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Overview: 

•  The discovery of intrinsically photosensitive Retinal 
Ganglion Cells (ipRGCs) 

•  Structure and function of ipRGCs 
–  Anatomy and physiology 
–  How do ipRGCs contribute to visual function? 



Rods and cones account for all photoreceptive 
input to the mammalian CNS… 
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Abbreviations: outer nuclear layer (ONL), outer plexiform layer (IPL),  
inner nuclear layer (INL), ganglion cell layer (GCL). 



Could there be something else apart from 
rods and cones? 

Evidence came from studies of retinal 
degenerate (rd) mice, which have a mutation in 
the β subunit of rod-specific phosphodiesterase 
(PDE). This leads to a rapid  
degeneration of rods followed  
by a slower loss of cones. 
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rd mice retain a pupillary light reflex (PLR) 
TABLE 1 

TIME OF CONTRACTION DIAMETER OF PUPIL TIME OF LATENT PERIOD 
AVERAGE 
CONTRAC- INDIVIDUAL EYE 

CONDITION 
OF RETINA 

- 
Gray Q 28 Left Normal 
Black d’ 23 Left Normal 
Black 8 23 Right Normal 
Gray Q 12 Left Normal 
Gray Q 12 Right Normal 
Gray Q 13 Left Normal 
Gray Q 13 Right Normal 
Gray Q 10 Left Normal 
Gray Q 10 Right Normal 
Chinchilla Q 11 Left Normal 
Chinchilla Q 11 Right Normal 

1 2 3 4 5 Atropin Sulfide of 
eserine 

3.0 3.0 3.0 3.0 3.0 2.31 0.231 
3.0 3.0 3.3 3.3 3.3 2.31 0.099 
3.0 3.3 3.3 3.3 3.3 2.31 0.099 
3.0 3.0 3.6 4.2 4.2 2.31 0.924 
4.2 4.2 4.2 5.6 5.6 2.31 0.924 
3.6 3.6 3.6 3.6 3.6 2.31 0.385 
3.6 3.0 3.0 3.0 3.0 2.31 0.385 
3.0 3.0 3.0 3.0 3.0 2.31 0.154 
3.0 3.0 3.0 3.0 3.0 2.31 0.154 
5.4 5.4 5.4 5.4 6.8 2.16 0.616 
4.8 5.4 5.4 5.4 5.4 2.16 0.616 

TJON 1 
_.~ 

1.46.-0.6160.3 
1.54-0.5390.6 
1.54-0.5390.6 
1.54-0.5390.6 
1.54-0.6160.6 
1.54-0.6160.6 
1.54-0.6160.6 
1.54-0.6930.6 
1.54-0.6160.6 
1.54-0.6160.6$ 
1.54-0.6160.6-t 

1.53-0.602 

1.54-0.62 2.4 
1.54-0.62 3.0 
2.31-1.16 3.3 
1.39-0.61 1.8 
1.39-1.16 1.2 
1.93-1.16 1.8 
1.93-1.16 0.6 
1.54-0.77 1.8 
1.54-0.77 1.8 
L.54-1.16 1.8 
..54-1.16 1.8 

. .65-9.40 

3.73 2.28 

1.8 2.31 
1.8 2.31 

2.4 2.4 2.1 
2.4 1.5 1.5 
6.0 6.6 Ani 
3.0 3.0 3.0 
3.0 2.4 2.4 
3.0 2.0 3.0 
2.4 3.0 1.8 
2.4 1.8 2.4 
3.0 1.8 1.8 
3.0 1.8 2.4 
2.4 2.4 2.4 

2 3 4 5 
-- 

0.3 0.3 0.3 0.3 
0.6 0.6 0.6 0.6 
0.6 0.6 0.6 0.6 
0.6 0.6 0.6 0.6 
0.6 0.6 0.6 0.6 
0.6 0.6 0.6 0.6 
0.6-0.6 0.6 0.6 
0.6 0.6 0.6 0.6 
'0.6 0.6 0.6 0.6 
0.6. 0.6 0.6-0.6 
0.6+0.6+0.6+0.6+ 

--- 
0.57 

- - -- 
2.4 2.7 2.7 2.4 
3.3 2.7 3.0 3.0 
3.6 
1.8 1.8 2.4 1.8 
1.5 1.8 1.8 1.8 
3.0 3.0 3.0 1.8 
0.6 2.4 1.8 2.4 
3.0 3.0 3.0 3.0 
3.0 3.0 3.0 4.8 
1.2 1.8 0.6 0.6 
1.5 1.2 0.6 0.6 

-- ~ 
2.18 

0.417 

2.1 
2.1 

0.154 
0.154 

Gray Q 31 Left Rodless 
Gray Q 31 Right Rodless 
Black 8 Left Rodless 
Chinchilla Q Left Rodless 
Chinchilla ~31 Left .Rodless 
Brown 3 7 Left Rodless 
Brown 3 7 Right Rodless 
Brown Q 34 Left Rodless 
Brown Q 34 Right Rodless 
Brown Q 6 Left Rodless 
Brown Q 6 Right Rodless 

nal cl 
3.0 
2.4. 
3.0 
3.0 
3.0 
2.4 
2.4 
3.6 

loked to death 
3.0 2.70 
2.4 2.70 
2.0 2.39 
2.4 2.39 
1.8 2.39 
1.8 2.31 
3.6 2.39 
3.6 2.39 

2.56 2.43 

0.385 
0.308 
0.154 
0.154 
0.365 
0.365 
0.231 
0.231 

0.250 

All diameters are given in millimeters. All times are given in seconds. 

(Keeler, (1927) American J. Physiology 81: 107-112). 

Clyde Keeler noted that rodless animals had a slower and weaker PLR than normals. He 
concluded that the iris may function independently of vision in rodless animals (based on 
work in eels from the 1840s) and that the deficits in rodless animals pointed to a regulatory 
system for iris constriction in normal eyes. 



Russell Foster 
•  Studied the photoperiodic response in quail 

–  PhD in the Dept. Zoology University of Bristol  

•  Seasonal gonad maturation is mediated by deep brain 
photoreceptors in the hypothalamus. 
–  Foster et al., (1985) Nature 313(3): 50-52.  
–  Defined the action spectrum of the opsin involved. 
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Figure 1. Intrinsic photosensitivity of OPN5-positive CSF-contacting neurons in the paraventricular organ (PVO).
(A) Schematic drawing of the quail mediobasal hypothalamus. PVO, paraventricular organ; PT, pars tuberalis of the pituitary gland; OT, optic tract; 
3V, third ventricle. (B) OPN5-positive CSF-contacting neurons in the PVO of 1-day-old quail. (C) Schematic drawing of representative OPN5-pos-
itive CSF-contacting neurons in panel (B). S, subependymal layer; E, ependymal layer. (D) Light (hv, indicated by a bar below) -evoked strong 
depolarization and fast action potentials in a CSF-contacting neuron. (E–G) The recorded cell filled with biocytin showed OPN5-immunoreactivity. 
(H) Light response apparent in normal ACSF (black trace) persisted during bath application of an antagonist cocktail (50 µM APV, 50 µM CNQX, 
50 µM Picrotoxin) that blocks conventional neurotransmission (red trace). (I) Effect of ICV injection of OPN5 siRNA on OPN5 immunoreactivity in 
the PVO of eye-patched, pinealectomized quail. (J) The number of OPN5-positive neurons was significantly reduced by ICV injection of siRNA. 
(K) Long-day-induced expression of TSHB mRNA was significantly suppressed by siRNA-mediated OPN5 knockdown in eye-patched, pinea-
lectomized quail. TSHB mRNA levels were determined by in situ hybridization (also see Figure S2). *P < 0.05 (Student’s t-test). The number in 
parentheses indicates the number of animals used. Values are mean + SEM. Control, Scrambled control; OPN5 knockdown, OPN5 siRNA. Scale 
bars: (B) 20 µm; (E) 10 µm; (I) 50 µm.

of TSHB by long-day stimulus of 
UV light was suppressed by the 
knockdown of OPN5 (Figure 1K, 
Figure S2), suggesting that OPN5 is 
involved in the regulation of seasonal 
reproduction.

To our knowledge, this is the 
first demonstration of the intrinsic 
photosensitivity of deep brain CSF-
contacting neurons. This result 
is particularly plausible because 
photoreceptive organs such as the 
lateral eyes and the pineal organ arise 
developmentally as evaginations from 
the diencephalon, and hypothalamic 
CSF-contacting neurons have long 
been considered to be ancestral 
photoreceptors [2,10]. In conclusion, 
we demonstrated that OPN5-positive 
CSF-contacting neurons function 
as deep brain photoreceptors, and 
regulate seasonal reproduction. Our 
findings will shed further light on 
the evolution and development of 
photoreceptors.

Supplemental Information
Supplemental Information includes two 
figures and experimental procedures, and 
can be found with this article online at http://
dx.doi.org/10.1016/j.cub.2014.05.038.
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Figure 1. Intrinsic photosensitivity of OPN5-positive CSF-contacting neurons in the paraventricular organ (PVO).
(A) Schematic drawing of the quail mediobasal hypothalamus. PVO, paraventricular organ; PT, pars tuberalis of the pituitary gland; OT, optic tract; 
3V, third ventricle. (B) OPN5-positive CSF-contacting neurons in the PVO of 1-day-old quail. (C) Schematic drawing of representative OPN5-pos-
itive CSF-contacting neurons in panel (B). S, subependymal layer; E, ependymal layer. (D) Light (hv, indicated by a bar below) -evoked strong 
depolarization and fast action potentials in a CSF-contacting neuron. (E–G) The recorded cell filled with biocytin showed OPN5-immunoreactivity. 
(H) Light response apparent in normal ACSF (black trace) persisted during bath application of an antagonist cocktail (50 µM APV, 50 µM CNQX, 
50 µM Picrotoxin) that blocks conventional neurotransmission (red trace). (I) Effect of ICV injection of OPN5 siRNA on OPN5 immunoreactivity in 
the PVO of eye-patched, pinealectomized quail. (J) The number of OPN5-positive neurons was significantly reduced by ICV injection of siRNA. 
(K) Long-day-induced expression of TSHB mRNA was significantly suppressed by siRNA-mediated OPN5 knockdown in eye-patched, pinea-
lectomized quail. TSHB mRNA levels were determined by in situ hybridization (also see Figure S2). *P < 0.05 (Student’s t-test). The number in 
parentheses indicates the number of animals used. Values are mean + SEM. Control, Scrambled control; OPN5 knockdown, OPN5 siRNA. Scale 
bars: (B) 20 µm; (E) 10 µm; (I) 50 µm.

of TSHB by long-day stimulus of 
UV light was suppressed by the 
knockdown of OPN5 (Figure 1K, 
Figure S2), suggesting that OPN5 is 
involved in the regulation of seasonal 
reproduction.

To our knowledge, this is the 
first demonstration of the intrinsic 
photosensitivity of deep brain CSF-
contacting neurons. This result 
is particularly plausible because 
photoreceptive organs such as the 
lateral eyes and the pineal organ arise 
developmentally as evaginations from 
the diencephalon, and hypothalamic 
CSF-contacting neurons have long 
been considered to be ancestral 
photoreceptors [2,10]. In conclusion, 
we demonstrated that OPN5-positive 
CSF-contacting neurons function 
as deep brain photoreceptors, and 
regulate seasonal reproduction. Our 
findings will shed further light on 
the evolution and development of 
photoreceptors.
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can be found with this article online at http://
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(PVO) 

Birds have deep brain photoreceptors  
in the hypothalamus 



rd mice retain circadian photoreception 

•  Mice on 12h light:dark cycle for the first 5 days, then into constant darkness  
for 16 days. Black bars show wheel running activity during subjective night. A 15min  
pulse of light at CT16 (  ) causes a 90min delay in the phase shift ( ) on subsequent days 
in both normal and rd mice. Testing at different irradiances revealed that the response  
in rd mice was indistinguishable from that in congenic wildtype (+/+) mice. This was in  
contrast to an earlier study by Ebihara and Tsuji in 1980, which compared rd mice with  
wildtype mice from a different strain. 

(Foster et al., (1991) J. Comp Physiol A 169: 39-50). 



Could cones mediate this circadian response 
in rd mice? 

Cones in normal Cones in young rd Cones in old rd 

Images above show immunohistochemistry (antibody staining) for Short-wavelength  
sensitive cone opsin (red) and Long-wavelength sensitive cone opsin (green). The rd  
mouse lacks rods but retains cones, which decline in number with with age.  

Ignacio Provencio and Russell Foster went on to show that even in old (>2 years) rd  
mice, the ability to phase shift in response to light remained indistinguishable from age  
matched normal mice (Provencio et al., (1994) Vision Res. 34(14) 1799-1806). 



Old rd mice appear to be otherwise blind 

rd mice have no detectable ERG from  
26 days old. 

(Provencio et al., (1994) Vision Res. 34(14) 1799-1806) 

The rd mice failed to associate light  
with impending shock. 



Russell Foster was convinced there was 
another opsin at work in the vertebrate retina 
apart from rhodopsin and cone opsins… 

(Soni, Philip & Foster (1998) Nature 394: 27-28 ) 
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The rod and cone cells of the retina are

thought to mediate all of the light res-
ponses of the vertebrate eye. But here we
show that salmon vertebrate ancient (VA)
opsin forms a functional photopigment in
vitro, and is expressed in a subset of retinal
horizontal and amacrine cells in vivo. These
results indicate that retinal photoreception
is not restricted to just rod and cone cells.

Vertebrate photopigments consist of an
opsin apoprotein and vitamin A which acts
as a chromophore. Opsins can be assigned
to one of several well characterized families1

and are expressed in cells that function as
photoreceptors (such as rods, cones, and
pinealocytes). Recently, however, comple-
mentary DNAs encoding several new opsin
families have been identified (peropsin2, VA
opsin3, parapinopsin4 and melanopsin5).
Whether these opsins are capable of form-
ing functional photopigments and what
role these photopigments could play have
been matters of considerable interest6.

We analysed the spectral characteristics
of in vitro generated salmon VA-opsin pig-
ment and its photoproducts by difference
spectroscopy. VA photopigment regenerated
with 11-cis-retinal (vitamin A1) fits a
rhodopsin nomogram with a maximal
absorbance at 451 nm (Fig. 1). VA photopig-
ment based upon a vitamin A2 chromo-
phore would be expected to produce a
pigment with a maximal absorbance at
466 nm (ref. 7). The absorbance of photo-
products at 380 nm (Fig. 1) may correspond
to either released all-trans-retinal or the
active state (metarhodopsin II) of VA pig-
ment. We found no light-dependent
absorbance changes in sham-transfected
COS cell membranes (results not shown).
These data demonstrate that, in vitro, VA
opsin forms a photopigment with a spectral
absorbance and photoproducts that are sim-
ilar to previously described visual pigments. 

We determined the sites of VA-opsin
expression in the salmon eye using in situ
hybridization. VA opsin was never observed
in the retinal rods or cones, but was restrict-
ed to a subset of cells with a location and
morphology characteristic of horizontal
and amacrine cells (Fig. 2). The numbers of
horizontal cells expressing VA opsin varied
across the retina (Fig. 2a, b), but were
always more than the VA-opsin-expressing
amacrine cells. Neither of these cell types
has ever been considered to be a photo-
receptor. VA opsin was also expressed in
cells of the pineal and sub-habenular (data
not shown), areas of the brain, which have
been implicated in fish photoreception8. We
are now using electrophysiological methods
to determine whether VA-opsin-expressing
cells are directly light-sensitive.

What physiological function could VA
photoreceptors regulate? In general terms,
horizontal and amacrine cells regulate visu-
al receptive fields. Retinal illumination
changes their membrane properties, and it
has been assumed that all of these effects are
mediated by the rods and cones. VA-
expressing cells, however, may regulate
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Novel retinal photoreceptors
scientific correspondence

receptive fields by a direct light response.
The finding of VA opsin in the pineal com-
plex and in the eyes suggests a second func-
tion. As both of these areas contain
circadian clocks and produce melatonin9,
VA photoreceptors may mediate the effects
of light upon circadian rhythms and/or
melatonin synthesis.

FFiigguurree  22 Retinal expression of VA
opsin. In situ hybridization was
done on 10-mm sections from
cryoprotected salmon eyes fixed
in 4% paraformaldehyde, using
digoxigenin-labelled complemen-
tary RNA probes. a, Retinal sec-
tion showing VA-opsin antisense
probe labelling. Scale bar, 40 mm.
b, Retinal section showing VA-
opsin antisense probe labelling
in horizontal and amacrine cells.
Scale bar, 30 mm. In neither case
did hybridization with sense
cRNA probes give any labelling
(not shown), confirming the
specificity of our procedure.
A, amacrine cell; H, horizontal
cells; INL, inner nuclear layer; IPL,
inner plexiform layer; olm, outer
limiting membrane; ONL, outer
nuclear layer; OPL, outer plexi-
form layer; OS, photoreceptor
outer segments; PE, pigmented
epithelium.

FFiigguurree  11 Difference-absorption spectrum of VA
opsin. In vitro expression and difference spec-
troscopy have been described10 and used 50 mM
11-cis-retinal. Light scattering was removed by sub-
tracting a curve fit to data from 550–650 nm. The
corrected spectra were smoothed by a running
average over 12.5 nm. The rhodopsin nomogram
(red) was fitted to the long-wavelength limb of the
spectrum as described11.
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ment based upon a vitamin A2 chromo-
phore would be expected to produce a
pigment with a maximal absorbance at
466 nm (ref. 7). The absorbance of photo-
products at 380 nm (Fig. 1) may correspond
to either released all-trans-retinal or the
active state (metarhodopsin II) of VA pig-
ment. We found no light-dependent
absorbance changes in sham-transfected
COS cell membranes (results not shown).
These data demonstrate that, in vitro, VA
opsin forms a photopigment with a spectral
absorbance and photoproducts that are sim-
ilar to previously described visual pigments. 

We determined the sites of VA-opsin
expression in the salmon eye using in situ
hybridization. VA opsin was never observed
in the retinal rods or cones, but was restrict-
ed to a subset of cells with a location and
morphology characteristic of horizontal
and amacrine cells (Fig. 2). The numbers of
horizontal cells expressing VA opsin varied
across the retina (Fig. 2a, b), but were
always more than the VA-opsin-expressing
amacrine cells. Neither of these cell types
has ever been considered to be a photo-
receptor. VA opsin was also expressed in
cells of the pineal and sub-habenular (data
not shown), areas of the brain, which have
been implicated in fish photoreception8. We
are now using electrophysiological methods
to determine whether VA-opsin-expressing
cells are directly light-sensitive.

What physiological function could VA
photoreceptors regulate? In general terms,
horizontal and amacrine cells regulate visu-
al receptive fields. Retinal illumination
changes their membrane properties, and it
has been assumed that all of these effects are
mediated by the rods and cones. VA-
expressing cells, however, may regulate
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receptive fields by a direct light response.
The finding of VA opsin in the pineal com-
plex and in the eyes suggests a second func-
tion. As both of these areas contain
circadian clocks and produce melatonin9,
VA photoreceptors may mediate the effects
of light upon circadian rhythms and/or
melatonin synthesis.

FFiigguurree  22 Retinal expression of VA
opsin. In situ hybridization was
done on 10-mm sections from
cryoprotected salmon eyes fixed
in 4% paraformaldehyde, using
digoxigenin-labelled complemen-
tary RNA probes. a, Retinal sec-
tion showing VA-opsin antisense
probe labelling. Scale bar, 40 mm.
b, Retinal section showing VA-
opsin antisense probe labelling
in horizontal and amacrine cells.
Scale bar, 30 mm. In neither case
did hybridization with sense
cRNA probes give any labelling
(not shown), confirming the
specificity of our procedure.
A, amacrine cell; H, horizontal
cells; INL, inner nuclear layer; IPL,
inner plexiform layer; olm, outer
limiting membrane; ONL, outer
nuclear layer; OPL, outer plexi-
form layer; OS, photoreceptor
outer segments; PE, pigmented
epithelium.

FFiigguurree  11 Difference-absorption spectrum of VA
opsin. In vitro expression and difference spec-
troscopy have been described10 and used 50 mM
11-cis-retinal. Light scattering was removed by sub-
tracting a curve fit to data from 550–650 nm. The
corrected spectra were smoothed by a running
average over 12.5 nm. The rhodopsin nomogram
(red) was fitted to the long-wavelength limb of the
spectrum as described11.
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Ignacio Provencio discovers melanopsin in 
photosensitive dermal melanophores, brain 
and eye of Xenopus laevis 

(Provencio et al., (1998) Proc. Natl. Acad. Sci. USA 95(6) 340-345 ) 

ISHH for melanopsin mRNA shows antisense 
signal (white) in the retina (INL) / iris (B) and  
hypothalamus (E). The adjacent sections (C&F) 
are sense probe controls.    
 

than other families of G protein-coupled receptors. We have
named this opsin melanopsin because of its isolation from a
melanophore cDNA library.

Melanopsin shares structural similarities with all known
opsins including an extracellular amino terminus and seven
transmembrane domains, as determined by TMPRED software
(14) (Fig. 2 A and B). Other similarities include a lysine
(Lys-294) in the seventh transmembrane domain to serve as a
site for Schiff’s base linkage of the chromophore (16) and a
pair of cysteines (Cys-100 and Cys-178) in the second and third
extracellular loops to stabilize the tertiary structure by disul-
fide bridge formation (17). There is a notable absence of
N-glycosylation sites typically found in the extracellular amino
terminus of most opsins.

