
during the first circadian cycle in DD at CTO and CT12. To
analyse DA induction by light, a single pulse of monochro-
matic light (480 nm, 15 min, 2.8 X 10" photons/cmzls)
was administered at CT16. Animals were sacrificed 30 min
after the beginning of the light pulse (n = 7-10 for each
genotype and for dark- and light-stimulated conditions).
For quantification of circadian and light induction of DA,
pools of two retinas from the same animal were collected
under dim red light, frozen on dry ice and stored at —80 °C
until analyses. Retinas were homogenised by sonication
in 60 pl buffered perchloric acid 0.1 M, and centrifuged
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at 4 °C, 10.000 rpm for 15 min. The supernatants were
injected into the HPLC separation system (column Spher-
iSorb RP18-5UM, mobile phase 50 mM KH,PO,, 15 mg/ml
EDTA-Na, 0.26 mM sodium octyle sulphate, methanol
8 %, adjusted to pH 4.5, flow rate 0.3 ml/min). DA and
DOPAC peaks were identified based on retention time, and
concentrations were estimated by rationing areas of each
substance and their respective external standard (analyti-
cal software AZUR; Datalys, St Martin d’Heres, France).
DA and DOPAC concentrations were expressed as pg/mg
tissue.

Statistical analysis

A one-way ANOVA was used to determine the presence
of significantly different gene expression between time
points in DD. If significant differences were found, a Stu-
dent-Newman—Keuls test for multiple comparisons was
performed.

To evaluate rhythmicity in gene expression, the data
were modelled using R software [40] by estimating the
mesor (M midline estimating statistic of rhythm), ampli-
tude A (difference between minimum and maximum of fit-
ted function), and acrophase ¢ (in hours: time of maximum
in fitted function) of the best fitting sine-wave of the 24-h
period, by least squares using the equation.

log (y;) = M 4 Acos(2r(t; 4+ ¢)/24) (1)

where y; is the ith expression value measured at time ¢; in
hours. A log transformation of the expression values was
chosen as the Box—Cox transformation that maximised the
profile likelihood function [41, 42]. To facilitate the fit-
ting procedure and estimation of the standard errors of the
parameters, Eq. 1 can be re-written as a linear model in
which we estimate linear coefficients,

log (v;) = Bo + Bisin (2xt; /24) + Brcos(2mt; /24) )

where M = B,, A = \/(,31 + Byp) and ¢ = (24/2n
tan~'(8,/B,). The standard errors for the parameters of
Eq. 1 can be estimated from the standard errors of the
parameters of Eq. 2 using the Delta method [43]. The
standard errors were used to estimate confidence intervals
for each parameter assuming normality. This model was
directly applied to compare different groups (wild-type and
Opn;’~ knockout mice). To gain sensitivity in the estimates
for experiments in which samples were obtained from two
sites (inner and outer retinas) in the same retina (wild-type
or Opn;/ ~ knockout mice), we treated them as matched
pairs and analyzed the differences in the logarithms of
expression. A p value for the rejection of the zero amplitude
assumption (i.e. no rhythm) was calculated, with rhythm
detection considered statistically significant at p < 0.05.
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Results

Amplitude and phase relationships of clock
and clock-controlled gene expression in the inner
and outer layers of the wild-type mouse retina

As a first step to characterize the circadian clock in the
retina of the wild-type mouse, circadian profiles of clock
genes (Perl-3, Clock, Bmall, Cryl-2, Reverba and Rorp)
and clock-controlled genes (Dbp, E,Bp,) were analysed
in the microdissected inner (INL + GCL) and outer
(ONL) layers (Fig. 2A). We found that all clock genes
and clock-controlled genes examined were expressed in
both inner and outer layers (Fig. 2B). In the outer photo-
receptor retina, all clock genes and clock-controlled genes
(except Per3) showed circadian variations of transcript
levels under a DD cycle (10 of 11 genes tested), whereas
in the inner retina, Per3, Bmall, Cryl-2 and Reverbo did
not show a significant 24-h rhythmic component (test of
amplitude 0; p > 0.05; 6 of 11 genes tested). No signifi-
cant differences were observed in the amplitudes (differ-
ence between minimum and maximum of fitted cosine
function) of the expression of rhythmic genes in the inner
or outer retinas. In contrast, for all six clock and clock-
controlled genes that showed a circadian profile, the phase
of mRNA expression differed in the inner and outer retina
of the wild-type mouse (Table 1; Fig. 3) with the exception
of Clock.

Loss of circadian expression of clock and clock-controlled
genes in the photoreceptor layer in the Opn;’~ mouse

To assess whether melanopsin is required for the genera-
tion of endogenous circadian rhythms of clock and clock-
controlled genes, we quantified the temporal patterns of
expression in the inner and outer retinas of the Opn,”~
mouse (Fig. 4A). We found that in the inner retina the
expression of the majority of genes were unaffected (see
Table 1). The circadian expression of Perl and the clock-
controlled gene Rorf that were rhythmic in the wild-type
mouse became arrhythmic in the Opn,’~ mouse (test of
amplitude 0: p > 0.05), whereas Bmall and Cry2 that
were arrhythmic in the wild-type mouse were rhythmic
in the Opn4_/_ mouse (test of amplitude; 0 p < 0.05;
see also Fig. 4B). In contrast, all genes (excepting Perl
and Clock) in the outer retina of the wild-type mouse
that present a significant circadian rhythm lacked circa-
dian rhythmicity in the Opn;’~ mouse (8 of 11 genes).
Figure 4B presents a schematic summary of clock and
clock-controlled genes that show a significant circadian
expression in the inner and outer retina in the wild-type
mouse and the impact of melanopsin deletion on their
rhythmic expression.

Altered light induction of Perl and Per2 in the outer retina
in the Opn;”~ mouse

Our results clearly show that, paradoxically, melanopsin
is necessary for the maintenance of circadian clock gene
expression in the outer retina. In order to further assess
whether melanopsin is required for light-induced clock
gene expression in the retina, a 480-nm monochromatic
light pulse was applied at CT16 (15 min) to wild-type and
Opn;/ ~ mice. In the wild-type mouse, Per! and Per2 were
significantly induced in both the inner and outer retinal
compartments in comparison to dark controls (Fig. 4A).
However, in the Opn;/ ~ mouse, both clock genes are
induced in the inner but not in the outer retina. Since light
transduction is mediated by rods, cones and melanopsin,
the alteration in the response to light in the outer retina of
the Opn;/~ mouse could result from an indirect effect on
outer retinal opsin gene expression. Indeed, retinal photo-
pigment deletion (mutation, transgene) can affect transcrip-
tional regulation of conserved photopigments [44, 45]. This
hypothesis was tested by analysing circadian expression of
middle- and short-wavelength (MW and SW) opsins and
rhodopsin in both genotypes (Fig. 5B). No differences in
any opsin gene transcripts (MW, SW and rhodopsin) were
found between genotypes for all circadian times suggest-
ing that the deficit in the light-response of the outer retina
is not due to down-regulation of cone or rod opsin mRNA
that remains unchanged.

Alteration of TH and DA expression in the Opn;’~ mouse

We then explored the hypothesis that in the Opn;’~ mouse
the loss of circadian rhythmicity of clock and clock-con-
trolled genes exclusively in the outer retina results from dis-
rupted DA signalling to the outer retina. This hypothesis is
suggested by the excitatory influence of ipRGCs on DAergic
amacrine cells [12, 39] and the role of DA on the regulation
of clock gene expression in both the retina [33, 46] and the
striatum [47]. We thus examined the effect of the absence of
melanopsin on TH mRNA expression and found that, in DD
conditions, the relative quantity of TH mRNA is significantly
increased at CTO (p = 0.00018) in the Opn;’~ mouse com-
pared to the wild-type mouse, whereas at CT12 both mouse
strains show equivalent expression (Fig. 6A; p = 0.35).