Despite melanopsin’s vertebrate origin, it is more homolo-
gous to invertebrate opsins. It has a deduced amino acid
sequence that shares 39% identity with octopus rhodopsin and
approximately 30% identity with typical vertebrate opsins
(Table 1). This homology to the invertebrate opsins is reflected
in several domains thought to have functional significance (Fig.
3). In particular, melanopsin has an aromatic residue (Tyr-103)

FIG. 1. Western blot of protein extracts from dermal melanophores
and whole eye probed with an antiserum raised against bovine rhodopsin.
Indicated molecular masses are in kDa. Lanes: 1, total protein from
cultured melanophores; 2, 1% of total protein from a whole early
postmetamorphic adult eye. A 50-kDa immunoreactive band is present in
both lanes (solid arrowhead). The 35- and 70-kDa bands in lane 2 are
monomeric and dimeric rhodopsin, respectively (open arrowheads).

FIG. 2. Melanopsin structure and phylogeny. (A) Deduced amino acid sequence and predicted secondary structure of melanopsin.
Transmembrane domains are designated by shaded rectangles and circled residues are identical to at least 65 of 67 aligned vertebrate and
invertebrate opsins (ftp:!!swift.embl-heidelberg.de!tm7!align!opsins.ALIGN). Lys-294 is a putative site for chromophore attachment via a Schiff’s
base linkage, and Tyr-103 is the aromatic residue conserved in all invertebrates and possibly involved in stabilizing the chromophore. Arrowheads
indicate potential intracellular phosphorylation sites. (B) Hydropathy analysis [Kyte–Doolittle algorithm (15); window, 10 amino acids] predicts
a secondary structure consistent with the TMPRED algorithm. The corresponding transmembrane domains (TM1 to TM7), cytoplasmic loops (CL1
to CL3), and extracellular loops (EL1 to EL3) are indicated below the plot. (C) A phylogenetic tree was constructed by aligning melanopsin against
representatives of the vertebrate opsin groups (L, long-wavelength-sensitive opsin; M1, blue-like middle-wavelength-sensitive opsin; M2, green-like
middle-wavelength-sensitive opsin; P, pineal opsin; Rh, rhodopsin; S, short-wavelength-sensitive—all from chicken; VA, vertebrate ancient
opsin—from Atlantic salmon), representatives of the retinochrome-like opsins (retinochrome from squid and RGR and peropsin from human),
and representatives from cephalopods (octopus rhodopsin), insects (Drosophila Rh1 opsin), and unicellular eukaryotes (Chlamydomonas
chlamyopsin). All sequences are available through GenBank.

Neurobiology: Provencio et al. Proc. Natl. Acad. Sci. USA 95 (1998) 341

primary circadian pacemaker in many vertebrates, although its
function in frogs has not been characterized. Melanopsin may
provide a mechanism by which light directly affects pacemaker
cells within the SCN, thus regulating the expression of circa-
dian rhythms.

The isolated amphibian iris is directly light sensitive (36). An
opsin-based photopigment has been suspected of mediating
this sensitivity because the action spectrum for the pupillary

constriction response is similar to the absorption spectrum of
frog rhodopsin (37). Localization of melanopsin to the iris
suggests that it may be subserving iridial photomechanical
movement.

In the vertebrates, photoisomerization of the 11-cis chro-
mophore into the all-trans configuration results in its release
from the meta state of the opsin. It is then actively transported
to the RPE, reisomerized into the 11-cis isomer, and carried

FIG. 4. Bright-field and dark-field photomicrographs of melanopsin transcript distribution within extraocular structures. Melanopsin message
was localized to tadpole (stages 56 and 57) dermal melanophores (A and B), the ventral aspect of the magnocellular preoptic nucleus (Mgv) (D
and E), and the SCN (G and H) of the tadpole brain (stages 56 and 57). Cell-specific antisense hybridization was restricted to a subset of SCN
cells (I). In contrast, incubation with the sense control probe yielded no hybridization above background (C and F). (Corresponding bright-field
views are not shown.) OC, optic chiasm. [Bars ! 20 !m (A), 150 !m (D), 75 !m (G), and 15 !m (I).]

Neurobiology: Provencio et al. Proc. Natl. Acad. Sci. USA 95 (1998) 343



Foster lab at Imperial College London 
generated mice lacking rods and cones  
(rd/rd cl mice)  

•  Following a 15 minute exposure to green light the rd/rd cl 
mice still had:  
–  Circadian phase shifting (Freedman et al., Science (1999) 284 

502-504)  
–  Suppression of pineal melatonin (Lucas et al., Science (1999) 284 

505-507) 

•  The rd/rd cl mice also retain a pupillary light reflex (PLR) 
–  Lucas, Douglas and Foster (2001) Nature Neuroscience 4(6) 

621-626 



A non-rod, non-cone photoreceptor regulates 
the Pupillary Light Reflex (PLR) 

Neural circuitry of the PLR 

(Lucas et al., (2001) Nature Neuro. 4(6) 621-626 ) 

The PLR in rd/rd cl mice is abolished by topical atropine 
application (a) and can be elicited in the consensual eye (b). 
Therefore, the response is mediated by connections to 
the brain (3 mW/cm2 white light). 

!

Consensual Eye 

Intrinsic Eye 

RESULTS
Pupillary light reflex
Despite involvement of both rod and cone photoreceptors in
determining pupil size in mammals16,28–30, a functional PLR is
retained in rodent models of retinal degeneration15,17,31,32. To
test whether the PLR survived loss of both rods and cones, we
exposed dark-adapted rd/rd cl mice to one minute of bright white
light (3 mW/cm2). Both wild-type and rd/rd cl mice responded
with a rapid and extensive pupillary constriction (Fig. 1a).

Previous studies with retinally degenerate rodents have report-
ed decreases in the amplitude of constriction and/or an increase in
the latency of response associated with retinal dystrophy16,31,32. The
extent of pupillary constriction in rd/rd cl in response to bright
white light was similar to that of wild types (Fig. 1a; mean ± s.e.m.
maximum percent constriction, 95.37 ± 0.59 and 96.01 ± 0.51 for
wild type and rd/rd cl, respectively), suggesting that a full constric-
tion can be obtained in this genotype provided a bright enough
stimulus is used. In contrast, when the time course of constriction
was examined in greater detail (Fig. 1b), a significant difference
between the genotypes was observed. Wild types exhibited a delay
of around 0.4 second (mean ± s.e.m., 0.45 ± 0.022) before a signif-
icant (> 10%) pupillary constriction was observed, whereas in the
rd/rd cl mouse, this delay lasted 0.73 ± 0.05 second.

PLR is mediated via central pathways in rd/rd cl mice 
A substantial body of evidence indicates that, in mammals, the
PLR is mediated by central pathways, originating in the retina and
encompassing the olivary pretectal nuclei (OPN), the Edingher
Westphal nucleus and the parasympathetic nervous system (for
review, see ref. 33). The final step in this pathway is the activation
of muscarinic receptors on the iris sphincter muscle, which renders
the mammalian PLR sensitive to atropine administration. How-
ever, in some mammalian species, there have been reports of an
extremely gradual pupillary constriction (occurring over at least
20 seconds to very bright stimuli) that survives both isolation of
the iris from the eye and application of atropine34,35. It has been
suggested that this response is associated with local iris photore-
ceptors. As yet, there is no evidence of direct iris sensitivity in
mice, and three lines of evidence confirm that the PLR observed
here in rd/rd cl originates with retinal activation. First, the rate
and extent of constriction is much greater than that reported in
isolated/atropine-treated irises (Fig. 1a). Second, a topical appli-
cation of 0.1% atropine solution effectively abolished the PLR
(Fig. 2a). Third, we were able to demonstrate a consensual
response by restricting illumination to the left eye and recording
iris constriction in the right (Fig. 2b).

The sensitivity of pupillary constriction
Previous reports of the PLR in retinally dystrophic rodents have
commonly reported effects consistent with a substantial decrease
in photosensitivity16,19,36. To specifically examine this hypoth-
esis, detailed irradiance response curves (IRCs) for wild-type
and rd/rd cl mice were constructed for monochromatic light 
(λmax = 506 nm; half-peak bandwidth 10 nm). When tested with
this monochromatic stimulus at high irradiance (24 µW/cm2 or
6.1 × 1013 photons/cm2/s), both genotypes showed a high-ampli-
tude constriction, confirming their sensitivity to light at this
wavelength. The extent of pupillary constriction (minimum
pupil size attained) was irradiance dependent in both wild-type
and rd/rd cl mice (Fig. 3). In both genotypes, the resultant
response–log irradiance relationship could be described by a
simple sigmoidal function of the form y = a + (b/(1 + 10cd)),
where a = ymin, b = ymax – ymin, c = log(irradiance at 50% 
constriction) and d = slope of curve.

articles
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Fig. 1. Pupillary light reflexes in wild-type and rd/rd cl mice. Changes in
pupil area of wild-type and rd/rd cl mice under continuous exposure to
bright white light (quartz halogen source, 3 mW/cm2). The area of the
pupil is depicted as a percentage of its size immediately preceding lights
on. Values are mean ± s.e.m. for 6 mice per genotype. The time course
of constriction over the full minute of illumination (a) and the first 3 s
(b) of light exposure are shown.

Fig. 2. Central pathways mediate the PLR in rd/rd cl mice. (a) Pupillary
constriction (mean ± s.e.m. for 6 mice per treatment) in response to 
1 min of 3 mW/cm2 white light is abolished by topical application of a
0.1% atropine, 0.9% saline solution, but not by 0.9% saline alone. (b) The
same white light stimulus causes consensual pupillary constriction in
rd/rd cl mice (1 min of 3 mW/cm2 white light; mean ± s.e.m. for 5 mice).
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The spectral properties of this new 
photoreceptor were defined using the PLR  
in rd/rd cl mice  

(Lucas et al., (2001) Nature Neuro. 4(6) 621-626 ) 

Irradiance response to  
506 nm monochromatic light   

The action spectrum for the unidentified  
Photopigment peaks at 479nm (OP479)  



ISHH reveals melanopsin in the inner retina 
of mammals  

crine cell perikarya. In the mouse retina, melanopsin is expressed
in only a few cells in the ganglion cell layer and even fewer cells
in the amacrine cell layer (Fig. 5).

DISCUSSION
Perhaps the most striking feature that distinguishes melanopsin
from other human opsins is its greater sequence homology with
the invertebrate opsins than those of vertebrates. In fact, the
predicted amino acid sequence is more similar to the Gq-coupled
opsin of the scallop (Kojima et al., 1997) than to any known

vertebrate opsin. The similarity to the invertebrate photopig-
ments is also apparent in several predicted structural and bio-
chemical features. This includes the substitution of the acidic
Schiff ’s base “counterion,” typical of vertebrate opsins, with an
aromatic residue that is typical of the invertebrate opsins. The
absence of this acidic counterion in melanopsin suggests that the
photopigment-regenerating mechanism more closely resembles
that of the invertebrates (Gärtner and Towner, 1995). Inverte-
brate opsin-based photopigments retain their retinaldehyde chro-
mophore after it is photoisomerized from the 11-cis to all-trans
configuration. The retained chromophore is reisomerized to the
11-cis configuration by a second wavelength of light. This in situ
photopigment regeneration does not require proximity to an
auxiliary chromophore-regenerating tissue, such as the retinal
pigment epithelium (RPE). Such anatomical independence is a
valuable attribute for nonvisual photoreceptors that may reside in
a wide variety of tissues. Indeed, cells containing melanopsin
transcripts in the retina are not juxtaposed to the RPE but rather
are situated within neural elements of the inner retina.

The inner retinal distribution of melanopsin-positive cells
shares a remarkable resemblance to the cohort of retinal cells
known to project to the primary circadian pacemaker of rodents,
the suprachiasmatic nuclei (SCN) of the hypothalamus (Pickard,
1980, 1982; Moore et al., 1995). In mice, only a small subset of
widely distributed retinal ganglion and amacrine-like cells project
to the SCN (Balkema and Dräger, 1990; Provencio et al., 1998a).
The number and location of these cells are similar to that of the
melanopsin-positive cells.

The presence of melanopsin in the inner retina raises the
possibility that some mammalian ganglion and amacrine cells are
directly photosensitive. This possibility is consistent with the
finding that naturally occurring and transgenic mice that lack rods
and cones, although maintaining an apparently normal inner
retina, are capable of photoregulating circadian locomotor activ-
ity rhythms and pineal melatonin levels in a manner indistin-
guishable from wild-type controls (Foster et al., 1991; Provencio
et al., 1994; Freedman et al., 1999). Bilateral removal of the eyes
abolishes such regulation (Nelson and Zucker, 1981). Together,
these data indicate that, whereas the eyes are required for the
effect of light on the circadian axis, the visual photoreceptors are
not necessary. This paradox strongly suggests that some class of
nonrod, noncone photoreceptor exists within the mammalian eye.
Ocular nonvisual photoreception would explain why some hu-
mans retain an ability to acutely suppress serum melatonin con-
centrations in response to light exposure despite being cognitively
and clinically blind (Czeisler et al., 1995).

The prospect that retinal ganglion cells are photoreceptive has
received much attention because of the discovery that many
mouse ganglion cells contain cryptochromes, a class of blue
light-absorbing, flavin-based photopigments related to DNA pho-
tolyases (Miyamoto and Sancar, 1998). Two cryptochromes
(mCRY1 and mCRY2) have been localized to ganglion and inner
nuclear cells and have been proposed as candidate circadian
photopigments. Knock-out mice missing one or both crypto-
chromes have been constructed to assess their role in circadian
rhythm regulation (Thresher et al., 1998; van der Horst et al.,
1999). One would expect the phenotype of a circadian
photopigment-deficient mouse to be like that of a bilaterally
enucleated mouse (Nelson and Zucker, 1981). That is to say, a
mouse incapable of circadian photoreception should be unable to
entrain its circadian locomotor activity rhythms to the light/dark
cycle. Instead, it has been found that mice lacking either of the

Figure 5. Melanopsin is expressed in the mouse inner retina. A, Cross-
section of a 10-d-old mouse eye probed with an antisense mouse melan-
opsin riboprobe. B, C, Bright-field and dark-field photomicrographs of
indicated cell within the amacrine cell layer in A. D, E, Bright-field and
dark-field photomicrographs of indicated cell pair within the ganglion cell
layer in A. GC, Ganglion cell layer; INL, inner nuclear layer; P, photore-
ceptor layer. Scale bars: A, 250 !m; B, 50 !m.

Provencio et al. • Human and Mouse Melanopsins J. Neurosci., January 15, 2000, 20(2):600–605 603

Mouse Monkey In situ hybridization histochemistry
In primates, a low level of melanopsin expression is observed in
many retinal cells within the ganglion cell layer of the retina (Fig.
4). Higher levels of message are found in sparsely distributed cells
within the inner lamina of the inner nuclear layer among ama-

Figure 2. Human melanopsin is expressed in the eye. RT-PCR from multiple human tissues of melanopsin (334 bp) and the GAPDH positive control
(600 bp). The faint melanopsin product from RPE/choroid may have resulted from retinal contamination during dissection. Melanopsin is not expressed
in the other tissues examined.

Figure 3. Alignment of human and mouse melanopsin-deduced amino
acid sequences. Sequences were aligned with ClustalW 1.6 (Thompson et
al., 1994). Predicted transmembrane domains are boxed and were deter-
mined by homology to Xenopus melanopsin (Provencio et al., 1998b). The
Schiff ’s base lysine (f) and the invertebrate-like tyrosine counterion (F)
are indicated.

Figure 4. Melanopsin is expressed in the monkey inner retina. Bright-
field (A) and dark-field ( B) photomicrographs of a section of monkey
retina probed with an antisense monkey melanopsin riboprobe. C, An
adjacent section probed with a sense control riboprobe. GC, Ganglion cell
layer; INL, inner nuclear layer; OD, optic disk; P, photoreceptor layer.
Scale bar, 150 !m.

602 J. Neurosci., January 15, 2000, 20(2):600–605 Provencio et al. • Human and Mouse Melanopsins

(Provencio et al., (2000) J. Neurosci. 20(2) 600-5) 



Antibodies to melanopsin reveal a network of 
ganglion cells in the inner retina 

Above: Anti-melanopsin antibody revealed a 
network of cells in the inner retina of mice  
(Provencio et al., Nature (2002) 415 493). 

Right: Melanopsin cells in the human retina 
 



Ganglion cells of the retinohypothalamic tract 
shown to be intrinsically photosensitive and 
referred to as intrinsically photosensitive RGCs 

Berson et al., Science (2002) 295 1070-73  

It had been suspected that retinal ganglion 
cells which project to a specialised region  
of the hypothalamus called the  
suprachiasmatic nucleus (SCN) 
may be the melanopsin positive cells. 
 
Fluorescent beads were injected into the  
rat SCN. This retrogradely labeled  
ganglion cells in the retina which were  
found to depolarise in response to prolonged  
light exposure (measured using  
whole-cell patch clamp recordings). 
 
The intrinsic light response was  
demonstrated by bathing the cells in  
2mM CoCl2 (red traces), either alone (F),  
or together with additional drugs to block  
glutamatergic signals from rods/cones (G).   
 
Physically isolated cells (H) also retained  
Their intrinsic light response.   



Properties of the intrinsic light response are 
similar to the irradiance response properties 
of the PLR 

Berson et al., Science (2002) 295 1070-73  

The electrophysiological response of intrinsically photosensitive retinal ganglion  
cells can be sustained for long periods of time (A) and is dependent on irradiance (B),  
with a peak sensitivity around 480nm (C).    

B 



These cells also express melanopsin 

Hattar et al., Science (2002) 295 1065-70  

Retinal ganglion cells were retrogradely labeled (from the SCN) with fluorescent beads to enable 
whole-cell recordings. At the end of recording, cells were filled with the fluorescent dye Lucifer yellow 
(green). Labeling of these cells with an antibody against rat melanopsin confirmed their identity.   



Melanopsin-knockout eliminates the intrinsic 
light response of ipRGCs and reduces the 
PLR at high Irradiance 

Lucas et al., Science (2003) 299 245-247  

Melanopsin-knockout (mop-/-) mice were generated, where the ipRGCs remain but lack melanopsin and do not 
respond intrinsically to light (see intrinsic light responses on the left). As shown in A and B, unlike wildtype 
(mop+/+) and heterozygote (mop+/-) mice, mop-/- mice could not quite achieve a full pupil constriction under 
bright light (monochromatic 480nm, 145µW cm2). The mop-/- mice can sustain pupillary constriction for 60 
seconds like wildtypes (C) and can sustain the same level of constriction under low irradiance (0.12µW cm2, 
green squares) but not high irradiance (110 µW cm2, black circles). 

mop-/- 

mop+/+ 

Electrophysiology 

animals (9). All three genotypes showed a
light-dependent pupillary constriction, but
the minimal pupil area attained by dark-
adapted mop!/! animals in 1 min of steady
bright light was three times that of mop"/!

and wild-type animals (Fig. 2, A and B). This
difference was not due to an intrinsic defect
in the iris sphincter of mop!/! animals, be-
cause parasympathetic activation by topical
application of carbachol (9) elicited equally

strong constrictions in mop!/! and wild-type
animals (Fig. 2A). Nor was it due to an
alteration in circadian entrainment (pupillary
recordings in the day and night revealed a
similar phenotype) or to the mixed C57 Bl6/
129 genetic background of the three geno-
types (littermates were used and both parental
strains assessed) (9). Thus, the impaired re-
sponse of mop!/! mice appeared to have
resulted directly from a loss of intrinsic pho-
tosensitivity of the melanopsin-expressing
RGCs.

With a stimulus of bright, steady mono-
chromatic light, the pupil constriction in
wild-type mice was greater than that in
mop!/! animals during both the transient
phase and steady state of the response (Fig.
2C, compare open and filled circles). With
dimmer light (green squares), the reflex
was slower, but also became indistinguish-
able in speed and amplitude between the
two genotypes, indicating that melanopsin
exerted an influence only at high irradi-
ances. With an intense, 100-ms white flash
(Fig. 2D, circles), which should give little
opportunity for the rods and cones to light-
adapt (12, 13), the maximal constriction of
the mop!/! pupil remained weaker than
that of the wild type. This result suggests
that there is probably a genuine limit to
how far rods and cones can drive the
mouse pupil reflex—a ceiling independent
of adaptation.

The complete step irradiance–response
relations (9, 14 ) for mop"/" and mop"/!

animals are similar (Fig. 3A and supporting
online text). The relation for mop!/! mice
is also similar to that of the wild type at
irradiances less than 1011.5 photons cm!2

s!1, but diverges at higher irradiances (sup-
porting online text), approaching a mini-
mum attainable pupil size that is larger than
that of wild-type mice. Mice lacking
detectable rods and cones (rd/rd cl) retain a
pupillary light reflex, with an action spec-
trum (2) resembling that for the intrinsic
photosensitivity of melanopsin-expressing
RGCs in rat (3). The rd/rd cl pupil reflex

Fig. 2. Mice lacking melanopsin exhibit an incomplete pupillary light reflex at high irradiances. (A)
Wild-type (mop"/"), mop"/!, and mop!/! mice all showed consensual pupillary constriction in
response to 1 min of bright (145 #W cm!2) monochromatic (480 nm) light, but the constriction
was less in mop!/! than in mop"/" and mop"/! mice. A brighter light step (25 mW cm!2 white
light) did not increase the response of mop!/! mice (not shown). By contrast, topical application
of carbachol resulted in further pupil constriction of both mop!/! and mop"/" animals. There was
no difference in dark-adapted pupil size between the three genotypes. (B) Collected results showing
the minimum pupil areas (mean $ SEM, mm2) attained by the three genotypes during bright-light
exposure. The minimum pupil size attained by mop!/! mice was significantly larger than that of
either mop"/" or mop"/! animals (one-way analysis of variance, P % 0.0001; post hoc Newman-
Keuls multiple comparisons, P % 0.001). The responses of mop"/" and mop"/! mice were not
significantly different from one another (P & 0.05). Data are from eight mop!/!, eight mop"/!,
and five mop"/" mice. (C) Time courses of pupillary responses of mop!/! and wild-type mice to
a light step at two different irradiances: 1-min light step at 0.12 #W cm!2, 480 nm (five mop"/"

and six mop!/! mice; open and filled green squares, respectively) and at 110 #W cm!2, 480 nm
(five mop"/" and eight mop!/! mice; open and filled black circles, respectively). (D) Same
experiment as in (C), but with a brief flash of white light at two irradiances: 100-ms flash at 1.5
mW cm!2 (four mop"/" and four mop!/! mice; open and filled green squares, respectively) and
at 25 mW cm!2 (four mop"/" and four mop!/! mice; open and filled black circles, respectively).
The pupil area normalized with respect to the initial dark value is plotted (mean $ SEM).

Fig. 3. Irradiance-re-
sponse relations for
the pupil reflex for the
three genotypes. The
minimum pupil area
(mean$ SEM; normal-
ized with respect to
dark-adapted value)
attained during expo-
sure to 1-min 480-nm
monochromatic light is
plotted against irradi-
ance (14). Dark bar on
left represents control
data, showing minimum pupil size attained during a 1-min period with
the animal in place but without activation of light stimulus. (A) The
responses of the three genotypes were similar at irradiances !1011.5
photons cm!2 s!1, but at higher irradiances, the mop!/! response
was impaired (supporting online text). Five to eight animals per

genotype are shown at each irradiance. (B) Comparison of relations
for mop!/! [same as in (A)] and rd/rd cl mice (four to six animals at
each irradiance). (C) The wild-type irradiance-response relation can
be well predicted by summing the relations from mop!/! and rd/rd cl
mice (15).
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Overview: 

•  The discovery of intrinsically photosensitive Retinal 
Ganglion Cells (ipRGCs) 

•  Structure and function of ipRGCs 
–  Anatomy and physiology 
–  How do ipRGCs contribute to visual function? 



There is more than one type of ipRGC in the 
mouse retina 



Three main types of ipRGC were originally 
distinguished on the basis of dendritic 
stratification 

M1 M2 

ON 
OFF 

The three types of ipRGC (M1, M2 and M3) are shown in green (filled with neurobiotin), with a marker for 
cholinergic amacrine cells in magenta (to delineate ON and OFF sub-regions of the inner plexiform 
layer). The M1 cells (smallest soma diameter) extend dendrites into the OFF subdivision, while M2 cells 
extend dendrites into the ON subdivision only. M3 cells extend dendrites into both ON and OFF regions 
(Schmidt and Kofuji J. Comp Neurol. (2011) 5(19) 1492-1504). 
 
In general, M1-type ipRGCs have smaller cell bodies and express higher levels of melanopsin. 
 

M3 

ON 
OFF 

M1 M2 



The different types of ipRGC have distinct 
electrophysiological responses to light 

Schmidt and KofujiJ. Comp Neurol. (2011) 5(19) 1492-1504 

Patch-clamp recordings from ipRGCs in Opn4-EGFP mice (in the presence of synaptic  
blockade), reveal a stronger depolarisation to bright white light in M1-type cells. This is 
because M1 ipRGCs contain the highest levels of melanopsin (Opn4, stained red).  

M1 

M2 



Outer retinal input modulates the ipRGC light 
response 

soma and dendrites, as would be expected for expression of
cytoplasmic EGFP (Fig. 1C, left panels), the expression of
melanopsin was restricted to the plasma membrane of RGC
somas and processes (Fig. 1C, middle panels). Of cells that
were EGFP-positive, 95.6% (306/320 EGFP-positive cells) in
P17–P24 retinas and 99.0% (417/421 EGFP-positive cells) in
P5–P7 retinas also stained positive for melanopsin. Of cells
that stained positive for melanopsin 97.8% (306/313 melanop-
sin-positive cells) in P17–P24 retinas and 99.8% (417/418
melanopsin-positive cells) in P5–P7 retinas also stained posi-
tive for EGFP (Fig. 1C and data not shown). The strong
coexpression of EGFP and melanopsin demonstrates that
EGFP is indeed being expressed with high coincidence in
RGCs that express melanopsin.

We next wanted to functionally validate that EGFP-positive
cells in this reporter mouse are intrinsically photosensitive, as
would be expected if EGFP is indeed being expressed in
ipRGCs. To test this, we performed whole cell recordings of
light responses of EGFP-positive cells at a variety of ages from
early postnatal (P0–P2 and P5–P7) to early adult (P17–P24).
Intrinsic EGFP fluorescence in the retinas of these mice was
detectable at P0. EGFP-positive cells were also visible in the

inner nuclear layer (INL) at P17–P24 and EGFP expression in
these cells colocalized with melanopsin expression (data not
shown). This is consistent with previous research showing that
some melanopsin-positive cell bodies are found in the INL
(Berson et al. 2002; Dacey et al. 2005; Hattar et al. 2002).
Recordings were performed in a whole-mount retinal prepara-
tion that preserves light responsiveness of retinal cells (Metea
and Newman 2006), presumably arising from the remaining
retinal pigmented epithelial cells in this preparation. To iden-
tify ganglion cells, retinas were visualized under infrared
illumination and then EGFP-positive cells in the ganglion cell
layer (GCL) were localized by brief exposure to 480-nm
illumination. To determine intrinsic photosensitivity of EGFP-
positive cells, we performed recordings in the presence of an
AMPA/kainate (DNQX/CNQX) glutamate receptor antagonist
and a metabotropic (DL-AP4) glutamate receptor agonist to
block signaling to RGCs from the outer retina via the ON and
OFF bipolar cell pathways. EGFP-positive cells at every age
tested showed an increase in firing rate following a 5-s full-
field white-light stimulus (Fig. 2). Smoothing of voltage re-
sponses reveals the characteristic slow, tonic depolarization
first reported by Berson et al. 2002 (ON latency: P0–P2: 4.5 !

FIG. 1. Generation and initial characterization of
Opn4-enhanced green fluorescent protein (EGFP)
mouse line. A: schematic representation of the trans-
gene Opn4-EGFP. The 192-kb mouse genomic bac-
terial artificial chromosome (BAC) clone RP24-
107C11 containing the entire transcriptional unit of
Opn4 together with 29 kb of upstream and 155 kb of
downstream sequence was engineered to harbor
EGFP coding sequences followed by a polyadenyla-
tion (pA) signal in the coding region of the Opn4 gene
by homologous recombination in Escherichia coli.
X1, X2, and X9 represent exon 1, exon 2, and exon 9
with the start codon in exon 1 (ATG) and stop codon
(TGA) in exon 9. B: confocal images of intrinsic
EGFP signals in whole-mount retinas of Opn4-EGFP
mouse at postnatal day 0 (P0, top) and P15 (bottom).
C: immunostaining for EGFP (green) and melanopsin
(red) of adult (P21) whole-mount EGFP-Opn4 retinas.
Scale bar: 50 !m (B and C).
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this hypothesis, we measured the capacitance and resistance of
cells at each of these four stages in the presence of 200 !M
MFA, a potent antagonist of several types of neuronal gap
junctions in the retina (Pan et al. 2007). We expected that if
cells were coupled at these stages, the presence of MFA would
decrease the average Cm. Indeed, we found that in the presence
of MFA the Cm was significantly lower in cells at P5–P7 (P !
0.005, Student’s t-test), P11–P14 (P ! 0.0001, Student’s
t-test), and, interestingly, also at P17–P24 (P ! 0.002, Stu-
dent’s t-test), but not at P0–P2 (P " 0.6, Student’s t-test)
(Table 1). This is consistent with the idea that ipRGCs are
gap-junctionally coupled as early as P5 in the developing
mouse retina and continue to be electrically coupled with other
retinal cells into early adulthood (Sekaran et al. 2003, 2005; Tu
et al. 2005). The results concerning Rm, however, are less clear.
If Rm at any of these stages is influenced by gap-junctional
coupling, we would expect the presence of MFA to increase
Rm. At P17–P24, cells in MFA did have a significantly higher
Rm than did cells in the control condition (P ! 0.009, Student’s
t-test), but at P0–P2 cells in MFA had a significantly lower Rm
than did cells in the control condition. There was no effect of
MFA on the Rm of cells at P5–P7 (P " 0.07, Student’s t-test)
or P11–P14 (P " 0.3, Student’s t-test). It is unclear why these
differential effects of MFA on Rm occurred at different ages,
but previous research has shown that MFA can affect other
channel types (especially potassium channels) within neurons
in addition to gap junctions, which could affect the Rm of the
cells (Lee and Wang 1999; Peretz et al. 2005).

Examples of light responses seen during each period are
shown in Fig. 3A. At P0–P2 and P5–P7, all of the cells
responded to light with the characteristic long latency and
sustained depolarization characteristic of melanopsin-mediated
responses. Additionally, at early stages (P0–P7), periodic
bursts of action potentials independent of light stimulation
were observed in 79% of cells (62/78) in accordance with
previous studies (Wong 1999) (Supplemental Fig. S3). The
average peak light-evoked depolarization increased during de-
velopment with significantly larger responses at P17–P24
(18.6 # 1.2 mV, n $ 21) than at P0–P2 (7.7 # 1.9 mV, n $
8), P5–P7 (9.7 # 1.1 mV, n $ 25), or P11–P14 (14.5 # 0.8
mV, n $ 39) (P ! 0.001, one-way ANOVA) (Fig. 3B).
Interestingly, between P11 and P14, some of the cells (15/39)
displayed a rapid onset response of short latency. This initial
fast component was always excitatory and cells remained
depolarized for the duration of the light stimulus. Following
light off, cells displayed a rapid repolarization of short latency.
Spike frequency remained elevated even after the decay time
criterion was met, consistent with a residual melanopsin-
mediated response. These rapid onset and offset kinetics were
observed in most (17/21 for full-field white light and 22/26 for
610- or 480-nm light, total of 39/47) cells at P17–P24. One-
way ANOVAs revealed that the ON and OFF latencies of cells at
P17–P24 were indeed significantly faster than cells at P0–P2
and P5–P7 (ON latency: P ! 0.001, one-way ANOVA; OFF

latency: P ! 0.001, one-way ANOVA) (Fig. 3, C and D).
Because traces were averaged over a 1-s sliding time window

FIG. 3. Light-evoked responses of intrinsically pho-
tosensitive retinal ganglion cells (ipRGCs) at various
stages of mouse development. A: recordings of repre-
sentative light responses at P2, P7, P11, and P22 in
response to a 5-s full-field white-light stimulus in the
absence of synaptic blockers. Amplitude (mean # SE)
of average depolarization (B) ON latency (C) and OFF

latency (D) are shown for the various stages of mouse
development (ON latency: P0–P2 $ 4.9 # 1.3 s; P5–
P7 $ 3.0 # 0.3 s; P11–P14 $ 0.9 # 0.1 s; P17–P24 $
0.6 # 0.1 s and OFF latency: P0–P2 $ 26.2 # 2.6 s;
P5–P7 $ 19.5 # 3.4 s; P11–P14 $ 7.4 # 0.9 s;
P17–P24 $ 2.7 # 1.7 s). Error bars represent SE. *P !
0.001.
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P21 ipRGC response 

prior to analysis of ON and OFF latencies, it is likely that the
kinetics of the light responses are somewhat distorted. ON and
OFF latencies for cells receiving extrinsic inputs are much faster
than those measured from averaged traces, with both being on
the order of !200 ms when measured from the raw traces (data
not shown). However, without averaging, measurements of
membrane voltages are difficult to perform objectively on
spiking cells, especially in younger animals where the slower
intrinsic response dominates. Therefore to compare kinetics
across ages, we chose to quantify and compare these values
using smoothed traces.

The differential kinetics of light responses seen in early adult
ipRGCs would be consistent with these cells receiving cone/

rod-mediated signals from the outer retina, as was recently
demonstrated by studies in primate and rat retina (Dacey et al.
2005; Wong et al. 2007). To test this, we recorded light
responses of cells to full-field white-light stimuli at P17–P24
before and after application of synaptic blockers (DL-AP4 and
DNQX/CNQX) to block cone/rod-mediated ON and OFF path-
ways (Fig. 4, A–C). Indeed, in the presence of a cocktail of
synaptic blockers, the ON and OFF latencies for light-evoked
depolarizations were significantly increased compared with
controls (ON latency: 0.6 " 0.02 vs. 2.7 " 0.7 s, n # 10; P !
0.01, Student’s t-test; OFF latency: 0.4 " 0.1 vs. 16.3 " 3.0 s,
n # 10; P ! 0.001, Student’s t-test) (Fig. 4, E and F).
Additionally, maximum depolarization significantly decreased

FIG. 4. Influence of glutamatergic synaptic inputs on ipRGC light-evoked responses. Representative traces of an ipRGC response to a 5-s full-field white-light
stimulus from a P21 mouse recorded in the absence (A) or presence (B) of a cocktail of glutamatergic receptor blockers. Traces in C show the same cell on
washout of the synaptic blockers. Amplitude (mean " SE, n # 10) of depolarization (D) ON latency (E) and OFF latency (F) are shown in the absence and presence
of synaptic blockers. White line shows membrane potential values averaged over a 1-s sliding time window. Error bars represent SE. *P ! 0.01.
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+ Synaptic blockade 

washout 

+ rod/cone input 

Whole cell patch-clamp recordings were made from ipRGCs in mice where enhanced green fluorescent  
protein (EGFP) is expressed under control of the melanopsin promoter. Strong evidence of rod/cone input from  
P11, with increased amplitude of ipRGC depolarisation and reduced On and Off latencies. A similar response is  
seen in postnatal day 21 (P21) mice plus or minus synaptic blockade induced by a cocktail of drugs that block  
glutamate receptors (right panel).   

Schmidt et al., J. Neurophysiol. (2008) 100: 371 - 384  



ipRGCs receive sustained ON-type input from 
rods and cones 

M1 M2 

ON 
OFF 

M3 

A. Pharmacological blockade of gap junctions with 100µM meclofenamic acid (MFA) reduces sensitivity of 
 synaptic input to ipRGCs. Light intensity is in Rh*/rod/S (average rate of photoisomerisations/rod/second) and 
each line represents responses from a single ipRGC exposed to light stimuli (500nm) of increasing intensity 
(~1log unit increase per line). B. Schematic summary of routes by which rod signals could reach ipRGCs.  
Jagged lines indicate gap junctions at sites 1 and 4. The primary rod pathway is in red, secondary rod pathway  
in green and other novel pathways in blue and gold. It has been shown that M1 type ipRGCs predominantly  
receive “ON” type input despite ramifying in the “OFF” sublamina of IPL. This is due to “en passant” synapses  
made by ON bipolar cells as they pass through the OFF sublamina of IPL (Dumitrescu et al., J. Comp. Neurol.  
(2009) 517, 226-244; Hoshi et al., J. Neurosci. (2009) 29, 8875-83). 

ON 
OFF 

M1 M2 

has recently been identified that involves direct synaptic contacts
between rods and a subset of ON cone bipolar cells [35,59].
Because the pathway is carried entirely through chemical synapses,
it should remain functional in Cx36 knockout mice and during
pharmacological blockade of gap junctions. However, two lines of
evidence argue against this additional rod pathway as the source of
this influence. First, this pathway is reported to be as sensitive as
the primary rod pathway [35], whereas the residual synaptic drive
to ipRGCs in Cx36 knockouts is roughly 1000-fold less sensitive
(Fig. 3B). Second, the spectral behavior of this residual synaptic
response is inconsistent with a rod input. We probed ipRGCs from
Cx36 KO mice with spectrally narrowband stimuli of 400 nm and
500 nm. Figure 6 A and B show the synaptically driven responses
of ten such ipRGCs to narrowband stimuli of approximately
matched irradiance, either 400 nm (Fig. 6A) or 500 nm (Fig 6B).

Both wavelengths evoked brisk ON responses. These were clearly
synaptically mediated because they were abolished by antagonists
of chemical synaptic transmission (Fig. 6C). The irradiance-
response functions obtained for the two wavelengths were virtually
identical, using either of two response measures (Fig. 6E and F; see
also [60]). This is inconsistent with a pure rod mediation of the
response, which would have been expected to exhibit sensitivity
nearly a full log unit higher at 500 nm than at 400 nm.

By contrast, the data of Fig. 6 are fully consistent with cone
input, because the thresholds of Cx36-independent synaptic
response are consistent with those of cones [51]. However, neither
of the two murine cone photopigments in isolation can account for
the observed spectral behavior: a pure M-opsin input would
predict about a one log unit greater sensitivity at 500 nm than
400 nm sensitivity, whereas a pure S-opsin (UV-opsin) input

Figure 4. Pharmacological blockade of gap junctions mimics Cx36 knockout, reducing sensitivity of synaptic input to ipRGCs. A:
Raster plots of the response of a single ipRGC in a wildtype mouse (C57Bl6) to 500 nm light steps recorded before (left), during (middle) and after
(right) bath application of MFA, a gap junction blocker. Stimuli increased in intensity by ,1 log unit with each trial, shown in successive rows of the
raster. MFA application abolished the light response to dim stimuli and elevated threshold by about 3 log units; spontaneous activity was also much
reduced. Sensitivity largely recovered upon washout of the drug. B: Group data comparing irradiance-response functions ipRGCs recorded in MFA-
treated wildtype mouse retina (n = 26) with those recorded in Cx36 knockout mice (n = 41). The triangles near the abscissa indicate the response
thresholds (open triangle, C57Bl6, MFA; filled triangle, Cx362/2). The dashed curve, is reproduced from Fig. 2B, permits comparison with C57Bl6 mice
under control conditions. The reduction in light sensitivity was comparable in these two manipulations, supporting the view that the effect is due in
both cases to loss of synaptic circuits that are dependent upon gap junctions rather than to off-target genetic or drug effects.
doi:10.1371/journal.pone.0066480.g004

Figure 3. Light-evoked synaptic inputs to ipRGCs are less sensitive in Cx36 knockout mice. A: Raster displays comparing responses of a
single representative ipRGC in a Cx36 knockout mouse (right column) with those of an ipRGC in a wildtype littermate (left column). Responses of each
cell are shown for a series of 500 nm flashes of increasing intensity. The dimmest stimulus evoking a clear response was approximately three log units
higher in the Cx36 KO mouse (,22.7 Rh*/rod/s) than it was in the wildtype control (0.02 Rh*/rod/s; see also the data for the C57Bl76 control mice;
Fig. 2). B: Group data comparing irradiance-response curves for ipRGCs recorded in the Cx36 knockout (black squares; n = 31) and wildtype animals
(open squares; n = 24). Data come from 4 pairs of littermates consisting of one wildtype and one knockout animal. The triangles near the abscissa
indicate the response thresholds (5% of maximum; open triangle, Cx36+/+; filled triangle, Cx362/2), which are about 3 orders of magnitude higher in
the knockouts than in the wildtype mice. This reduction in sensitivity presumably reflects the loss of input from the primary rod pathway.
doi:10.1371/journal.pone.0066480.g003

Rod and Cone Inputs to ipRGCs
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cells [50]. SNAP did not affect sensitivity in the few ipRGCs we
tested, but effective doses may not have reached the inner retina.
Though the physiological evidence is thus inconclusive as to
whether ipRGCs receive input from the secondary rod pathway,
there is behavioral evidence suggesting that at least some ipRGCs
do. Altimus et al. (2010) [26]compared photoentrainment in
several strains of mice combining melanopsin knockout with
various means of silencing cone pathways. Animals in which this
was achieved by genetic ablation of cones (thus interrupting the
secondary rod pathway) were unable to entrain under moderate
light intensities whereas other ‘‘rod only’’ mice with intact (but
photoinsensitive) cones could do so.

Broadband cone inputs
When communication through gap junctions is disrupted,

ipRGCs still exhibit brisk, synaptically mediated light responses,

but with elevated thresholds (Figs. 3–6). These responses are
ostensibly driven by cones because their sensitivity matches that of
other cone-mediated responses in mouse retina [51,71,72]; neither
the primary and secondary rod ON pathways can account for
them because those pathways require electrical coupling (Fig. 9,
sites 1 and 4). Though there are alternative rod ON paths that do
not depend upon gap junctions [17,35], these are known or
presumed to be as sensitive as the primary rod path (see above).
Finally, the spectral behavior of the presumptive cone-based
responses is inconsistent with mediation by rods alone, but can
easily be explained by a mixed excitatory input from M- and S-
cone opsins (Fig. 6).

This inferred cone influence parallels independent electrophys-
iological, anatomical and behavioral observations. Presumptive
synaptic contacts between certain ON cone bipolar cells and
melanopsin-immunopositive dendrites have been observed
[16,18,19,64]. Functional studies of the synaptic drive to primate
ipRGCs strongly implicate contributions from cone circuits [11].
Cone signals have been inferred to reach the rodent suprachias-
matic nucleus (SCN) [25,27,28,29]; but see [26]; see also [73].
These are presumably transmitted through ipRGCs, which
provide virtually the only source of direct retinal input to the
SCN [22,23,24,30,62,74,75].