We then tested whether, in the absence of melanop-
sin, the increase in TH transcript at CTO also induced an
increase in the retinal level of DA. In the Opn;’ mouse DA
and its main metabolite, 3,4-dihydroxyphenylacetic acid
(DOPAC) contents were significantly increased (Fig. 6A;
p = 0.037 for DA and p = 0.022 for DOPAC) at CTO,
whereas DA and DOPAC concentrations were similar at
CT12 in both genotypes. The DOPAC:DA ratio, which is
a reliable indicator of DA metabolism, are similar in the
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CT time (hr)

Fig. 2 A Photomicrographs of a retinal section of wild-type mouse
a before and after laser microdissection of the b inner region (IN) of
the retina [including the inner nuclear (INL) + ganglion cell (GCL)
layers] and the (c) outer region (ON) which includes the outer nuclear
layer (ONL). d Photograph of the captured cell layers onto CapSure™
HS non-contact LCM film. B Circadian expression of clock genes
(Perl-3, Clock, Bmall, Cryl-2, Reverba and Rorf) and clock-con-
trolled genes (Dbp, E,Bp,) in the inner (IN) and the outer (ON) retinas
of wild-type mouse (n = 18). Mice were exposed to a 12L/12D cycle
for 15 days before being released into constant darkness (DD) for one

two genotypes (data not shown). Previous studies have also
shown that TH up-regulation and DA release are increased
by light in the wild-type mouse [48]. We confirmed that,
following a 480-nm monochromatic light exposure, TH
mRNA (p < 0.01) and DA (p < 0.05) are significantly
upregulated in the wild-type mouse; however, this was not
observed in the Opn;’~ mouse (Fig. 6B).
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cycle. Animals were euthanized during the next circadian cycle, every
4 h (CTO, CT4, CTS8, CT12, CT16 and CT20). The inner and the
outer regions of the retina were isolated by laser microdissection and
mRNA levels were measured using real-time reverse transcription-
polymerase chain reaction. Results are expressed as mean + SEM
(n = 3 for each CT). Data from CTO are double-plotted at CT24. Con-
tinuous (IN retina) and dashed (ON retina) lines represent the periodic
sinusoidal functions determined by cosinor analysis. Only periodic
sinusoidal functions with amplitude significantly different from zero
are represented (p < 0.05; zero amplitude test)

Discussion

Mouse photoreceptors are a potential site of endogenous
circadian rhythm generation

Based on molecular and physiological data from amphib-
ian and avian retinas, the prevailing view of the circadian
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Table 1 Acrophase (£SD) of mRNA levels of clock and clock-controlled genes in the inner and outer retina, dissected by laser microdissection
in the wild-type and Opn;’~ mouse

Acrophase (h)

—/—

WT Opny

Gene Inner retina Outer retina Inner retina Outer retina
Perl 1223 £ 1.32 23.55 £ 0.70* - 19.92 £ 1.50
Per2 10.13 £ 1.92 17.27 £ 1.23* 22.49 + 1.57 -

Per3 - - - -

Clock 9.55+1.36 10.42 + 1.53 NS 20.56 + 0.95 13.33 4 2.00%
Bmall - 53 +£2.15 17.63 + 1.66 -

Cryl - 126 £1.13 - -

Cry2 - 20.12 £ 1.10 6.33 £2.08 -
Reverba - 6.13 + 1.75 - -

Rorp 1.71 £ 1.97 14.50 £ 1.50* - -

Dbp 6.62 £2.01 1.96 + 1.23* 11.91 £ 1.45 -
E,Bp, 17.53 +£ 1.66 6.79 £ 1.58* 295+ 1.42 -