The cone drive to ipRGCs appears relatively sustained (Fig. 7;
[12,60,76]). This is consonant with the ability of ipRGCs to
encode irradiance stably over a wide dynamic range [11,14,75,77].
It seems inconsistent, though, with behavioral evidence that cone
influences on NIF systems are transient and can persist only if
triggered by flicker [25,27], suggesting pronounced light adapta-
tion in this channel. It may be that the light stimuli we used were
too brief to reveal this adaptation.

At intermediate photopic levels, it is possible that sustained
subthreshold depolarization by intrinsic melanopsin phototrans-
duction sums with weak sustained cone drive to support
maintained responses to prolonged illumination. However, the
brisk shutoff kinetics of these tonic responses and their dependence
on synaptic transmission implicate at least a weak sustained cone
drive. Furthermore, support from melanopsin is apparently not
essential for sustained, cone-driven spiking; when intrinsic
photosensitivity is silenced by genetic deletion of melanopsin and
rods are saturated or heavily bleached, sustained light responses
are still detectable in identified or presumed ipRGCs ([60,76]). In
these melanopsin knockout mice, cells with very tonic ON
responses to photopic stimuli were just as common as in wildtype
mice (unpublished observations).

Cones themselves support photoresponses lasting tens of
minutes [78,79]. Our findings suggest that high-pass temporal
filtering is much stronger in synaptic circuits feeding conventional
RGCs than in those reaching ipRGCs. This difference may be
attributable to the specialized bipolar contacts onto ipRGCs
[18,19], though specializations in outer retinal synapses or in the
electrical behavior of the ON cone bipolar cell types contacting
ipRGCs may also contribute.

The mouse ipRGCs we studied lacked the S-cone-OFF, M/L-
cone-ON chromatic opponency documented in primate ipRGCs
[11]. Instead, light steps in invariably evoked excitatory ON
responses in ipRGCs whether they were in the near ultraviolet or
in the middle and long-wavelength end of the visible spectrum, in
agreement with the earlier findings [47,60]. Weak OFF responses
can sometimes be recorded in rodent ipRGCs, especially when the
ON pathway is blocked [12], but it is unknown whether
rhodopsin, or either or both cone opsins drives this weak OFF
channel input. This absence of spectral opponency is typical
among ganglion cells in mice and other rodents, although some

Figure 9. Schematic summary of pathways by which rod signals
could reach ipRGCs. The ipRGC is a hybrid of known melanopsin-
expressing ganglion cell types, some of which stratify exclusively in the
uppermost OFF sublayer (site 3), others in the ON sublayer (e.g., site 2),
and still others in both (see text). Jagged lines represent gap junctional
contacts between AII amacrine cells and ON cone bipolar terminals (site
1) and between rods and cones (site 4). The primary rod pathway is
shown in red, the secondary rod pathway in green, and a novel pathway
from rods to ON cone bipolar cells in blue [35]. All of these pathways
have been considered to relay to ganglion cells in the ON sublayer
(site2), but they may also pass through ectopic ON cone bipolar
terminals in the OFF sublayer to the dendrites of some ipRGCs (site 3;
see text). A pathway directly linking rod bipolar cells to ipRGCs,
proposed by Ostergaard et al. (2007) [17], is shown in gold. R: rod; C:
cone; RB: rod bipolar cell; CBon: ON cone bipolar cell; AII: AII amacrine
cell; ipRGC: intrinsically photosensitive retinal ganglion cell. Horizontal
gray lines indicate the ON and OFF sublayers of the inner plexiform
layer.
doi:10.1371/journal.pone.0066480.g009

Rod and Cone Inputs to ipRGCs

PLOS ONE | www.plosone.org 11 June 2013 | Volume 8 | Issue 6 | e66480

Weng  et al., PLoS One. (2013) 8(6), e66480 

A A 

B Rod (R) 
Cone (C) 
Rod bipolar (RB) 
ON cone bipolar  
(CBon) 
AII amacrine (AII) 

IPL 

The ipRGC  
illustrated here 
is a hybrid of 
known types  



ipRGCs signal irradiance throughout the day 

Wong, J. Neurosci. (2012) 32(33): 11478 - 11485  

the ipRGCs’ extrinsic photoresponses, with spike rate elevations
that never lasted for !"3 s (Fig. 1C). This result showed that any
ganglion cell that could respond continuously to constant light
for at least 10 s could be safely assumed to be an ipRGC. In all the
experiments described below, ganglion-cell photoreceptors were
identified as the cells that could continuously generate spiking
responses to a 1 min 15.6 log quanta cm#2 s#1 light step pre-
sented at the end of each experiment.

The experiment shown in Figure 2 confirmed that this new
preparation enhances the extent of postbleach photopigment re-
generation. In this experiment, the responses of ipRGCs to an
intensity series of 10 s light were first recorded in the dark-
adapted state. An intense 480 nm light (13.8 log quanta cm#2

s#1) was then presented for 1 min to bleach most rod/cone pho-
topigment molecules. Following the bleach, the same intensity
series of 10 s light was presented after 10 –18 min of dark adapta-
tion, and then again after "4 h of additional dark adaptation. In
both preparations, all light responses recorded 10 –18 min after

the bleach were significantly reduced
compared with the prebleach recordings.
For the isolated retinas, response ampli-
tudes declined further 4 h after the bleach,
indicating not only a lack of photopig-
ment regeneration but also a gradual run-
down in photosensitivity. In contrast, the
light responses of all ipRGCs in eyecups
increased in amplitude between the two
time points of dark adaptation, indicating
substantial regeneration of rod/cone
pigments.

The ipRGCs can continuously respond
to 10 hours of constant illumination
The next set of experiments examined the
responses of ganglion-cell photoreceptors
to prolonged photic stimulation. Follow-
ing 12–20 h of dark adaptation (see Mate-
rials and Methods), each rat eyecup
superfused with normal Ames’ medium
was presented with a 10 h full-field step
increase in light intensity. Four intensities
were tested: 12.8 log quanta cm#2 s#1, "1
log unit above the melanopsin threshold
for the responses of mouse and primate
ipRGCs to 1 min light steps (Dacey et al.,
2005; Tu et al., 2005); 10.6 log quanta
cm#2 s#1, which approximately corre-
sponds to the threshold for cone input to
primate ipRGCs (Dacey et al., 2005); 7.6
log quanta cm#2 s#1, just above the
threshold for the rod input to ipRGCs in
RPE-attached primate retinas (Dacey et
al., 2005); and 6.7 log quanta cm#2 s#1,
which is just below the aforementioned
rod input threshold. The 6.7 log stimulus
failed to elicit any response (n $ 13),
whereas all the other three intensities
evoked ipRGC firing throughout the 10 h
light step after a short onset latency (Fig.
3A,B). At all three suprathreshold inten-
sities, an appreciable increase in firing was
observed within 2 s of light stimulation.
After the responses had peaked, firing

rates gradually decayed toward a plateau that remained fairly
stable over the remainder of the 10 h stimulus (Fig. 3B). On the
other hand, at light offset, the rates at which spike frequencies
returned to baseline levels depended on light intensity. At 7.6 log
quanta cm#2 s#1, firing rates fully returned to baseline levels
within "10 s for all cells. At 10.6 log quanta cm#2 s#1, spike
frequencies decayed to baseline over several minutes, whereas at
12.8 log quanta cm#2 s#1, firing remained elevated for at least 1 h
(Fig. 3B). In Figure 3C, the spike counts of all the responses to the
three suprathreshold intensities were estimated (see Materials
and Methods) and plotted against photon flux, showing that the
number of light-evoked spikes increased more or less linearly as
intensity increased.

To selectively investigate the intrinsic melanopsin response to
10 h light steps, the next experiment was conducted in the pres-
ence of synaptic blockers (see Materials and Methods). Three
intensities were examined: 12.8, 10.6, and 9.5 log quanta cm#2

s#1. As mentioned above, the 12.8 log stimulus is "1 log unit

Figure 3. The ipRGCs can spike continuously in response to 10 h step increases in light intensity. A, The response of an ipRGC to
a 10 h 10.6 log quanta cm #2 s #1 light step, recorded in normal Ames’ medium to allow rod/cone signaling. B, Averaged spike
histograms of all the ipRGCs recorded in normal Ames’ medium, with a bin size of 5 min. The number of cells that contributed to
these histograms was six for 12.8 log quanta cm #2 s #1, three for 10.6 log quanta cm #2 s #1, and three for 7.6 log quanta cm #2

s #1. C, Total spike counts in the 10 h responses recorded in normal Ames’ medium were estimated (see Materials and Methods)
and plotted versus light intensity. In the linear regression fit, r equals 0.999 and the slope is 49,039 spikes per log unit. D, Averaged
spike histograms of all the ipRGCs tested in the presence of synaptic blockers to isolate melanopsin photoresponses, with a bin size
of 5 min. The number of cells used in these histograms was four for 12.8 log quanta cm #2 s #1 and four for 10.6 log quanta cm #2

s #1. Notice that the response amplitude scale bars are different for the two intensities.

Wong • Prolonged Irradiance Detection by Ganglion Cells J. Neurosci., August 15, 2012 • 32(33):11478 –11485 • 11481

The recording above is from a single ipRGC in the absence of synaptic blockade. Similar recordings from ipRGCs 
in Opn4-/- mice also revealed tonic firing in ipRGCs driven by rods/cones.   



Where do ipRGC axons project to in the brain? 

The sub-cortical targets of ipRGCs were first identified using melanopsin-knockout (Opn4-/-) mice, where the 
melanopsin gene (Opn4) is replaced by a gene for tau-LacZ. Axons can be visualised in these mice because 
the β-galactosidase enzyme is transported along axons due to the inclusion of tau. ipRGC axons are stained 
blue using the enzyme substrate (X-Gal staining). The main brain targets are shown in dark gray in the central 
diagram (sagittal plane). 

Suprachiasmatic  
nucleus (SCN) 

ipRGCs in retina 

Optic  
Chiasm 

Intergeniculate  
leaflet (IGL) 

Olivary pretectal  
nucleus (OPN) 

Hattar et al., J. Comp Neurol. (2006) 497 326-49  



A different reporter mouse reveals new types 
of ipRGC and more extensive projections to 
the dLGN and SC  

Ecker et al., Neuron (2010) 67, 49-60 

The use of Opn4cre mice, where 
the Cre recombinase gene is 
knocked into the melanopsin 
gene sequence, has revealed 
new types of ipRGC (M4 and 
M5), together with more extensive 
projections to other brain regions 
than was previously seen with the 
Opn4tau-LacZ mouse (see panel on 
right for comparison). The most 
interesting of these are the dorsal 
Lateral Geniculate Nucleus 
(dLGN) and superior colliculus 
(SC). 
 
The panel to the left shows 
electrophysiological recordings 
from single M1, M2 and the new 
M4 type of ipRGCs. Note the 
large dendritic field and small 
intrinsic light response of M4 
cells.  



An increasing diversity of ipRGCs… 

Brn3b+Melanopsin 

All melanopsin cells 
 labeled 

Only Brn3b expressing  
Melanopsin cells labeled 

Chen et al., Nature (2011) 476, 92-95 

Some M1 type ipRGCs are negative for the transcription  
Factor Brn3b. It has been found using transgenic  
reporter mice that these Brn3b negative M1 ipRGCs 
(approximately 200 cells) innervate the SCN and   
are sufficient to drive circadian photoentrainment.  



Summary of different ipRGC subtypes 
and their sub-cortical projections. 

(Schmidt et al., TINS (2011) 34(11) 572-80) 

The phototransduction signaling  
cascade used by ipRGCs is  
“invertebrate-like” 

Displaced M1  
and M2 cells 



Valiente-Soriano et al., 2014 

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

Valiente-Soriano et al. Mice melanopsin-retinal ganglion cells

FIGURE 7 | Distribution of displaced ipRGCs (d-ipRGCs) in
pigmented and albino retinae. (A,B) Plots depicting the distribution
of d-ipRGCs in a pigmented. (A) and an albino (B) retina traced from
the ON. Each dot represents a single d-ipRGC. Grey dots: d-ipRGCs
traced from the ON (OHSt+). Black dots: d-ipRGCs that are not

traced from the ON (OHSt�). (C–D”): magnifications from a flat
mounted retina traced from the ON where OHSt� d-ipRGC (C,C”)
and OHSt+ d-ipRGC (D–D”) are observed. (C,D) melanopsin signal,
(C’,D’): OHSt signal. (C”,D”): merged images. Scale bar in (A) 500
µm in (C) 100 µm.

⇠91.3% of d-ipRGCs labeled in pigmented and albino mice
respectively. However, when the CMZ was analyzed in isolation
the number of retrogradely labeled melanopsin positive cells
fell to ⇠80% for pigmented mice and ⇠76% for albinos. We
are not aware of any published data showing that subpopu-
lations of neurons with an otherwise intact axon will fail to
retrogradely transport the tracer we have used here. As such,
this finding represents the first direct evidence that M+cells in
the mammalian retina may not all be RGCs. It is thought that
amphibians and fish posses a subset of melanopsin express-
ing horizontal cells (Provencio et al., 1998; Bellingham et al.,

2002) and as such we suggest that the M+OHST� cells reported
here may be some type of intrinsically photosensitive retinal
interneuron.

In the CMZ, such M+OHST� cells may instead be sending
their axon into the ciliary body/iris to elicit one component of
the iPLR, as suggested previously (Semo et al., 2014). In other
regions of the retina, there may also be a sub-population of
M+OHST� cells in the INL which could be engaged in the intra-
retinal signaling phenomenon reported by others (Zhang et al.,
2008). In support of our tracing data, we could not locate obvi-
ous axons in the OHSt�d-ipRGC cells. Similar issues have been
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GCL 

Some ipRGCs are displaced to the INL and 
~14% of these also lack an axon to the brain 

Valiente-Soriano et al., Front. Neuroanat. (2014) 8, 131. 
 

GCL 

INL 
IPL 

ONL 

ONL 

INL 

IPL 

Melanopsin OHSt 

Melanopsin OHSt 

Retrograde tracer (OHSt) was applied to the severed optic nerve head. 



Overview: 

•  The discovery of intrinsically photosensitive Retinal 
Ganglion Cells (ipRGCs) 

•  Structure and function of ipRGCs 
–  Anatomy and physiology 
–  How do ipRGCs contribute to visual function? 



Visual function 

•  Vision is often referred to as: 
–  “Non-image forming” vision 
–  “Image-forming” vision 

•  Non-image forming vision 
–  Circadian physiology (photoentrainment, pineal melatonin,       

body temperature).  
–  Pupillary light reflex (PLR) 
–  Light perception 

•  Image-forming vision 
–  Brightness, acuity, contrast, motion 
–  Spatial and temporal dimensions 



Genetic ablation of cells expressing melanopsin 
causes severe deficits in phase shifting and PLR 

Guler et al., Nature (2008) 453, 102-5 

To physically remove melanopsin cells, the attenuated diptheria toxin A subunit was introduced into the  
mouse melanopsin gene locus. In mice homozygous for this mutation (aDTA/aDTA), there was a severe 
reduction in target innervation in subcortical brain regions, an abolition of circadian photoentrainment and  
only a 40% pupil constriction at the highest irradiances.  

SCN SCN 



Melanopsin sustains the PLR at high 
irradiance but ipRGCs signal over a wide 
dynamic range due to rod/cone input 

!

Dynamic range of pupil response 

Rods 

Cones 

ipRGC 
!

!

Rod / cone input speeds up the PLR 



In rodents, melanopsin maintains pupil 
constriction independently of the brain! 

Adult Wildtype mouse Opn4-/- mouse 

Xu et al., Nature (2011) 479: 67-73 
Semo et al., Experimental eye research (2014) 119: 8-18 
Vugler et al., Neuroscience (2015) 286 60-78 

The intrinsic PLR (iPLR) is slower than 
the conventional PLR. 



The iPLR is deficient in rd12 mice which lack 
the RPE65 protein 



The intrinsic PLR (iPLR) is thought to involve 
melanopsin in the iris 

Iris sphincter muscle of the albino mouse eye 
Stained for melanopsin and smooth muscle actin 
(Xu et al., Nature (2011) 479: 67-73) 

dissected mouse iris (not shown; see also ref. 21), but its significance is
unclear.

By RT–PCR, we found melanopsin mRNA in the iris of rhesus
monkey (not shown) and baboon (also diurnal; Supplementary Fig. 5),
but the melanin pigmentation confounded confirmation by immuno-
histochemistry. Melanopsin’s function in the primate iris is similarly
unclear because there is no intrinsic PLR.

Phototransduction mechanism underlying intrinsic PLR
Melanopsin has a phylogenetic association with invertebrate rhabdo-
meric visual pigments22, thus possibly sharing a common phospholipase
C (PLC)-mediated phototransduction pathway (see ref. 23 for review).
Moreover, PLC typically mediates membrane-receptor signalling in
smooth muscles24,25. Indeed, the sphincter muscle from Plcb42/2 mice26

was practically unresponsive to light (Fig. 4a; n 5 5 muscles). Sometimes,
we observed a tiny response that disappeared after several stimuli (red
trace in Fig. 4b, top; dim flash; 3 out of 5 muscles), unlike the much
larger and persistent wild-type response (black trace in Fig. 4b, top; dim

flash). This small response could be mediated by a different PLC-b
isoform or another minor pathway. The Plcb42/2 phenotype was not
due to a defective contractile apparatus, because acetylcholine still
elicited strong contraction via muscarinic receptors on the muscle14

(Fig. 4b, bottom). PLCb4 is the closest vertebrate homologue26 of
the Drosophila PLC (NorpA), which mediates phototransduction in
rhabdomeric photoreceptors23. Bath-applied U71322, a PLC inhibitor,
did not block the light-induced contraction of the wild-type sphincter
muscle (not shown), but this may reflect poor drug penetration into the
tissue (see below).

Smooth-muscle contraction often involves intracellular Ca21

release (triggered by PLC via inositol-1,4,5-trisphosphate generation)
in tandem with extracellular Ca21 influx24,25. Indeed, blocking intra-
cellular Ca21 uptake with 1mM thapsigargin to deplete the Ca21-
release pool gradually eliminated the muscle’s light response
(Fig. 4c, top; n 5 3 muscles). The muscle’s resting tension increased
and oscillated during thapsigargin application, suggesting poor intra-
cellular Ca21 handling. Removing extracellular Ca21 likewise reduced
the light response by ,80% (Fig. 4c, bottom; see also refs 9, 10, 12) and
partially relaxed the resting tension. Because membrane depolarization
is reportedly unnecessary for the intrinsic PLR in non-mammalian
vertebrates9,10, Ca21-permeable ion channels other than voltage-gated
Ca channels are probably involved, with TRP channels—especially
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Figure 3 | Dependence of intrinsic PLR on melanopsin. a, Action spectrum
of mouse muscle (wild type, pigmented) (6 muscles), with sensitivity
normalized to value at 480 nm in each experiment. Red circles are averages, and
curve is an A1-pigment spectral template17 with lmax 5 480 nm. Hg light with
interference filters used. Error bars are s.e.m. b, Average flash-intensity–
response relation for Opn42/2 muscle (3 muscles). Wild-type relation from
Fig. 1c also shown for comparison. Error bars are s.e.m. The inset shows sample
responses of wild-type and Opn42/2 muscles to a saturating flash of 4.0 3 109

photonsmm22 (equivalent 480 nm). c, Melanopsin (Opn4) mRNA detected by
RT–PCR in iris and retina from wild type but not Opn42/2. Pnr
(photoreceptor-specific nuclear receptor; also called Nr2e3) mRNA was used as
a control to rule out contamination from retina to iris.b-Actin mRNA was used
as positive control. Difference in melanopsin mRNA signal between iris and
retina presumably reflects different fractional total-tissue mRNA coding for
melanopsin. d, Immunostaining of wild-type and Opn42/2 iris cross-sections
for melanopsin (green), smooth-muscle a-actin (red, as muscle marker) and
DAPI (blue). Anterior side (stroma) up and posterior side (posterior
epithelium) down. The black arrowhead marks the pupillary edge. The
intensity of melanopsin immunofluorescence appeared lower in the iris than in
ipRGCs (not shown). Additionally, although the Opn42/2 mouse contains the
tau-lacZ marker gene replacing Opn4 (ref. 18), b-galactosidase activity (by
X-gal labelling) was not evident in the iris (not shown), presumably due to the
low melanopsin-promoter activity. Scale bar: 20mm. e, TdTomato fluorescence
signal detected in the iris of Opn4:tdTomato but not wild-type mice. Scale bar:
100mm. Stimuli in b were 436-nm Hg light, and white for the two brightest
intensities, although expressed in equivalent 480-nm photons. A 3-mm-
diameter spot covered the entire muscle. All force measurements at 35–37 uC.
Mice in d and e were albino (C57BL/6J-Tyrc-2J/J).
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Figure 4 | Phototransduction mechanism underlying intrinsic PLR.
a, Average flash-intensity–response relation for Plcb42/2 muscle (5
experiments). Wild-type relation from Fig. 1c shown for comparison. The inset
shows sample responses of wild-type and Plcb42/2 to a saturating flash, at
4.0 3 109 photonsmm22 (equivalent 480 nm). b, Top: example of a Plcb42/2

muscle (red) showing a tiny response (,3mN) to the first few dim flashes
(7.3 3 107 photonsmm22) before becoming unresponsive. The wild-type
response (black) to the same dim stimulus is also shown for comparison.
Bottom: the same Plcb42/2 muscle responded substantially to 10mM
acetylcholine. c, Thapsigargin and removal of extracellular Ca21, respectively,
greatly diminished the light response. Left: time course of effect on peak force
(black) generated by dim flashes (1.1 3 108 photonsmm22). Resting muscle
tension (red) arbitrarily set as 0 before thapsigargin or 0 Ca21 application.
Middle: sample responses. Right: collected data (4 muscles each). White Hg
light for two brightest flashes in intensity-response relations of a; all other
stimuli were 436-nm Hg light. All intensities are expressed in equivalent
480 nm photons. Flashes delivered at time 0, as a 3-mm-diameter spot covering
the entire muscle; 35–37 uC. All error bars are s.e.m.
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transcription factor (Fig. 9), a finding that suggests this population
of ipRGCs belongs to the Brn3b negative M1 cells described previ-
ously (Chen et al., 2011; Schmidt et al., 2011). The intensely fluo-
rescent patches on the green (Brn3b) channel of Fig. 9 are non-
specific staining artefact caused by an aggregation of primary
antibody on residual vitreous humour (this was not seen in nega-
tive control tissue).

4. Discussion

Here, using an intraocular axotomy approach to isolate the iPLR
in conscious mice, we report a dynamic range for this response
which closely matches that found following intraocular axotomy in
anaesthetised mice (Xue et al., 2011). As such, our data supports a
role for the iPLR in maintaining pupillary constriction in rodents
across a wide range of environmental lighting conditions. We also
confirm that the iPLR response is absent in adult mice which lack
melanopsin from birth. However, our data does not support the
hypothesis put forward by Xue and colleagues that the iPLR is
driven solely by melanopsin signalling in the iris sphincter muscle.

When the CMZ was selectively damaged in our anterior eyecup
experiment, the iPLR was significantly reduced, with only a residual
“twitch” remaining which presumably arose from melanopsin
signalling in the iris sphincter muscle. The absence of iPLR in MKO
mice, together with comparison between responses in CMZ-cut
verses retina-cut preparations strongly suggests that a major
component of the iPLR arises from melanopin signalling in the vi-
cinity of CMZ. Rather excitingly, the results of our in vivo atropine
experiment and anatomical investigation of wildtype CMZ both
implicate neural signalling as a potential contributor to the iPLR
response.

Our finding that atropine significantly reduces the magnitude
and speed of iPLR in vivowas surprising given that previous studies
have reported no effect of this muscarinic antagonist on the iPLR
response (Barr and Alpern,1963; Bito and Turansky, 1975; Lau et al.,

1992; Xue et al., 2011). In particular, the study by Lau and colleagues
found that the iPLR of axotomised hamsters was resistant to atro-
pine application. This may have been due to damage of the ciliary
nerves during their intraorbital axotomy procedure, which would
potentially reduce the role of cholinergic neurotransmission in the
iPLR. Alternatively, the discrepancy between our atropine data and
that from other studies may reflect the intense light used in the
current study. Regardless, the effect of atropine we observed was
robust and suggests that a significant component of the iPLR in-
volves cholinergic neurotransmission. This may simply result from
the indirect release of acetylcholine from parasympathetic nerve
terminals following melanopsin-driven muscle contraction in the
ciliary body/iris. However, there may also be a role for direct syn-
aptic communication between ipRGC axons and cholinergic ter-
minals in the iris.

Our immunohistochemical investigation of the peripheral
mouse retina revealed a striking anatomical structure in the CMZ
which is similar to that reported previously in rat (Vugler et al.,
2008). This plexus of melanopsin fibres in mice was most intense
nasally, with clear examples of melanopsin-positive fibres projec-
ting from ipRGCs at the CMZ directly into the ciliary body. Although
the structure we observed previously in rat was least intense in the
ventral-temporal retina (Vugler et al., 2008), the melanopsin-CMZ
plexus in mouse is more anatomically compartmentalised. We

Fig. 7. Melanopsin positive retinal-ciliary projections exist in the mouse. High
magnification image of the region marked by the arrow in Fig. 6A. The tissue has been
stained for melanopsin (red) and ChAT (green) in order to demarcate the boundary of
neural retina. The arrows point to melanopsin positive processes that transgress
outside of the retina and enter the pigmented ciliary body. Images are from different
channels of the same confocal projection. Scale bar: 50 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. Melanopsin immunoreactivity is absent in the ciliary body (CB) of MKO mice.
The arrows in AeB show further examples of blind ending melanopsin fibres, which
were absent in MKO mice (C). The arrow in C points to non-specific artefact. The arrow
in D points to a melanopsin positive process which projects out of the retina and into
the weakly melanopsin-positive ciliary body (compare CB region in D and E). The
dashed line in D and E approximates the boundary between neural retina and ciliary
body. Scale bars: AeC, 200 mm; DeE, 30 mm.

M. Semo et al. / Experimental Eye Research 119 (2014) 8e1816

In mice, ipRGCs at edge of retina also send 
small projections into the ciliary body… 

Melanopsin is also expressed at low levels  
in the ciliary body 
 Semo et al., Experimental eye research (2014) 119: 8-18 



At the ciliary marginal zone (CMZ) ~20% of 
ipRGCs lack an axon to the brain 799
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FIGURE 3 | Representative plots of melanopsin positive cells in
the CMZ of pigmented and albino mice traced from either the
ON or SCi. Note the predisposition for M+ cells in the nasal
hemiretinal CMZ of both strains. The gray dots indicate classical

ipRGCs (M+OHSt+), while the black dots represent melanopsin
cells which fail to retrogradely label with OHSt (M+OHSt�).
Abbreviations: optic nerve (ON), superior colliculi (SCi). Scale bar:
500 µm.

most of which reside outside the CMZ (see bottom two graphs
in Figure 8).

The disparity between retrograde co-localization data for con-
ventional ipRGCs (located in the RGC layer) and d-ipRGCs
(located in the INL) again raises the possibility that some
d-ipRGCs fail to send an axon into the ON. As such, a small
percentage of d-ipRGCs in the mouse retina may also in fact be
interneurons and not RGCs.

DISCUSSION
Here we define the spatial distribution of melanopsin positive
neurons in the retina of two commonly used mouse strains:
the pigmented C57BL/6 mouse and the albino Swiss mouse. In
addition to reporting important differences in ipRGC distribution

between these two strains, we also describe that >97% of
melanopsin expressing ipRGCs become retrogradely labeled when
OHSt is applied to both SCi. Rather surprisingly, we also report
the existence of melanopsin expressing neurons in the mouse
retina which fail to label with a retrograde tracer applied to the
ON. As such, we suggest that these cells are not ipRGCs and
may instead constitute a new type of intrinsically photosensitive
interneuron.

ipRGCs POPULATION AND ITS DISTRIBUTION IN THE RETINA
To date, only two other studies have reported total ipRGC counts
in mouse retina, both also using the C57BL/6 strain (Jain et al.,
2012; Hughes et al., 2013). The total ipRGC numbers we report
here for pigmented mice are very similar to those reported by
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Valiente-Soriano et al. Mice melanopsin-retinal ganglion cells

FIGURE 2 | OHSt tracing from the optic nerve reveals that not all
melanopsin cells in the CMZ are ipRGCs. (A,B) Images acquired from
the nasal (left column) and temporal (right column) retinal CMZ from
pigmented (A) and albino (B) animals showing melanopsin signal (red)
and OHSt tracing (white). Images in the top row of (A) and (B) show a
yellow region of interest which is magnified below. The arrows in (A)
and (B) point to melanopsin positive (M+) cells which fail to retrogradely

label with OHSt (M+OHSt�). (C) Stack bar graphs showing the
percentage of M+ cells that were traced (OHSt+) or not (OHSt�), with
100% representing the total number of melanopsin+cells counted in
each hemiretinal CMZ (n = 3 retinae per strain). Inside each bar is
shown the total number (mean ± SD) of M+ cells found in the retinal
rim of each strain in the nasal (left) or temporal (right) retina. Scale bar:
100 µm.

mainly appeared OHSt+, however, in comparison to conventional
ipRGCs labeled from the ON (see Table 3), ⇠14% of the
d-ipRGCs were unlabeled by OHSt in pigmented mice (mean of
21 ± 2 M+OHSt�), rising to ⇠28% (mean of 13 ± 3 M+OHSt�)
in albinos. These cells appeared morphologically similar but we

found it difficult to locate an obvious axon on M+OHST� cells.
As shown in Figure 8, for pigmented animals, the high percent-
age of M+OHSt� d-ipRGCs may be accounted for in part by
approximately half of these cells residing in the CMZ. However,
this is not the case for M+OHSt� d-ipRGCs in albino mice,
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Demonstrated by application of the retrograde tracer OHSt to the severed optic nerve 
in wildtype pigmented mice.  

Melanopsin 

OHSt 

Melanopsin OHSt 



A role for melanopsin in light perception ? 

(Johnson et al., PNAS (2010) 107(40) 17374-8 ) 

They used a turning assay to study light avoidence behaviour in neonatal mice (P6-P9) 



Melanopsin is required for light avoidance 
behaviour in neonatal mice 

(Johnson et al., (2010) Proc. Natl. Acad. Sci. USA 107(40) 17374-8 ) 

Neonatal mice were exposed to blue light (open bars) or darkness (black bars). In wildtype mice, the latency 
to their first turn in the experimental tube was significantly reduced by light exposure, as was the time spent in 
their original orientation. This was not the case for OPN4-/- mice. *** P<0.001, ** P<0.01, ns = non significant. 



ipRGCs drive behavioural light aversion in 
adult mice 

We used rd/rd cl mice (lacking rods and cones) to  
show that ipRGCs can mediate light aversion behaviour 
In adult mice. Interestingly, light aversion behaviour 
gets stronger as the trial progresses in rd/rd cl mice.  
Opn4-/- mice retain an aversion to light without 
the potentiation over time (not shown)    

30-minute trial, 1300 lux light  

Semo  et al., PLoS One. (2010) 5(11), e15009 

Wildtype mice 

rd/rd cl mice 



Blue light drives behavioural light aversion in 
adult mice 

compared in Opn4-/- mice, no effect of wavelength was observed (Fig 3D and 3E). These data
are consistent with the effects of light on sleep in Opn4-/- mice. The reduced aversive response
to blue light in melanopsin-deficient animals is consistent with an advanced sleep onset,
whereas the enhanced aversive response to green light at the beginning of the stimulus is con-
sistent with delayed sleep onset.

The Effects of Light on Gene Expression Are Wavelength-Dependent
To determine if the different wavelengths of light result in different effects at a molecular level,
we measured the expression of the immediate early gene Fos, and the light-regulated clock
genes Per1 and Per2 following a 1 h light pulse in the SCN and adrenal gland (Fig 4A). Consis-
tent with previous studies, all three wavelengths evoked increased expression of Fos, Per1, and
Per2 in the SCN. Different wavelengths resulted in differential levels of induction of all three

Fig 3. Wavelength-dependent effects on behavioural light aversion. (A) Mice entrained to an LD12:12 cycle were exposed to 405 nm (violet), 470 nm
(blue), and 530 nm (green) light at ZT14 in a light/dark box for 10 min. (B) In the first 1 min of the test, mice spent significantly more time in the hidden zone
under blue light compared to violet, green, or control (dark) conditions. One-way repeated measures ANOVA for light condition, F(3.25) = 20.696, p! 0.001.
Post hoc Tukey dark versus violet p = 0.006, dark versus blue p = 0.021, dark versus green p! 0.001, blue versus violet p! 0.001, blue versus green
p! 0.001. (C) In the following 9 min, mice exposed to blue light continued to spend more time in the hidden zone compared to violet or green light. One-way
repeated measures ANOVA light condition over time 2–-10 mins, F(3,25) = 11.721, p! 0.001. Post hoc Tukey dark versus violet p = 0.635, dark versus blue
p = 0.021, dark versus green p = 0.635, violet versus blue p! 0.001, blue versus green p! 0.001. (D)Opn4-/- mice (open bars) showed different responses
to both blue and green light. In the first minute of the test, in comparison with wildtype mice,Opn4-/- mice spent less time in the hidden zone in response to
blue light. However,Opn4-/- animals spent more time in the hidden zone compared with wildtype under green light. Two-way repeated measures ANOVA for
light condition and genotype, light condition x genotype interaction F(1,26) = 20.585, p! 0.001. Post hoc Tukey wildtype versusOpn4-/- blue p = 0.010, green
p = 0.001. (E) Whilst the attenuated response to blue light inOpn4-/-mice persisted over the remaining time course of the test (one-way repeated measures
ANOVA for effect of genotype over time, F(1.13) = 14.376, p = 0.002), no difference was observed between wildtype andOpn4-/- mice under green light (one-
way repeated measures ANOVA for effect of genotype over time, F(1.13) = 0.26, p = 0.617).Opn4-/- mice showed no statistical difference in responses to
wavelength in the first minute or whole time of the test (one-way repeated measures ANOVA for effect time over wavelength F(9,81) = 0.976 p = 0.466).
Histograms reflect mean percentage ± SEM of time spent in the dark box of the light dark box during the 10 min trial (n = 6–-10/group wildtype, n = 4–-10
Opn4-/-). Significant differences indicated by *** p! 0.001, ** p! 0.01, * p! 0.05, NS = not significant. The data used to make this figure can be found in
S3 Data.

doi:10.1371/journal.pbio.1002482.g003
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compared in Opn4-/- mice, no effect of wavelength was observed (Fig 3D and 3E). These data
are consistent with the effects of light on sleep in Opn4-/- mice. The reduced aversive response
to blue light in melanopsin-deficient animals is consistent with an advanced sleep onset,
whereas the enhanced aversive response to green light at the beginning of the stimulus is con-
sistent with delayed sleep onset.

The Effects of Light on Gene Expression Are Wavelength-Dependent
To determine if the different wavelengths of light result in different effects at a molecular level,
we measured the expression of the immediate early gene Fos, and the light-regulated clock
genes Per1 and Per2 following a 1 h light pulse in the SCN and adrenal gland (Fig 4A). Consis-
tent with previous studies, all three wavelengths evoked increased expression of Fos, Per1, and
Per2 in the SCN. Different wavelengths resulted in differential levels of induction of all three
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(blue), and 530 nm (green) light at ZT14 in a light/dark box for 10 min. (B) In the first 1 min of the test, mice spent significantly more time in the hidden zone
under blue light compared to violet, green, or control (dark) conditions. One-way repeated measures ANOVA for light condition, F(3.25) = 20.696, p! 0.001.
Post hoc Tukey dark versus violet p = 0.006, dark versus blue p = 0.021, dark versus green p! 0.001, blue versus violet p! 0.001, blue versus green
p! 0.001. (C) In the following 9 min, mice exposed to blue light continued to spend more time in the hidden zone compared to violet or green light. One-way
repeated measures ANOVA light condition over time 2–-10 mins, F(3,25) = 11.721, p! 0.001. Post hoc Tukey dark versus violet p = 0.635, dark versus blue
p = 0.021, dark versus green p = 0.635, violet versus blue p! 0.001, blue versus green p! 0.001. (D)Opn4-/- mice (open bars) showed different responses
to both blue and green light. In the first minute of the test, in comparison with wildtype mice,Opn4-/- mice spent less time in the hidden zone in response to
blue light. However,Opn4-/- animals spent more time in the hidden zone compared with wildtype under green light. Two-way repeated measures ANOVA for
light condition and genotype, light condition x genotype interaction F(1,26) = 20.585, p! 0.001. Post hoc Tukey wildtype versusOpn4-/- blue p = 0.010, green
p = 0.001. (E) Whilst the attenuated response to blue light inOpn4-/-mice persisted over the remaining time course of the test (one-way repeated measures
ANOVA for effect of genotype over time, F(1.13) = 14.376, p = 0.002), no difference was observed between wildtype andOpn4-/- mice under green light (one-
way repeated measures ANOVA for effect of genotype over time, F(1.13) = 0.26, p = 0.617).Opn4-/- mice showed no statistical difference in responses to
wavelength in the first minute or whole time of the test (one-way repeated measures ANOVA for effect time over wavelength F(9,81) = 0.976 p = 0.466).
Histograms reflect mean percentage ± SEM of time spent in the dark box of the light dark box during the 10 min trial (n = 6–-10/group wildtype, n = 4–-10
Opn4-/-). Significant differences indicated by *** p! 0.001, ** p! 0.01, * p! 0.05, NS = not significant. The data used to make this figure can be found in
S3 Data.
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Intrinsic optical imaging reveals the dynamics 
of ipRGC-driven cortical activation in rd/rd cl 
mice 

Brown  et al., PLoS Biology. (2010) 8(12), e1000558 

Intrinsic optical imaging signals from the visual cortex of wildtype and rd/rd cl mice exposed to a 20 second 
pulse of bright blue light. The time course before (-5 0)s and after light exposure is shown across the top. 
Blue indicates regions of most intense neural activity. Note that the activity begins in V1 and spreads across  
to retrosplenial visual cortex (RSD) in wildtype (WT) mice, while activation appears more slowly in rd/rd cl mice. 
Cortical activation in rd/rd cl mice has also been demonstrated using functional anatomy (c-fos staining).  

Semo  et al., PLoS One. (2010) 5(11), e15009 



Light aversion may involve ipRGC input to 
both the Superior Colliculus and visual 
cortex 

Superior Colliculus (SC) 

B: 

The Superior Colliculus (SC) is a specialised region of the dorsal midbrain which co-ordinates basic movements / behaviour.  
as shown in the sagittal section (A), ipRGCs project to the SC. The image in B is a coronal section through the SC 
of a melanopsin-reporter mouse (Melanopsintau-LacZ/+). 
 
It has been reported that lesions to the SC in P5 neonatal rats can prevent the light avoidance response 
(Routtenberg et al., Developmental Psychobiology (1978) 11(5): 469-478). 
 
However, light aversion behaviour is also impaired in adult rats with lesions to visual cortex  
(Altman, Am J. Physiol (1962) 202: 1208-1210). 
 

A: 

ipRGCs 



A role for melanopsin in the conscious 
perception of light in humans? 

•  Three main studies to date: 
–  ipRGCs project to the dLGN in primates (Dacey et al., Nature 

(2005) 433(17) 749-54). 
–  Humans lacking rods / cones can perceive blue light (Zaidi et al., 

Current Biology (2007) 17 2122-28) and experience photophobia 
(Noseda et al., Nature Neuro. (2010) 13(2) 239-45).  

–  Psychophysical tests in human subjects suggest a role for 
melanopsin in brightness discrimination (Brown et al., Current 
Biology (2012) 22, 1-8). 

•  Does melanopsin contribute to image-forming vision? 
–  Acuity? Contrast? Brightness? Motion?  



Evidence for a role of melanopsin in image-
forming vision: Anatomy 

The fovea of the retina, as viewed through the ophthalmoscope and in  
a histological section. 



In primates, ipRGCs increase in density 
towards the fovea and project to dLGN 

(Dacey et al., Nature (2005) 433(17) 749-54) 

A study by Dacey and colleauges has shown that intrinsically photosensitive melanopsin positive ganglion  
cells project to the dLGN and are strongly activated by rods and cones. The receptive field of these cells  
displays colour opponency (S-OFF, L+M-ON). In contrast to rodents, the primate retina has a high percentage  
(40%) of melanopsin ganglion cells displaced to the inner nuclear layer (INL).   
 

INL 

GCL 
IPL 

pathways are merged, and the melanopsin-based signal might
contribute to conscious visual perception.
There is evidence that a melanopsin-associated photodetective

pathway exists in the diurnal human visual system8–12, similar to the
one found in the nocturnal rodent. However, the detailed anatom-
ical and functional properties of a melanopsin pathway in primates,
and its relationship to rod and cone circuits, are unknown. To
identify themelanopsin-expressing cells in the primate, a polyclonal
antibody derived from the conceptually translated, full-length
complementary DNA for the human melanopsin protein was
used to immunostain human and macaque retinae. In flat mounts
of the entire retina, the melanopsin antisera revealed a morpho-
logically distinct population of ,3,000 retinal ganglion cells with
completely stained cell bodies, dendritic trees and axons (Fig. 1a–c).
With ,1.5 million ganglion cells in the human retina, the mela-
nopsin-expressing cells comprise only 0.2% of the total. The
melanopsin-expressing ganglion cell bodies were big, giving rise
to the largest dendritic tree diameters of any primate retinal
ganglion cell identified thus far13 (Fig. 1d–f). The long, sparsely
branching dendrites produced an extensive meshwork of highly
overlapping processes. Cell counts showed a shallow density
gradient ranging from 3–5 cellsmm22 over much of the retinal
periphery to a peak of 20–25 cellsmm22 in the parafoveal retina
(Fig. 1g); in contrast, total ganglion cells reach a peak density of
,50,000 cells mm22. In the central retina, the extremely large
dendritic trees of melanopsin-containing ganglion cells spiralled
around the foveal pit to form an extensive plexus (Fig. 1e).

Melanopsin-containing dendrites were localized to two strata: the
extreme inner and extreme outer borders of the inner plexiform
layer (Fig. 1h). Individual cells are principally monostratified,
creating two distinct subpopulations that send dendrites to either
the inner or the outer stratum. About 60% of the melanopsin-
expressing cells were outer-stratifying cells, and about 40% had cell
bodies displaced to the inner nuclear layer

A novel cell-marking method was used in conjunction with the
in vitro intact macaque retina14 to investigate the central targets and
the visual physiology of the melanopsin-expressing cells. The tracer
rhodamine dextran was injected into physiologically identified
locations in the lateral geniculate nucleus (LGN) and pretectal
olivary nucleus (PON), two major retinorecipient structures.
After retrograde transport, the complete dendritic morphology of
labelled ganglion cells was revealed in the in vitro retina by liberation
of the sequestered rhodamine tracer into the cytoplasm upon light
exposure13. Melanopsin immunostaining always colocalized with
rhodamine in the cell body and dendritic tree of the tracer-labelled
‘giant’ cells (Fig. 2a–d). These distinctive ‘giant’, monostratified
ganglion cells appear identical to those previously labelled in a
similar retrograde fashion from both LGN and PON13.