Acrophase value is determined using cosinor analysis and test of amplitude O to assess goodness of fit. Only rhythms with a significant value
are shown. In the wild-type mouse, for all the genes that present significant circadian expression in both the inner and the outer retina, the acro-
phases are significantly different between the two regions, with the exception of Clock; * p < 0.05

In the Opn;”~ mouse, only Clock presents a significant circadian expression in both the inner and the outer retina with an acrophase signifi-

cantly different between both regions; * p < 0.05

O+ ON —— O | Pert
—— Oy Per2

b b oo Clock

b Bmalt
O Cryl
-4 Cry2

1O Reverb o

——i O Ror
peeeOreel ——i Dbp

Fo-Oeel ——i E Bp,

-2 0 2 4 6 8 1012 14 16 18 20 22 24 26
Phase (hr)

Fig.3 Comparison of the phase of mRNA expression for clock
genes (Perl-2, Clock, Bmall, Cryl-2, Reverba and Rorp) and clock-
controlled genes (Dbp, E,Bp,) in the inner (IN, black diamond) and
outer (ON, white diamond) retina in the wild-type mouse. Acrophase
(peak of best-fitting 24 h cosine) +95 % confidence limits is shown.
Only genes with rhythm detection considered statistically significant
(p < 0.05; zero amplitude test) were represented. Horizontal grey
shade indicates genes that do not present significant circadian expres-
sion in the inner retina (Bmall, Cryl-2 and Reverba)

organization of the vertebrate retina is that photorecep-
tors contain self-sustained circadian clocks [23, 24]. In the
mammalian retina, the existence of more than one clock has
been proposed [49, 50] based on the regional expression of

clock genes-clock proteins in the inner nuclear/ganglion
cell layers or in the photoreceptors [9, 25-28, 31, 32].

In this study, we examined the endogenous rhythmic-
ity of clock genes in the wild-type mouse retina dissected
separately into inner and outer compartments by laser
microdissection. This ex vivo approach is essential to
understand retinal clock organisation, since the cellular
diversity in the mouse retina renders the analysis of the
circadian clock at the whole tissue level problematic [51].
Our results show that all core clock genes are expressed in
both inner and outer retina, indicating that neurons with
the requisite molecular components for circadian pace-
makers are present among the major classes of retinal neu-
rons. However, a circadian rhythm of all clock genes was
only observed in the photoreceptor layer. Furthermore, for
clock genes that show a circadian profile of expression
in both inner and outer compartments, the rhythms are
out of phase. These results, in agreement with previous
laser-dissection and in vitro studies [11, 31], support the
view that in the wild-type retina, photoreceptors express
endogenous circadian rhythms. A recent study provides
evidence that the circadian expression of clock proteins is
observed in cones rather than in rods [32], lending sup-
port to previous studies that failed to detect core clock
genes in rods [9, 29]. One limitation of these in vivo or ex
vivo approaches is the difficulty in determining whether
the observed rhythm is an autonomous property of the
photoreceptor layer itself, or is driven by factors originat-
ing elsewhere in the retina.
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In the inner retina, the identification of autonomous cel-
lular clocks suffers from similar limitations. The presence
of several clock genes or proteins has been documented in
the inner retina in several studies [9, 25-29, 32], as well
as the coordinate expression of six core clock genes, in