The giant ganglion cells showed cone-driven input and an
unexpected response to chromatic stimuli. At mid-photopic levels,
a 550-nm light pulse evoked a sustained On response (Fig. 3a).
Latencies to first spike were ,30–40ms, typical of cone-mediated
ganglion cell signals in primates (Fig. 3a inset). Surprisingly, a
sustained On response was observed for both morphological cell

Figure 1 Morphology of melanopsin-immunoreactive cells. a, Human cell (arrow);
propidium iodide red counterstain. Scale bar, 50 mm. b, Macaque cell (arrow). Scale bar,
50 mm. c, Macaque retina tracing; dots represent melanopsin cells. T, temporal retina;
N, nasal retina; S, superior retina; I, inferior retina. d, Melanopsin cells in peripheral retina
(left; scale bar,100mm). Tracing of a peripheral HRP-stained giant cell (right; scale bar,

200mm). Parasol and midget cells (far right) are shown for comparison. e, Melanopsin
cells encircling the fovea (left; scale bar, 200mm). Tracings of two HRP-stained giant cells

,1–1.5mm from the fovea (right; scale bar, 200mm). Circles (far right) indicate size of

foveal parasol and midget cells. f, Dendritic field size of melanopsin cells versus
eccentricity (inner cells, filled circles, n ¼ 93; outer cells, open circles, n ¼ 63). Parasol

(filled diamonds, n ¼ 333) and midget cells (open diamonds, n ¼ 93) are shown for

comparison. g, Mean cell density of melanopsin cells versus eccentricity (total 614 cells in
78 1mm2 samples). h, Dendritic arbours (green) of melanopsin cells (arrows) from
stacked confocal images of 5 consecutive vertical sections (25 mm thick). The soma of the

outer cell is displaced to the inner nuclear layer (INL). GCL, ganglion cell layer; IPL, inner

plexiform layer. Scale bar, 50mm.
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Distribution of ipRGCs in the human macula 



Distribution of ipRGCs in the human macula 

Retinal quadrant Distance from fovea 



ipRGCs penetrate the human fovea 



A role for melanopsin in contrast detection? 

•  Melanopsin is found in ON alpha RGCs and has been 
proposed to contribute to contrast detection 
–  These RGCs are sensitive to contrast change signaled by        

rods/cones 
–  Opn4-/- mice have behavioural deficits in contrast sensitivity 
–  Schmidt et al. Neuron (2014) 82: 781-788. 

•  However, studies looking at visual acuity and contrast 
sensitivity in Opn4-/- mice assume that the visual system 
develops normally in these animals… 



Visual system development is abnormal in 
melanopsin knockout (Opn4-/-) mice 

Light increases the duration of retinal waves (bursts of spiking  
activity) in conventional retinal ganglion cells (a). This was  
not the case Opn4-/- mice (b). These mice also have a reduction 
in the segregation of ipsilateral and contralateral pathways in the  
retinogeniculate pathway. 
 
Rena et al., Nature Neuroscience. (2011) 14(7) 827-829). 

Figure 2. |Hyaloid regression and retinal angiogenesis are regulated by melanopsin
a, Quantification of hyaloid vessels in Opn4+/+ and Opn4−/− mice over a P1 to P8 time
course. P values obtained by ANOVA. b–i, Low (×100; b, f) and high (×200; c–e, g–i)
magnification images of isolectin-labelled P8 retina from wild-type (b–e) and Opn4−/− (f–i)
pups raised in normal lighting.e, i, Depth-coded z stack images for wild type (e) and
Opn4−/− (i) indicate the appearance of vertical angiogenic sprouts. j, k, Graphs show
quantification of branch points (j) and vertical sprouts (k) in animals of the indicated
genotypes. WT, wild type. P values obtained by Student's t-test. Errors bars are s.e.m.
Sample sizes (n) as labelled.
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Figure 2. |Hyaloid regression and retinal angiogenesis are regulated by melanopsin
a, Quantification of hyaloid vessels in Opn4+/+ and Opn4−/− mice over a P1 to P8 time
course. P values obtained by ANOVA. b–i, Low (×100; b, f) and high (×200; c–e, g–i)
magnification images of isolectin-labelled P8 retina from wild-type (b–e) and Opn4−/− (f–i)
pups raised in normal lighting.e, i, Depth-coded z stack images for wild type (e) and
Opn4−/− (i) indicate the appearance of vertical angiogenic sprouts. j, k, Graphs show
quantification of branch points (j) and vertical sprouts (k) in animals of the indicated
genotypes. WT, wild type. P values obtained by Student's t-test. Errors bars are s.e.m.
Sample sizes (n) as labelled.
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Figure 3. | Light and melanopsin-dependent regulation of VEGFA expression and hypoxia in the
retina
a, Hyaloid vessel number from P1 to P8 in mice of labelled genotypes. P values obtained by
ANOVA. b, Vitreous VEGFA immunoblot (IB) for wild-type mice at P1, P5 and P8 with
quantification histogram. c, Immunoblot for P1 or P5 vitreous VEGFA in wild-type and
Opn4−/− mice or in mice reared in LD or DD light conditions as labelled. d, ELISA
quantification of VEGFA levels in the P5 vitreous of control/LD mouse pups (grey bar)
from Opn4−/− mice (pale blue bar)or those raised in constant darkness from E16–17 (DD,
blue bar). e, qPCR detection of Vegfa mRNA in P5 retina from control/LD (grey bar),
Opn4−/− mice (light blue bar) and dark-reared mice (DD, dark blue bar). P values in b, d, e
were obtained by Student's t-test. Sample sizes (n) as labelled. Error bars are s.e.m. f, g,
Labelling of flat-mount P5 retinas from wild-type (f) and Opn4−/− (g) mice for blood vessels
(isolectin, green) and for hypoxia (red). Retinal myeloid cells label faintly with isolectin.
Original magnification, ×100. h, i, Quantification of the relative levels of hypoxyprobe
labelling in the retinas of LD and DD mice (c) and wild-type versus Opn4−/− (d) retinas.
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Vascular abnormalities and hypoxia in the retina 
of young Opn4-/- mice. Too many neurons… 
(Rao et al., Nature (2013) 494(7436) 243-246) 



 
Very difficult to stimulate melanopsin without 
stimulating the green cones in normal mice. 
So, to make this possible, Rob Lucas’ group in 
Manchester use red cone knock in mice 
(Opn1mwR), where the mouse green cones 
express the human L-opsin (action spectrum 
shifted to the right and therefore enables a 
greater separation between melanopsin and 
green cone activation in mice). 
 

Selectively stimulating the melanopsin 
system in mice with an intact retina 

presented against backgrounds appearing equivalent to
conventional photoreceptors but differing substantially in
effective irradiance for melanopsin. Given the similar spectral
sensitivity of mouse medium-wavelength-sensitive (MWS)
cone opsin and melanopsin (Figure 1B), to achieve this we
employed transgenic mice (Opn1mwR) with a fully intact
visual system but in which the red-shifted human long-wave-
length-sensitive (LWS) cone opsin is knocked into the
MWS cone opsin locus [25] (Figure 1B). A bespoke light
source in which the output of three spectrally distinct light-
emitting diodes (LEDs) could be independently modulated
allowed great scope for generating spectra differing in
melanopsin effective photon flux but predicted to be isolumi-
nant (‘‘metameric’’) for short-wavelength-sensitive (SWS) and
LWS cone opsins.

From spectra matching this requirement, we chose two
pairs (Figure 1D) that could be used to generate a 50ms ‘‘flash’’
(stimuli 2 and 4) presented against backgrounds differing in
melanopsin photon flux (stimuli 1 and 3). These combinations
had the following characteristics. (1) The flash should be
visible to cones but not rods or melanopsin. We were inter-
ested in modulatory rather than direct contributions of mela-
nopsin to flash responses and thus aimed to make the
elements of each background and flash combinationmelanop-
sin isoluminant. By working at high irradiances, we hoped to
minimize rod influences on our recordings. Nevertheless, as
a further precaution, we set background and flash elements
to be rod isoluminant. (2) The cone experience of the flash
stimulus should be equivalent for the two pairs. Setting both
backgrounds and both flashes isoluminant for both SWS and

Figure 1. Polyspectral Stimuli Allowing Independent Control of Irradiance as Experienced by Cones versus Melanopsin

(A–H) To ensure that some of our stimuli approximated the mouse’s experience of natural light, we recorded spectral irradiance in an urban scene (A) in
Manchester over a dusk transition. The resultant spectral power distributions (B, black line shows data for solar angle 11.2!) were multiplied by spectral
efficiencies of mouse SWS opsin, melanopsin, rod opsin, and MWS opsin (purple, blue, gray, and green lines, respectively) to calculate effective corneal
irradiance in photons/cm2/s for each photopigment over a range of solar angles (C). To allow independent modulation of cone opsins versus melanopsin,
these experiments employed Opn1mwR mice in which mouse MWS opsin is replaced by red-shifted human LWS cone opsin (red dotted line in B). A three
primary LED light source (peak emission at 365, 460, and 600 nm) produced four spectrally distinct stimuli shown in (D) with log10 effective photon fluxes for
each photopigment in inset. Spectra 1 and 2 approximated the mouse’s experience of natural light at solar angle +8!, while spectra 3 and 4 were selectively
denuded of thosewavelengths towhichmelanopsin ismost sensitive. The individual elements of these daylight andmel-low stimulus pairswere designed to
be rod and melanopsin isoluminant but to differ in effective irradiance for SWS opsin and LWS opsin. By contrast, spectra 1 and 3 and spectra 2 and 4 were
designed to be cone isoluminant but to differ substantially in effective photon flux for melanopsin and rods. As a result, switching from either spectrum 1 to 2
or spectrum 3 to 4 produced a 58% Michelson contrast step to cones presented against backgrounds differing substantially in effective photon flux for
rods and melanopsin. This was validated by measuring ERG responses to 200 repeats of 1 Hz, 50 ms transitions from either spectrum 1 to 2 and back again
(daylight) or spectrum 3 to 4 and back (mel-low). Two control ERG measurements were made in response to daylight and mel-low stimuli: (1) in Opn1mwR

mice at amoderate intensity (100-fold dimmer thanmaximum and hence with reducedmelanopsin excitation; E and F) and (2) inOpn42/2;Opn1mwRmice at
the maximum intensity (G and H). (E) and (G) show representative traces in daylight (black traces) and mel-low (blue traces); arrow indicates time of flash.
Scale bars, 100ms (x); 40 mV (y). Population response amplitudes are plotted in (F) and (H). Data were comparedwith paired t tests. In each control condition,
responses to daylight and mel-low had equivalent amplitudes (p > 0.05).
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This method was first used to demonstrate melanopsin-mediated brightness discrimination in  
intact mice (Brown et al., Current Biology (2012) 22, 1-8). 



Melanopsin-driven light adaptation in mice 

LWS cone opsins across the pairs ensured that the two stim-
ulus conditions were equivalent for each individual cone irre-
spective of its relative expression of the two pigments [26].
(3) One of the conditions approximates the mouse’s experi-
ence of natural daylight. We recorded spectral irradiance pro-
files in horizontal view over a dusk transition in an urban setting
(solar angles from 29! to 30! under clear skies but outside of
direct sunlight; Figures 1A and 1B) and modeled the mouse’s
experience of these conditions by calculating the effective
photon flux for each of the mouse photopigments (Figure 1C).
At all positive solar elevations, the effective photon flux (mela-
nopsin, rod opsin, and MWS opsin) was roughly equivalent
andw10 times greater than that for SWS opsin. Our first stim-
ulus pair (spectra 1 and 3) maintained these activity ratios and
recreated the mouse’s experience of a solar angle of +8! on
our representative day. We therefore refer to this condition
as ‘‘daylight.’’ In the other stimulus pair (spectra 2 and 4;
termed ‘‘mel-low’’), the effective photon flux for melanopsin
was selectively reduced by 10 times.

As these experiments rely upon the daylight and mel-low
conditionsappearingequivalent tomousecones (at leastwithin
the resolution of our methods of assaying visual response), we
first undertookcontrol experiments toconfirm that thiswas true
(see also Figure S1 available online). Initially, we based these
upon electroretinography (although see also Figure 3). As mel-
anopsin is increasingly active at brighter backgrounds, our first
control was to show that ERG responses to daylight and mel-
low conditions (50 ms transition from ‘‘background’’ to ‘‘flash’’

spectra at 1Hz)were indistinguishable at amoderate irradiance
(Figures 1E and 1F). We next showed that responses to these
stimuli were identical in mice lacking melanopsin (Opn42/2;
Opn1mwR) at bothmoderate (not shown) and high background
irradiances (Figures 1G and 1H).

Melanopsin-Driven Modulation of the Cone Flash ERG
Having validated daylight andmel-low stimuli, we continued to
present them to Opn1mwR mice at a high, melanopsin-active
irradiance. ERGb-wave amplitudewas reproducibly enhanced
in themel-low condition (Figure 2B). This change built up grad-
ually over several minutes following transition from mel-low to
daylight backgrounds (Figure 2C) and was reversible (Figures
2D and 2E). By changing our spectra to produce flash stimuli
representing a range of increases in effective cone photon
flux, we described contrast-response relationships under
background andmel-low conditions for this flash ERG. Behav-
ioral contrast sensitivity has recently been reported to be
impaired in Opn42/2 mice [27]; however, we did not find an
equivalent effect of dynamic modulations in melanopsin activ-
ity. Thus, b-wave amplitudewas greater acrossmost contrasts
in the mel-low condition, indicating increased response gain,
but no change in contrast sensitivity per se (Figures 2F and2G).

Melanopsin-Driven Changes in Visual Response Extend to
the dLGN
We next recorded responses of neurons in the dLGN, which
allowed us to determine whether these changes were

Figure 2. Melanopsin-Dependent Changes in the
Cone ERG

(A and B) ERG traces (A) from a representative
Opn1mwR mouse to 200 repeats of 1 Hz, 50 ms
daylight (black traces) or mel-low (blue traces)
flashes at maximum intensity (irradiances as in
Figure 1D). Arrow indicates time of flash. Scale
bars, 100 ms (x); 40 mV (y). The increase in
b-wave amplitude apparent in the mel-low condi-
tion in this representative trace was observed in
all seven Opn1mwR mice for which data were re-
corded (B, black symbols represent b-wave
amplitude in daylight condition and blue circles
in mel-low condition; paired t test, p > 0.001).
(C) The change in ERG b-wave occurred gradu-
ally following the switch from mel-low to daylight
conditions. Data show mean 6 SEM of b-wave
amplitude to 180 repeats of the 1 Hz flash stim-
ulus in seven mice. These data were collected
in parallel with those for Opn42/2;Opn1mwR

data shown in Figure S2A and compared by
two-way ANOVA (significant effects of genotype
and genotype-time interactions [p < 0.05]; post
hoc Bonferroni multiple comparisons tests
against Opn1mwR at time zero revealed signifi-
cant differences for daylight recordings after
approximately 9 min [*p < 0.05, **p < 0.01, ***p <
0.001]).
(D and E) Transitions from mel-low to daylight
and then back again confirmed that the changes
in response were reversible; shown for ERG
traces from a representative mouse (D) and for

normalized b-wave amplitude from six mice (E; mean 6 SEM; one-way ANOVA with a post hoc Bonferroni multiple comparisons test: mel-low versus
daylight, p < 0.05; mel-low versus mel-low [recovery], p > 0.05).
(F and G) The contrast response relationship differed between daylight and mel-low conditions. ERG traces (F) from a representative mouse exposed to
variants of daylight and mel-low stimuli in which the increase in effective cone excitation of the flash (spectra 2 and 4) was altered (Michelson contrasts
provided at right) while maintaining rod and melanopsin isoluminance. Scale bars, 100 ms (x); 20 mV (y). Population contrast response relationships (G)
were produced by plotting mean 6 SEM b-wave amplitude (normalized to 1 = the maximum recorded for that mouse under any condition; n = 6) against
flash cone contrast revealed differences between conditions (F-test comparisons of sigmoidal fits to data; curves for mel-low and daylight conditions
are significantly different [p < 0.05], but those for mel-low and mel-low [recovery] are not [p = 0.93]).
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presented against backgrounds appearing equivalent to
conventional photoreceptors but differing substantially in
effective irradiance for melanopsin. Given the similar spectral
sensitivity of mouse medium-wavelength-sensitive (MWS)
cone opsin and melanopsin (Figure 1B), to achieve this we
employed transgenic mice (Opn1mwR) with a fully intact
visual system but in which the red-shifted human long-wave-
length-sensitive (LWS) cone opsin is knocked into the
MWS cone opsin locus [25] (Figure 1B). A bespoke light
source in which the output of three spectrally distinct light-
emitting diodes (LEDs) could be independently modulated
allowed great scope for generating spectra differing in
melanopsin effective photon flux but predicted to be isolumi-
nant (‘‘metameric’’) for short-wavelength-sensitive (SWS) and
LWS cone opsins.

From spectra matching this requirement, we chose two
pairs (Figure 1D) that could be used to generate a 50ms ‘‘flash’’
(stimuli 2 and 4) presented against backgrounds differing in
melanopsin photon flux (stimuli 1 and 3). These combinations
had the following characteristics. (1) The flash should be
visible to cones but not rods or melanopsin. We were inter-
ested in modulatory rather than direct contributions of mela-
nopsin to flash responses and thus aimed to make the
elements of each background and flash combinationmelanop-
sin isoluminant. By working at high irradiances, we hoped to
minimize rod influences on our recordings. Nevertheless, as
a further precaution, we set background and flash elements
to be rod isoluminant. (2) The cone experience of the flash
stimulus should be equivalent for the two pairs. Setting both
backgrounds and both flashes isoluminant for both SWS and

Figure 1. Polyspectral Stimuli Allowing Independent Control of Irradiance as Experienced by Cones versus Melanopsin

(A–H) To ensure that some of our stimuli approximated the mouse’s experience of natural light, we recorded spectral irradiance in an urban scene (A) in
Manchester over a dusk transition. The resultant spectral power distributions (B, black line shows data for solar angle 11.2!) were multiplied by spectral
efficiencies of mouse SWS opsin, melanopsin, rod opsin, and MWS opsin (purple, blue, gray, and green lines, respectively) to calculate effective corneal
irradiance in photons/cm2/s for each photopigment over a range of solar angles (C). To allow independent modulation of cone opsins versus melanopsin,
these experiments employed Opn1mwR mice in which mouse MWS opsin is replaced by red-shifted human LWS cone opsin (red dotted line in B). A three
primary LED light source (peak emission at 365, 460, and 600 nm) produced four spectrally distinct stimuli shown in (D) with log10 effective photon fluxes for
each photopigment in inset. Spectra 1 and 2 approximated the mouse’s experience of natural light at solar angle +8!, while spectra 3 and 4 were selectively
denuded of thosewavelengths towhichmelanopsin ismost sensitive. The individual elements of these daylight andmel-low stimulus pairswere designed to
be rod and melanopsin isoluminant but to differ in effective irradiance for SWS opsin and LWS opsin. By contrast, spectra 1 and 3 and spectra 2 and 4 were
designed to be cone isoluminant but to differ substantially in effective photon flux for melanopsin and rods. As a result, switching from either spectrum 1 to 2
or spectrum 3 to 4 produced a 58% Michelson contrast step to cones presented against backgrounds differing substantially in effective photon flux for
rods and melanopsin. This was validated by measuring ERG responses to 200 repeats of 1 Hz, 50 ms transitions from either spectrum 1 to 2 and back again
(daylight) or spectrum 3 to 4 and back (mel-low). Two control ERG measurements were made in response to daylight and mel-low stimuli: (1) in Opn1mwR

mice at amoderate intensity (100-fold dimmer thanmaximum and hence with reducedmelanopsin excitation; E and F) and (2) inOpn42/2;Opn1mwRmice at
the maximum intensity (G and H). (E) and (G) show representative traces in daylight (black traces) and mel-low (blue traces); arrow indicates time of flash.
Scale bars, 100ms (x); 40 mV (y). Population response amplitudes are plotted in (F) and (H). Data were comparedwith paired t tests. In each control condition,
responses to daylight and mel-low had equivalent amplitudes (p > 0.05).
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Melanopsin stimulation adapts the cone 
ERG in mice (200 x 1Hz, 50ms with  
Background illumination). Allen et al.,  
Current Biology (2014) 24: 1-10 

The Opn1mwR mouse was used to compare retinal and 
thalamic responses to stimuli with spectral compositions 
either enriched (daylight) or depleted (Mel-low) in 
wavelengths to excite the melanopsin system.  
 
They found adaptation in the ERG (D&B) under daylight 
conditions and strong evidence for an increase in feature 
selectivity of dLGN neurons using multi-electrode  
recordings from this structure. 
 
In the dLGN, the neurons preferred finer spatial patterns 
under daylight conditions. These conditions also tuned 
direction sensitive neurons to faster motion. So, increasing 
the level of melanopsin stimulation changes the feature 
detection of visual circuits in both spatial and temporal 
dimensions. 
 
“Melanopsin works like a photographer's light meter, 
providing an independent measure of irradiance to 
determine optimal settings for visual circuits.” 
 
At least part of this melanopsin-driven light adaptation may 
happen in the retina… 

LWS cone opsins across the pairs ensured that the two stim-
ulus conditions were equivalent for each individual cone irre-
spective of its relative expression of the two pigments [26].
(3) One of the conditions approximates the mouse’s experi-
ence of natural daylight. We recorded spectral irradiance pro-
files in horizontal view over a dusk transition in an urban setting
(solar angles from 29! to 30! under clear skies but outside of
direct sunlight; Figures 1A and 1B) and modeled the mouse’s
experience of these conditions by calculating the effective
photon flux for each of the mouse photopigments (Figure 1C).
At all positive solar elevations, the effective photon flux (mela-
nopsin, rod opsin, and MWS opsin) was roughly equivalent
andw10 times greater than that for SWS opsin. Our first stim-
ulus pair (spectra 1 and 3) maintained these activity ratios and
recreated the mouse’s experience of a solar angle of +8! on
our representative day. We therefore refer to this condition
as ‘‘daylight.’’ In the other stimulus pair (spectra 2 and 4;
termed ‘‘mel-low’’), the effective photon flux for melanopsin
was selectively reduced by 10 times.

As these experiments rely upon the daylight and mel-low
conditionsappearingequivalent tomousecones (at leastwithin
the resolution of our methods of assaying visual response), we
first undertookcontrol experiments toconfirm that thiswas true
(see also Figure S1 available online). Initially, we based these
upon electroretinography (although see also Figure 3). As mel-
anopsin is increasingly active at brighter backgrounds, our first
control was to show that ERG responses to daylight and mel-
low conditions (50 ms transition from ‘‘background’’ to ‘‘flash’’

spectra at 1Hz)were indistinguishable at amoderate irradiance
(Figures 1E and 1F). We next showed that responses to these
stimuli were identical in mice lacking melanopsin (Opn42/2;
Opn1mwR) at bothmoderate (not shown) and high background
irradiances (Figures 1G and 1H).

Melanopsin-Driven Modulation of the Cone Flash ERG
Having validated daylight andmel-low stimuli, we continued to
present them to Opn1mwR mice at a high, melanopsin-active
irradiance. ERGb-wave amplitudewas reproducibly enhanced
in themel-low condition (Figure 2B). This change built up grad-
ually over several minutes following transition from mel-low to
daylight backgrounds (Figure 2C) and was reversible (Figures
2D and 2E). By changing our spectra to produce flash stimuli
representing a range of increases in effective cone photon
flux, we described contrast-response relationships under
background andmel-low conditions for this flash ERG. Behav-
ioral contrast sensitivity has recently been reported to be
impaired in Opn42/2 mice [27]; however, we did not find an
equivalent effect of dynamic modulations in melanopsin activ-
ity. Thus, b-wave amplitudewas greater acrossmost contrasts
in the mel-low condition, indicating increased response gain,
but no change in contrast sensitivity per se (Figures 2F and2G).

Melanopsin-Driven Changes in Visual Response Extend to
the dLGN
We next recorded responses of neurons in the dLGN, which
allowed us to determine whether these changes were

Figure 2. Melanopsin-Dependent Changes in the
Cone ERG

(A and B) ERG traces (A) from a representative
Opn1mwR mouse to 200 repeats of 1 Hz, 50 ms
daylight (black traces) or mel-low (blue traces)
flashes at maximum intensity (irradiances as in
Figure 1D). Arrow indicates time of flash. Scale
bars, 100 ms (x); 40 mV (y). The increase in
b-wave amplitude apparent in the mel-low condi-
tion in this representative trace was observed in
all seven Opn1mwR mice for which data were re-
corded (B, black symbols represent b-wave
amplitude in daylight condition and blue circles
in mel-low condition; paired t test, p > 0.001).
(C) The change in ERG b-wave occurred gradu-
ally following the switch from mel-low to daylight
conditions. Data show mean 6 SEM of b-wave
amplitude to 180 repeats of the 1 Hz flash stim-
ulus in seven mice. These data were collected
in parallel with those for Opn42/2;Opn1mwR

data shown in Figure S2A and compared by
two-way ANOVA (significant effects of genotype
and genotype-time interactions [p < 0.05]; post
hoc Bonferroni multiple comparisons tests
against Opn1mwR at time zero revealed signifi-
cant differences for daylight recordings after
approximately 9 min [*p < 0.05, **p < 0.01, ***p <
0.001]).
(D and E) Transitions from mel-low to daylight
and then back again confirmed that the changes
in response were reversible; shown for ERG
traces from a representative mouse (D) and for

normalized b-wave amplitude from six mice (E; mean 6 SEM; one-way ANOVA with a post hoc Bonferroni multiple comparisons test: mel-low versus
daylight, p < 0.05; mel-low versus mel-low [recovery], p > 0.05).
(F and G) The contrast response relationship differed between daylight and mel-low conditions. ERG traces (F) from a representative mouse exposed to
variants of daylight and mel-low stimuli in which the increase in effective cone excitation of the flash (spectra 2 and 4) was altered (Michelson contrasts
provided at right) while maintaining rod and melanopsin isoluminance. Scale bars, 100 ms (x); 20 mV (y). Population contrast response relationships (G)
were produced by plotting mean 6 SEM b-wave amplitude (normalized to 1 = the maximum recorded for that mouse under any condition; n = 6) against
flash cone contrast revealed differences between conditions (F-test comparisons of sigmoidal fits to data; curves for mel-low and daylight conditions
are significantly different [p < 0.05], but those for mel-low and mel-low [recovery] are not [p = 0.93]).
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RESULTS

Using Chemogenetics To Acutely and Selectively
Activate ipRGCs

Using viral delivery techniques, we aimed to drive targeted
expression of excitatory hM3Dq in ipRGCs and thus modulate
their activity in vivo (this approach is validated in reference
11). In Opn4Cre/þmice, which express cre recombinase only in
melanopsin-expressing cells, we have driven cell-specific gene

expression of the hM3Dq receptor via intravitreal delivery of
‘‘double-floxed’’ inverted open reading frame (DIO) AAV2
vector with hM3Dq-mCherry sequence. The hM3Dq receptor
is a Gq-coupled receptor derived from the human muscarinic
M3 acetylcholine receptor carrying two-point mutations,
making it insensitive to endogenous acetylcholine but potently
activated by a pharmacologically inert drug, CNO (10).
Targeted expression of hM3Dq is shown in Figure 1A, where
mCherry is an hM3Dq receptor’s tag and GFP is a marker for
ipRGCs (transduction efficiency of ~30%).

FIGURE 1. Chemogenetic activation of ipRGCs in vivo. (A) Exemplar of a retinal wholemount of an Opn4Cre:Z/EYFP mice after intravitreal
injection of a viral vector (AAV2-hSyn-DIO-hM3Dq-mCherry). Immunohistochemical staining revealed hM3Dq (mCherry-tag, red channel)
expression in EYFP-positive (green channel) neurons, ipRGCs. (B) Representative images of eyes under infrared illumination from hM3Dq Opn4Cre/þ

and control Opn4Cre/þ mice held in darkness prior to (far left) and at 10, 60, and 240 minutes, and 12 hours (for hM3Dq Opn4Cre/þ mouse) after
intraperitoneal injection of CNO (5 mg/kg). (C) Mean (6SEM) pupil area (normalized to pre-CNO area¼ 1) as a function of time after injection of
CNO in hM3Dq Opn4Cre/þmice (n¼4, one-sample t-test, ****P < 0.0001, ***P < 0.001). (D) Representative images of an hM3Dq-injected eye treated
with 1% tropicamide eye drops during ERG recordings with vehicle and CNO. (E) Mean (6SEM) pupil area (square millimeter) of hM3Dq-injected
eyes treated with 1% tropicamide eye drops during ERG recordings with vehicle and CNO (5 mg/kg). CNO, clozapine N-oxide; ns, not significant.
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The ipRGCs in OPN4-CRE mice can be selectively transfected by intravitreal eye injections of an AAV2 viral  
vector encoding the hM3Dq Gq-coupled receptor (which depolarises cells upon activation). The ipRGCs can  
then be selectively activated by intraperitoneal injections of Clozapine N-Oxide (CNO) in the dark. The images  
in A show Melanopsin expressing ipRGCs (green) transfected with hM3Dq (visualised in red using the mCherry  
reporter). In the dark, application of CNO causes sustained pupil constriction in conscious mice (B-C). 

Chemogenetic activation of ipRGCs 



FIGURE 2. Chemogenetic activation of ipRGCs affects scotopic ERG. (A) Dark-adapted flash ERG recordings from representative hM3Dq Opn4Cre/þ

(gray trace) and control Opn4Cre/þ (black trace) mice before (vehicle; left) and after CNO intraperitoneal injection (5 mg/kg; right). Arrow depicts
flash onset. Scale bars: 50 ms (x-axis), 100 lV (y-axis). Numbers at right are total log photons/cm2/s. (B) Mean (6SEM) a-wave amplitudes from
hM3Dq Opn4Cre/þ (gray squares) and control Opn4Cre/þ (black circles) mice before and (D) after CNO injection. Best fit with one curve (F test: P¼
0.96) for (B) but not for (D) (F test: P < 0.0001). (C) Mean (6SEM) b-wave amplitudes from hM3Dq Opn4Cre/þ (gray squares) and control Opn4Cre/þ

(black circles) mice before and (E) after CNO injection. Best fit with one curve (F test: P¼ 0.67) for (C) but not for (E) (F test: P < 0.0001). (F)
Normalized a-wave amplitudes from hM3Dq Opn4Cre/þ mice before (vehicle; filled squares) and after CNO injection (open squares) (F test: P ¼
0.91). (G) Normalized b-wave amplitudes from hM3Dq Opn4Cre/þmice before (vehicle; filled squares) and after CNO injection (open squares) (F
test: P¼ 0.004). (H) Mean (6SEM) a-wave implicit time from hM3Dq Opn4Cre/þ (gray squares and line) and control Opn4Cre/þ (black circles and
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ipRGC activation by CNO injection in hM3Dq OPN4-Cre mice reduces the amplitude of a and b-waves in 
the scotopic (dark-adapted) electroretinogram (ERG). 
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magnitude of light response (by modulating the activity of
some aspect of the phototransduction cascade).16–18 Interest-
ingly, a very recent study showed that rod ion conductance is
modulated by melanopsin phototransduction.19 In the mouse,
under dark-adapted conditions and across the sensitivity range
we used, the flash ERG is dominated by rods. Our data
therefore imply an effect on rod photoreceptors, although a
similar impact on cones is not excluded.

Given that chemogenetic activation of ipRGCs modulates
the activity of photoreceptors, it is not surprising that we also
saw significant reductions in the amplitude of the b-wave and
OPs. Thus, the most parsimonious explanation for these latter
effects is that they are inherited from the reduced activity of
the photoreceptors themselves. This could explain the
reduced amplitude of the single-flash b-wave and OPs,
although we noted that there was no change in a-wave
sensitivity. Similarly, as we do not know whether the cone flash
response is impacted in the same way by ipRGCs, it is not clear
whether changes in the outer retina could also explain the
reduced cone b-wave in our paired flash protocol. It thus
remains entirely possible that ipRGCs impact the retinal
network at multiple locations. ipRGC activation has been
shown previously to modulate the light-adapted cone b-wave
amplitude in mice8,9 and implicit time in humans.7 Allen et al.9

found that the reduction in b-wave amplitude was correlated
with a reduction in response amplitude in the mouse dorsal
lateral geniculate nucleus (dLGN) in response to a full field
flash. That result was explained by a change in spatial

frequency tuning of a subset of dLGN neurons, which shifted
to prefer higher spatial frequencies. That study proposed that
the change in b-wave amplitude may therefore reflect the same
event and be a consequence of more complex changes in the
retinal network. In a similar way, the origins of the changes in
these downstream responses we observe here could also have
more complex origins that relate to higher-level retinal
processes.

Identifying the route(s) by which ipRGCs influence retinal
physiology to produce these changes in the ERG is a fruitful
area of future research. There are a number of examples of
ipRGCs contacting other retinal neurons, both chemically and
electrically.6,20–24 However, to date this has been restricted to
contacts with inner retinal neurons suggesting that such direct
contacts are not sufficient to produce the range of effects we
observe. An alternative explanation for our observed effects is
a more global impact on the neuromodulatory environment of
the retina, such as changes in inhibitory neuromodulators,
signals of light adaptation, or even changes in the retinal pH,
that could extend up to the photoreceptor level.25,26

Although the intrinsic light response of ipRGCs (driven by
melanopsin) has a low sensitivity, ipRGCs also receive signals
from rods and cones.2 In this regard, it is perfectly feasible for
ipRGCs to provide dynamic modulation of rod function even
though this should occur over irradiances below the sensitivity
threshold of melanopsin. The scotopic ERG is dominated by
rods, especially at low flash intensities. The differences in ERG
amplitude we saw here across the intensity range thus

FIGURE 4. Acute activation of ipRGCs on paired flash. (A) Paired flash ERG recordings from representative hM3Dq Opn4Cre/þ (gray trace) and
control Opn4Cre/þ (black trace) mice before (vehicle; left) and after CNO intraperitoneal injection (5 mg/kg; right). Arrow depicts flash onset. Scale
bars: 50 ms (x-axis), 100 lV (y-axis). First flash (1) reflects activity of both rods and cones, and the second flash (2) isolates cone response. (B) Mean
(6SEM) b-wave amplitudes from hM3Dq Opn4Cre/þ (gray bars) and control Opn4Cre/þ (black bars) mice before and after CNO injection (5 mg/kg)
for the first (B) and the second (C) flash. (D) Mean (6SEM) Db-wave amplitude between first and second flash from hM3Dq Opn4Cre/þ (gray bars)
and control Opn4Cre/þ (black bars) mice before and after CNO injection (5 mg/kg). 2-way ANOVA with post Bonferroni corrections, *P < 0.05, **P
< 0.005. CNO, clozapine N-oxide.
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Using the paired flash technique, both rod and cone responses are suppressed by ipRGC activity induced by 
CNO injections. There is also evidence of reduced amacrine cell activity, with suppression of oscillatory  
potentials (not shown). 
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Chronic disruption of light:dark cycles has been reported to
induce a depressive state in mice [24]. However, CNO-treated
hM3Dq-expressing mice showed no increased tendency toward
helplessness (immobility) when subjected to a forced swim test
(mean ± SEM, percentage time immobile: for control mice,
64.0% ± 10% and 56.3% ± 7.8%; for hM3Dq-expressing mice
46.5% ± 5.9% and 40.3% ± 6.1%; saline and CNO treatments,
respectively; p > 0.05, two-way ANOVA). This argues that the im-
mediate effects of mRGC activation do not extend to inducing a
depressive state and that the published work in this area instead
relates to the effects of chronic aberrant light exposure.
Collectively, these data reveal that selective activation of

mRGCs has immediate effects on diverse brain structures and
changes behavioral state. The range of brain regions showing
c-fos induction after CNO administration in our hM3Dq-express-
ing mice is consistent with those implicated in changing mood
and attention in humans based upon neuroimaging studies.
The multiple functions of the sub-cortical structures involved
allow the possibility that numerous behavioral and neuroendo-
crine systems may be engaged by this signal.
The overall effect of chemogenetic activation of mRGCs on

behavioral state seems to be an increase in alertness and/or anx-
iety. The behavioral changes in OFT and EPM tests are consid-
ered indicators of enhanced risk aversion and commonly defined
as anxiety like. However, as autonomic activation and increased
arousal are among the earliest events observed in a state of anx-

iety, they could also be interpreted as increased attention
or alertness [30]. Moreover, the chemogenetic manipulation
induced c-Fos not in the sleep-active VLPO, but rather in the
DMH/DHA (known to provide inhibitory control of the VLPO
[16]), and in a range of other regions typically thought to be active
during wakefulness (DMH/DHA, LH, and PVN) and arousal
(amygdala, PVT, and ILT).
Thus, our c-fos and behavioral data both indicate an increase

in anxiety and/or arousal after mRGC activation. However, previ-
ous studies have suggested that bright light has the opposite ef-
fect of inducing sleep [31, 32, 33]. To resolve this apparent
contradiction, we finally tested the response of mice to bright
light when challenged with the open field test. We found that in
the light, wild-type (Opn4Cre/+, visually intact) mice showed the
same reduction in time in the center previously observed for
CNO-treated hM3Dq-expressing mice (Figures 3E and 3F; total
distance traveled, mean ± SEM: 1,669 ± 178 cm and 3,082 ±
245 cm in the bright and dim far-red light, respectively). This anx-
iogenic effect of light was recapitulated in rodless and coneless
mice (rd1;Cnga3!/!; Figure 3E; total distance traveled, mean ±
SEM: 2,000 ± 225 cm and 3,229 ± 271 cm in the bright and
dim far-red light, respectively) but was absent in mice lacking
melanopsin (Opn4!/!; Figure 3F; total distance traveled,
mean ± SEM: 3,286 ± 357 cm and 4,728 ± 585 cm in light
and dark, respectively). The latter data are similar to those
from a very recent study comparing responses to ‘‘blue’’ light

Figure 3. Chemogenetic and Light Activa-
tion of mRGCs Alters Performance in
Behavioral Tests
(A) Time spent in center over 10 min under dim far-

red illumination in an open arena in hM3Dq-

expressing and control Opn4Cre/+ mice treated

with CNO or saline. Open bars depict data from

hM3Dq-expressing mice, and filled bars depict

data from control Opn4Cre/+ mice.

(B–D) Time spent in open arms (B) and the number

of entries to open (C) and closed (D) arms of an

elevated plus maze under dim far-red illumination

in hM3Dq and control Opn4Cre/+ mice treated with

CNO or saline.

(E) Time spent by visually intact (Opn4Cre/+) and

rodless and coneless (rd1;Cnga3!/!) mice in

center of an open arena under bright or dim far-red

light.

(F) Time spent by visually intact (Opn4Cre/+)

and melanopsin knockout (Opn4!/!) mice in cen-

ter of an open arena under bright or dim far-red

light.

All behavioral tests undertaken between CT14

and CT17; n = 9–13 per group, two-way ANOVA

with post hoc Bonferroni correction, *p < 0.05,

**p < 0.01. All graphs depict mean ± SEM, with

open bars depicting hM3Dq-expressing mice and

closed bars depicting control Opn4Cre/+ mice,

except in (E) and (F), where closed bars depict

dim light and hatched bars depict bright light.

In all cases, dim far-red light was 2.91 mW cm!2,

l > 680 nm, and bright light was white,

217 mW cm!2.
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(and leaving aside conventional visual areas), c-Fos induction
was restricted to theparaventricular thalamic (PVT) and intralami-
nar thalamic nuclei (ILT) (Figures 2B and 2C). Both the PVT and
ILT have been independently associated with enhanced alert-
ness and vigilance [21, 22], and the PVT plays a key role in energy
homeostasis, arousal, temperature modulation, endocrine regu-
lation, and reward [23]. The centromedian nucleus, a part of the
ILT, receives a sparse input from mRGCs [9].

Previous work with chronically disrupted light exposure has
revealed a depressive state in mice associated with activation
of the lateral habenula [24]. We wondered whether acute activa-
tion of mRGCs had a similar effect. In fact, we did not find signif-
icant c-Fos induction in the lateral habenula (Figures 2B and 2C).
Conversely, c-Fos was enhanced in the nucleus accumbens,
a region typically associated with enhanced motivation and
reward-seeking behavior [25].

Figure 2. c-Fos Activity Mapping after Che-
mogenetic Activation of mRGCs
(A and B) Representative micrographs of coronal

sections showing c-Fos labeling (dark) in (A) the

paraventrical hypothalamic nucleus (PVN), the

dorsomedial hypothalamus/dorsal hypothalamic

area (DMH/DHA), lateral (perifornical) hypotha-

lamic area (LH), and ventrolateral preoptic nucleus

(VLPO); and (B) amygdala (Amg), intralaminar

thalamic nuclei (ITL), paraventricular thalamus

(PVT), lateral habenula (LHb), and nucleus ac-

cumbens (NAc). Images to right of each panel are

from control mice, and those to left are from uni-

lateral hM3Dq-expressing animals (transduced

eye to right of presented image, except in LH,

VLPO, Amg, and NAc, where only the contralateral

region is shown).

(C) Mean (±SEM) number of c-Fos-positive cells

mm!2 in all brain regions (bilaterally) after CNO

administration (5 mg/kg, i.p., at CT14) in hM3Dq-

expressing (open bars; n = 8) and control (filled

bars; n = 8) mice (two-tailed unpaired t test,

*p < 0.05, **p < 0.01, ***p < 0.001). A complete

summary of c-Fos data is provided in Table S1.

BLA, basolateral amygdala; CeA, central nucleus

of the amygdala.

(D) Brain diagram illustrating target areas analyzed.