@ Springer

particular in DAergic amacrine cells [9, 29]. These clock
genes transcripts express circadian rhythms in cultured
photoreceptor-deficient isolated retinas and in vertical
retinal slice cultures, with PER2::LUC rhythms predomi-
nantly localized in the INL [9, 15]. Since the inner retina
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«Fig. 4 A Circadian expression of clock genes (Perl-3, Clock, Bmall,
Cryl-2, Reverba and Rorf) and clock-controlled genes (Dbp, E Bp,)
in the inner (IN) and the outer (ON) retinas of wild-type and Opn;/ -
mouse. Data from the wild-type mouse presented in this figure are the
same as shown in Fig. 2. Eyes were collected every 4 h (CTO, CT4,
CTS, CT12, CT16 and CT20). The inner and the outer regions of the
retina were isolated by laser microdissection and mRNA levels were
quantified using real-time reverse transcription-polymerase chain
reaction. Results are expressed as mean == SEM (n = 3 for each CT
and each genotype). Data from CTO are double-plotted at CT24. Con-
tinuous (wild-type) and dashed (Opny’~) lines represent the periodic
sinusoidal functions determined by cosinor analysis. Only periodic
sinusoidal functions with test of amplitude different from zero were
represented. As for the wild-type mouse, no significant differences
were observed in the amplitude of clock and clock-controlled gene
expression in either the inner or outer regions between the two geno-
types. B Schematic summary of clock (Peri-3, Clock, Bmall, Cryl-2,
Reverba and Rorf) and clock-controlled (Dbp, E,Bp,) genes that
show a significant circadian expression both in the inner and the outer
retina in the wild-type mouse and the impact of melanopsin deletion
on their rhythmic expression. Genes that do not present a circadian
expression (p > 0.05; zero amplitude test) are not represented. We can
observe that, in the Opn;’~ mouse, the majority of genes lose their
rhythmicity in the outer retina (except Per!/ and Clock), whereas the
inner retina is less affected. C cone, R rod, B bipolar cell, H horizontal
cell, A amacrine cell, G ganglion cell

contains several different cell types (bipolar, horizontal,
amacrine and ganglion cells), this does not exclude the
possibility of distinct neuronal populations that oscil-
late with different periods and phases, resulting in low
amplitude rhythmicity or masking of coherent clock gene
expression [32].

Alteration of photoreceptor clock function in the 0pn;/ -
mouse

An unexpected finding is that, in the absence of melano-
psin, the circadian expression of the majority of clock
and clock-controlled genes is lost in the outer retina.
The absence of melanopsin also led to an increase in TH
mRNA, the rate-limiting enzyme in DA synthesis, and an
increased level of retinal DA and DOPAC compared to
wild-type mice at CTO, whereas these levels were simi-
lar in both genotypes at CT12 (Fig. 6A). The DOPAC:DA
ratio, which is a reliable indicator of DA metabolism, is
similar in the two genotypes (data not shown) suggesting
that the increased DA in the Opn;’~ mouse is the result
of increased synthesis, turnover and accumulation of
this neuromodulator in the retina. DA is known to con-
trol the strength of rod-cone photoreceptor coupling and
melanopsin mRNA expression [52] through activation of
D,-like receptors [53]. Due to a genetic deficit, C57BI16
mice express a constant, residual level of melatonin, reti-
nal DA content and metabolism are not circadian and DA
release is strictly light-driven. In the Opn;’/~ mouse, the
abnormally high levels of DA in constant darkness could

potentially desynchronize photoreceptors that remain
uncoupled, since light is no longer able to reset the clock
gene expression of individual oscillators (absence of light-
induction Perl and Per2 mRNAs) and leads to a loss of
phase synchrony as has previously been suggested for the
loss of circadian regulation of ERG in the Opn,;”~ mouse
[13] and for the DA-specific depleted retinal mouse [35].
Loss of clock function results in a similar loss of the
light-adapted ERG in the retina-specific Bmall invali-
dated mouse and the CryI-Cry2 knock-out mice [10, 54],
providing further evidence that synchronous clock func-
tion is critical. This situation is analogous to the desyn-
chronization of SCN oscillators observed in vivo in the
absence of the presumed coupling effect of vasoactive
intestinal peptide [55]. Under an LD cycle, SCN neuronal
activity is synchronized, whereas in constant conditions,
individual SCN neurons continue to oscillate but with
broader distribution of individual phases at the population
level, resulting in an absence of circadian rhythmicity [55,
56]. Phase coherence between individual oscillators for
generation of coherent circadian rhythms at the systems
level may be a general principle for both the SCN and for
the retina. Taken together, these results suggest that the
absence of ipRGC input to DAergic amacrine cells leads
to the disruption of DA regulation and consequently may
induce a loss of circadian synchronisation among photo-
receptor cells. Melanopsin has also been found in some
rod/cone photoreceptors in the mouse [57], in human
cones [58] and in human and mouse retinal pigment epi-
thelium [59-61]. We cannot rule out the hypothesis that
melanopsin present in rods and or cones may play a role
in the coupling of photoreceptors through horizontal cell
interactions and impact on the circadian oscillations and
light-induced expression of outer retinal clock genes [58].

Melanopsin is required for light induced Per gene
expression and DA synthesis in the retina

We show for the first time that, in the absence of melano-
psin, light fails to induce TH mRNA, DA synthesis and
Perl-Per2 mRNA expression in the outer retina. There is
substantial evidence that ipRGCs and DAergic cells are
functionally and synaptically interconnected in the mam-
malian retina [36, 62, 63]. ipRGCs receive synaptic inputs
from interplexiform DAergic amacrine cells [38]. In turn,
ipRGCs provide photic input back to DAergic cells [63]
that show transient, sustained or null responses to light
[39]. Despite these functional relations between ipRGCs
and DAergic amacrine cells, a previous study reported
that melanopsin is neither necessary nor sufficient for
DA release and c-FOS induction by light in DAergic
cells, suggesting that these responses were mediated by
rods and/or cones [64]. We find, on the contrary, that the
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light-induced increase in both TH mRNA and DA requires
melanopsin. The differences in the responses observed
between the two studies may be related to the light stimu-
lation protocols. Cameron et al. used longer duration and
higher intensity white broadband light in comparison to
our shorter and monochromatic light stimulation. In our
study, the shorter exposure was perhaps insufficient to
elicit TH mRNA and dopamine induction in the Opn;”’~
mice. In support of this, Zhang et al. [39] found that, in
wild-type mice, ipRGCs provide excitatory sustained
light responses to DAergic neurons with a peak sensitiv-
ity near 480 nm and that the invalidation of melanopsin
eliminates this sustained melanopsin-driven response
[12]. However, light induction of c-FOS in DAergic cells
is reduced but not eliminated in rd/rd mice, and following
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pharmacological blockade of rod/cone signaling pathways
in wild-type mice, suggesting that rods and/or cones also
contribute to the response.

DA plays a critical role in the regulation of many retinal
processes including clock gene expression in the inner ret-
ina, resetting the phase of the circadian oscillator, the light-
induced resetting of PER2::Luc rhythm [15], acute light
induction of Perl [33] and protein phosphorylation in rods
and cones [65]. In Xenopus photoreceptors, DA increases
Per2 expression and resets the photoreceptor circadian
clock [34, 46]. These results emphasize the importance of
DA as a retinal signalling and synchronizing factor and
suggest that period gene induction by light in the mouse
is mediated by a melanopsin-dependent, DA driven signal
acting on retinal photoreceptors. In conclusion, melanopsin
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Fig. 6 A Left panel Circadian expression of tyrosine-hydroxylase
(TH) mRNA in wild-type and Opn;/ ~ mouse (n = 5 for each geno-
type). Animals were sacrificed at two circadian times C70 and CT12
and TH mRNA was quantified by real time RT-PCR. In the wild-
type mouse, the level of TH mRNA was constant between C70 and
CTI2 whereas in the Opn;’~, a significantly increase (p < 0.01) was
observed at CT0 compared to the control mouse. Right panel Dopa-
mine (DA) and DOPAC concentrations in wild-type and Opn;/*
mouse (n = 9-11 for each genotype). Post hoc Newman—Keuls
test shows significant differences in DA and DOPAC level between
genotypes at CT0 (p < 0.05), whereas no significant differences were

appears to exert a critical role in the circadian regulation of
the mouse retina through its intraretinal retrograde signal-
ling pathway driving DA function.
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