In order to test whether these neuro-
physiological events translate to a change
in behavioral state, we next tested the
impact of selective mRGC activation on
a battery of behavioral tests under dim
far-red light (2.91 mW cm!2, l > 680 nm).
The open field test (OFT) is based on nat-
ural exploratory behavior of rodents in a
novel open arenaandwidely used tomea-
sure mood changes in rodents. Anxiety-
like behavioral states are associated
with a reduced fraction of time spent in
the center of the arena, an outcome that
is independent of changes in total activity
[26–28]. It has previously been reported
that bright light induces such a response

in rats [29].We testedCNO-treatedmicewith bilateral expression
of hM3Dq in mRGCs and found that they spent significantly less
time in the center than controls (Figure 3A), although their overall
activity was unaffected (total distance traveled, mean ± SEM: for
control mice, 3,082 ± 245 cm and 3,369 ± 272 cm; for hM3Dq
mice, 3,843 ± 260 cm and 3,384 ± 275 cm; saline and CNO,
respectively; p > 0.05, two-way ANOVA).
For an independent assessment of mRGC-induced mood

changes, we turned to an elevated plus maze (EPM), in which
risk-averse states are reflected in avoidance of open arms.
Again, hM3Dq-expressing mice treated with CNO entered
open arms less frequently and spent less time in open arms
than did controls (Figures 3B and 3C). There was a suggestion
that they entered closed arms less frequently, indicating an over-
all reduction in activity, but this difference was not significant
against all controls (Figure 3D).
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In order to test whether these neuro-
physiological events translate to a change
in behavioral state, we next tested the
impact of selective mRGC activation on
a battery of behavioral tests under dim
far-red light (2.91 mW cm!2, l > 680 nm).
The open field test (OFT) is based on nat-
ural exploratory behavior of rodents in a
novel open arenaandwidely used tomea-
sure mood changes in rodents. Anxiety-
like behavioral states are associated
with a reduced fraction of time spent in
the center of the arena, an outcome that
is independent of changes in total activity
[26–28]. It has previously been reported
that bright light induces such a response

in rats [29].We testedCNO-treatedmicewith bilateral expression
of hM3Dq in mRGCs and found that they spent significantly less
time in the center than controls (Figure 3A), although their overall
activity was unaffected (total distance traveled, mean ± SEM: for
control mice, 3,082 ± 245 cm and 3,369 ± 272 cm; for hM3Dq
mice, 3,843 ± 260 cm and 3,384 ± 275 cm; saline and CNO,
respectively; p > 0.05, two-way ANOVA).
For an independent assessment of mRGC-induced mood

changes, we turned to an elevated plus maze (EPM), in which
risk-averse states are reflected in avoidance of open arms.
Again, hM3Dq-expressing mice treated with CNO entered
open arms less frequently and spent less time in open arms
than did controls (Figures 3B and 3C). There was a suggestion
that they entered closed arms less frequently, indicating an over-
all reduction in activity, but this difference was not significant
against all controls (Figure 3D).
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respectively), corresponding to 5–6.25mg/kg of CNO. This treat-
ment had the same effect as a bright light pulse at this time of
night [14], delaying the circadian rhythm by 107 ± 30min (Figures
1D and 1E). Neither of these effects of CNO administration con-
stricted the pupil or shifted the clock in control mice lacking
hM3Dq expression (Figures 1E, S2B, and S2E).
We next used induction of the immediate early gene, c-Fos, to

identify brain regions excited by mRGC activation. In mice with
unilateral hM3Dq expression, CNO injection (at CT14) induced
strong bilateral c-Fos expression in the suprachiasmatic nuclei
(SCN; the site of the master circadian clock and major hypotha-
lamic target of mRGCs; Figures 1F and 1G). Elsewhere in the hy-
pothalamus, we found significant bilateral c-Fos induction in the
paraventricular hypothalamic nucleus (PVN), dorsomedial hypo-
thalamus/dorsal hypothalamic area (DMH/DHA), and lateral
hypothalamic area (LH) (Figures 2A and 2C). Together, these re-
gions have access to very wide-ranging aspects of physiology
and behavior. The PVN is one of the most important hypotha-

lamic control centers, containing neuroendocrine neurons
fundamental for hormonal regulation and homeostasis (hypo-
thalmic-pituitary -adrenal [HPA] and -thyroid [HPT] axis, vaso-
pressin, and oxytocin) and autonomic neurons connected to
parasympathetic and sympathetic centers in brainstem and spi-
nal cord. The DMH/DHA is also implicated in corticosteroid
secretion and thermoregulation and, together with the LH, in
controlling locomotor activity and feeding [15–19]. As a group
(PVN, DMH/DHA, and LH), they are excited during periods of
wakefulness [15, 20]. Accordingly, despite receiving a sparse
mRGC projection, we found no significant c-Fos induction in
the sleep activating ventrolateral preoptic area (VLPO) (Fig-
ure 2C) [8].
Turning to regions outside of the hypothalamus, we explored

the amygdala, as this has been reported to be light activated in
humans [7] and also to receive inputs frommRGCs [8].We indeed
found enhanced bilateral c-Fos in both basolateral (BLA) and
central (CeA) amygdala (Figures 2B and 2C). Within the thalamus

Figure 1. Chemogenetic Activation of
mRGCs
(A and B) After intravitreal injection of a viral vector

(AAV2-hSyn-DIO-hM3Dq-mCherry) to Opn4Cre:Z/

EGFP mice, immunohistochemical staining re-

vealed transgene (mCherry; red) expression in

GFP-positive neurons (green) in an en face view of

retinal whole mounts (A) and retinal section (B).

The retinal section shows the expression of

transgene in cells of the retinal ganglion and inner

nuclear cell layers (GCL and INL) of hM3Dq

Opn4Cre/+ mice. Notice the different soma sizes of

transduced cells (arrows), with DAPI stain in blue.

A monochrome version of mCherry staining and

more details on hM3Dq expression are provided in

Figure S1.

(C) Representative images of eyes under infrared

illumination from hM3Dq-expressing mice held

in darkness, prior to (top) and at 20, 120, and

180 min after intraperitoneal (i.p.) injection of CNO

(5 mg/kg). For more details, see Figure S2.

(D) Representative double-plotted actogram of

wheel running activity of a hM3Dq mouse housed

under a light:dark cycle (the light phase is indi-

cated in yellow) until day 12 followed by constant

darkness. The star shows the start of a 2 hr pre-

sentation of 0.25 mg/mL CNO in drinking water;

the red line to left represents the eye fit through

activity onsets. A representative double-plotted

actogram of a control mouse is shown in Fig-

ure S3.

(E) Change in circadian phase CNO application to

hM3Dq-expressing (open bars; n = 4) and control

(filled bars; n = 5) mice (means ± SEM; Mann-

Whitney U test, p = 0.015).

(F) Representative micrographs of coronal section

through the SCN labeled for c-Fos (dark) from

hM3Dq and control mice after CNO administration

(5 mg/kg, i.p., at CT14).

(G) Mean (±SEM) number of c-Fos positive cells

mm!2 in SCN sections from hM3Dq (n = 6)

and control (n = 6) mice (two-tailed unpaired

t test,**p < 0.01).

Current Biology 26, 2358–2363, September 12, 2016 2359

SCN 

Chemogenetic activation of the hM3Dq receptor by  
CNO in the dark induces neural activity (as measured  
by c-Fos staining) in the SCN of hypothalamus  
and other brain regions associated with arousal / anxiety.  
This is also indicated by behavioural data from open field  
and elevated plus maze tests.   



How could melanopsin influence the  
surrounding retinal circuits? 
•  ipRGCs signal to other retinal neurons via gap junctions 

–  (Sekaran et al., Current Biol. (2003) 13, 1290-1298) 
–  ipRGCs are electrically coupled to GABAergic amacrine cells in the 

RGC layer (Muller et al., J. Comp. Neurol. (2010) 518, 4813-4824)  
 

•  ipRGCs contact retinal dopamine neurons (Vugler, 2005) 
–  Type of inter-plexiform neuron 
–  In the retina, dopamine acts to 
light-adapt retinal circuitry and  
enhance visual acuity / contrast detection. 
–  Retinal dopamine neurons traditionally  
thought to be driven by cone input… 



Vugler et al., Exp. Neurol. 2007, 205: 26-35   

Dopamine neurons appeared largely 
presynaptic to ipRGCs 

A-D: Tyrosine hydroxylase (red), melanopsin (blue), 
SNAP25 (green) 

OPN4+VMAT2 OPN4+VMAT2+TH 



TH. In the absence of light stimulation, expression of the
immediate early gene c-fos in the inner retina is virtually
undetectable, thus making it possible to map functional circuits
in the retina using light-induced c-Fos protein expression. Light-
induced c-Fos has been described in the ganglion cell layer, in the
inner nuclear layer of rd1 mice (32), in DA amacrine neurons in
retinas of both WT animals and in mutant mice possessing
deficits in specific retinal circuits (33, 34).

In one experiment, one eye of each mouse was injected with
L-AP4 (100 !M) and the other a vehicle control. Light elicited
c-Fos induction in 68% of DA neurons in vehicle control eyes
and light responses persisted in 16% of DA neurons in L-AP4-
injected eyes (Fig. 4 A and B). No c-Fos induction was evident
in eyes that did not receive light stimulation (Fig. S3). The
proportion of DA neurons exhibiting in vivo L-AP4 resistant
light-induced c-Fos responses (16%) was similar to the propor-
tion of DA neurons exhibiting L-AP4 resistant light responses
previously measured by loose patch spike recording in vitro
(21%) (10) as were the proportions of light responsive cells in the
absence of L-AP4 (68% vs. 60%) (10). Similar in vivo light
stimulation of untreated rd1 photoreceptor degenerate mice in
a second experiment resulted in c-Fos induction in 21% of DA
neurons (Fig. 4 C and D), a subset essentially identical in
proportion to L-AP4 resistant ON-sustained DA neurons in WT
retina. In both experiments, photic activation of ipRGCs was
confirmed by double-label immunocytochemistry for melanop-
sin and c-Fos (data not shown).

Discussion
Sustained DA Neurons are Driven by Melanopsin Phototransduction.
The main finding of this study is that melanopsin-based photo-
transduction in ipRGCs apparently drives sustained light re-
sponses in retinal DA neurons, the principal neuromodulatory

system of the vertebrate retina. Sustained drive from ipRGCs to
DA neurons is likely responsible for dopaminergic signaling
elicited by steady illumination (9, 35) that mediates reconfigu-
ration of the retinal circuits to background light through mod-
ulation of retinal networks, neurons, and synapses. Indeed,
melanopsin photopigment has been shown to contribute to the
modulation of second order neurons in human and mouse
retinas (20, 21).

In support of this finding, sustained DA neurons retain their
light responses in the face of pharmacological blockade of the
known excitatory pathway from photoreceptors to the inner
retina and exhibit light responses with all of the hallmarks of
melanopsin-based photo-responses in ipRGCs. DA neuron sus-
tained light responses are maintained for tens of seconds to
minutes, have latencies on the order of seconds, persist for
several seconds after termination of light stimuli, and have peak
spectral sensitivity near 480 nm (11). In contrast, retinal ON
responses driven by photoreceptors, such as transient DA neuron
light responses, exhibit rapid onset and adaptation, and have
peak spectral sensitivities at distinct wavelengths of 359, 498, 508
nm corresponding to the absorbance spectra of mouse rod and
cone visual pigments (27). The input to sustained DA neurons
from ipRGCs was also shown to carry the known input of
ON-bipolar cells to ipRGCs (24), reflected as a transient light-
induced synaptic current which was blocked by L-AP4 (Fig. 1D).

As additional support we found that light responses of sus-
tained DA neurons persist, both in vitro and in vivo, in photo-
receptor degenerate mouse retinas. This, too, implicates a
melanopsin drive to DA neurons, because in such mice the great
majority of rods and cones have degenerated, the function of
ON-bipolar cells is compromised by loss of mGluR6 receptor
expression, and there is loss of rod/cone driven light responses
in the inner retina (29, 36). Moreover, the persisting ON-
sustained DA neuron light responses also exhibit the latency,
poststimulus persistence and highly prolonged time-course of
melanopsin-based photo-responses. Melanopsin phototransduc-
tion in ipRGCs has been shown previously to persist in photo-
receptor degenerate retinas and to be the sole remaining pho-
topigment mediating circadian and pupillary photic responses in
rd1 retinas (37). In addition to the persistence of sustained
responses, we also found that the photoreceptor-driven transient
DA neuron light responses were absent from photoreceptor de-
generate retinas, providing confirmation of loss of rod and cone
function. Taken together, these results provide strong evidence that
ipRGCs are the source of light input to sustained DA neurons and
present a likely explanation for the persistence of light responsive-
ness of retinal dopamine levels and rhythms in rod/cone degenerate
retinas (38–40). Although Vugler et al., (40) concluded that this
light responsiveness was because of residual cones, based on a lack
of morphologically identified ipRGC to DA neuron synapses; we
now provide positive functional evidence for ipRGC drive to DA
neurons and for a lack of cone-driven responses in DA neurons of
photoreceptor degenerate mouse retinas.

Circuit for Centrifugal Influence of ipRGCs on DA Neurons. A parsi-
monious circuit model for the excitatory influence of ipRGCs on
sustained DA neurons (Fig. 5) is that glutamate is released from
the dendrites of light activated ipRGCs and acts at AMPA/
kainate receptors on the costratifying processes of DA neurons
in the outermost IPL. This model is consistent with the fact that
ipRGCs are glutamatergic (41), that DA neurons express
AMPA/kainate receptors (42), that sustained light responses in
DA neurons are blocked by AMPA/kainate receptor antagonists
(10) (Figs. 1E and 3E), and with preliminary recordings indi-
cating that sustained, L-AP4 resistant DA neuron light responses
are absent from melanopsin knockout mouse retinas (D.-Q.Z.,
P.J.S., G.E.P., and D.G.M., unpublished work). The present data
also indicate that the melanopsin-driven excitation of DA neu-

P
er

ce
nt

 c
-F

os
 +

 T
H

 c
el

ls

0

20

40

60

80

Veh                  L-AP4

Light (n=3)

115 169 40 243

A

C

P
er

ce
nt

 c
-F

os
 +

 T
H

 c
el

ls

0

20

40

60

80

100

WT (n=3)          rd1 (n=3)

562 628 83 387

B

D

TH

c-Fos

Merged

TH

c-Fos

Merged

Fig. 4. Light-induced c-Fos gene expression of DA neurons in vivo. (A and B)
Light-induced c-Fos induction in the presence and absence of L-AP4. (A)
Fluorescence micrographs for immunolocalization of TH (red), c-Fos (green),
and colocalization (yellow), calibration bar ! 10 !m. Veh, vehicle. (B) Percent
c-Fos/TH double-labeled cells in the absence and presence of 100 !M L-AP4. (C
and D) Light induced c-Fos gene induction in DA neurons of rd1 mice. (C)
Fluorescence micrographs for immunolocalization of TH (red), c-Fos (green),
and colocalization (yellow), calibration bar ! 12 !m. (D) Percent c-Fos/TH
double-labeled cells in WT and rd1 retinas.
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Electrophysiological evidence suggests 
“retrograde” intra-retinal signaling to 
dopamine neurons  

(Zhang et al., (2008) Proc. Natl. Acad. Sci. USA 105(37) 14181-14186) 

Two types of electrophysiological response found in dopamine neurons: transient (C) and sustained  
(D and E). The transient response elicited by a 3 second bright light stimulus can be abolished by  
application of 75µM L-AP4 (blocks signals from rods/cones). The sustained response is resistant to  
L-AP4 but abolished by co-application of 40µM DNQX (E). This implies that signaling from ipRGCs to  
dopamine neurons in the inner retina occurs and is mediated by AMPA/kainate-type glutamate receptors.  
They also reported that ~20% of dopamine (TH) cells are activated by light in both wildtype mice treated  
with L-AP4 and rd mice lacking rods (F). 

F 



Fig. 1. rd ⁄ rd cl mice lack light-dependent c-fos induction in DAergic amacrine cells. (A–H) Representative images of retinal sections from wild-type C3H f+ ⁄ +

(A–D) and congenic rodless + coneless (rd ⁄ rd cl) mice (E–H) at subjective midday (CT6; A, B, E, F) and midnight (CT18; C, D, G, H) in the dark (A, C, E, G) or
following a 90-min light pulse (B, D, F, H), stained by IHC for c-fos (red) and tyrosine hydroxylase (TH; green). These images reveal light-induced nuclear c-fos in
wild-type, but not rd ⁄ rd cl mice. Blue staining is DAPI; scale bar: 10 lm. (I and J) This result is confirmed by quantification of the percentage of TH-expressing cells
with nuclear c-fos localization in wild-type (I) and rd ⁄ rd cl mice (J) for each light condition (mean ± SEM; n = 4 for all conditions). Light caused a significant
increase in this percentage in wild-types at both times of day (***P < 0.001 for CT6 dark vs. CT6 + light and CT18 dark vs. CT18 + light; Bonferroni post hoc
test), but not in rd ⁄ rd cl mice. (K–N) Images taken from the dorsal retina of whole-mounted preparations from wild-type (K–L) and rd ⁄ rd cl mice (M–N) stained for
TH (green) and c-fos (red), confirm the presence of nuclear c-fos in wild-types following a 90-min light pulse (L), but not in wild-types in the dark (K) or in rd ⁄ rd cl
under either condition. Scale bar: 50 lm.
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HPLC analysis showed no significant effect of  
light on dopamine turnover in mice lacking rods  
and cones (rd/rd cl). 

Functional anatomy using light-driven c-fos (red) in 
dopamine cells (green) showed no activation in mice  
lacking rods and cones (rd/rd cl). 

However, light stimulation fails to elevate 
dopamine turnover in mice lacking rods & 
cones 



Retrograde intra-retinal signaling in mice 
lacking rods and cones occurs in a discrete 
region of dorsal retina 
 

Semo et al., IOVS (2016) 57(1): 115-125 



Retrograde intra-retinal signaling appears 
strongest where ipRGC density is highest 

Semo et al., IOVS (2016) 57(1): 115-125 



upon washout (Fig. 2D, right). The results were consistent in all
cells tested (n ! 6).

Our results suggest that ipRGC input to DACs is AP depen-
dent. However, because a recent study showed that ipRGC re-
sponses can be transmitted through gap junctions to spiking,
wide-field amacrine cells (Reifler et al., 2015), it was possible that
ipRGCs could be signaling polysynaptically to DACs through
wide-field inhibitory amacrine cells. To test this possibility, we
applied a mixture of antagonists of inhibitory receptors (20 !M

GABAzine for GABAA receptors, 50 !M TPMPA for GABAC re-
ceptors, and 1 !M strychnine for glycine receptors). The ipRGC-
mediated inward current and miniature EPSCs of an rd1 DAC
remained intact in the presence of the inhibitory antagonists (Fig.
2E). The results were consistent in all cells tested (n ! 5), suggest-
ing that ipRGCs are unlikely to signal to DACs polysynaptically
through electrically coupled amacrine cells (Müller et al., 2010;
Reifler et al., 2015).

To confirm that ipRGC input to DACs is AP dependent in
vivo, we performed double-immunofluorescence staining with
antibodies against TH and c-Fos, an indirect marker of neuronal
activity (Hunt et al., 1987), in whole-mount retinas of Gnat1 and
Gnat2 double-knock-out MO mice (Gnat1" / " Gnat2 cpfl3/cpfl3;
Calvert et al., 2000; Chang et al., 2006). In this transgenic mouse
line, phototransduction in rods and cones is genetically elimi-
nated by knock-out of the G-protein transducin; therefore, the
only functional photoreceptor in the MO retina is the ipRGC.

To observe c-Fos expression in ipRGCs simultaneously, we
crossed the MO line with an Opn4-tau-LacZ line, in which
"-galactosidase is predominantly expressed in M1 ipRGCs
(Gnat1" / " Gnat2 cpfl3/cpfl3 Opn4 tau " LacZ/#; Calvert et al., 2000;
Chang et al., 2006). As expected, all DACs and M1 ipRGCs were
negative for c-Fos without light exposure (data not shown). After
light exposure (400 lux white) for 90 min, most M1 ipRGCs were
positive for c-Fos (Fig. 3E), whereas approximately half of DACs
were c-Fos positive in the MO mice (Fig. 3A,C,D). This result
suggests that ipRGCs can transmit light signals and increase the
activity of DACs independently of functional rods and cones.
However, light activation of DACs via ipRGCs, as indicated by
c-Fos staining, was blocked by intraocular injection of TTX be-
fore light exposure (Fig. 3B–D), whereas most M1 ipRGCs re-
mained c-Fos positive (Fig. 3F). This in vivo result is consistent
with the physiological data and suggests that retrograde signaling
from ipRGCs to DACs is AP dependent. Together, the electro-
physiological and immunofluorescence data indicated that
ipRGCs convey retrograde light information to DACs through
TTX-sensitive signal transmission, presumably through APs
propagated along intraretinal axon collaterals.

Axon collaterals of ipRGCs make potential synaptic contact
with DACs
To further illustrate the connection between ipRGC axon collaterals
and DACs, we sparsely labeled ipRGCs in Opn4CETL/# Rosa26 IAP/#

Figure 2. AP-dependent signal transmission from ipRGCs to DACs. A, Whole-cell voltage-clamp recordings were performed on DACs. B, Gray trace showing spontaneous and light-induced action
currents (arrow) of a DAC recorded using an intracellular pipette solution without QX-314; the black trace demonstrates spontaneous and light-evoked EPSCs (arrowhead) of a DAC with an
intracellular pipette solution containing 5 mM QX-314. For all of the following DAC recordings, 5 mM QX-314 was included in the pipette solution. C, A DAC in a wild-type retina, with rod and cone input
blocked with 50 !M L-AP4, exhibited a light-induced slow inward current superimposed with miniature EPSC events (left). Application of TTX completely blocked the slow inward current and
miniature EPSC events (center). TTX’s effect was reversed upon washout (right). The same results were observed from DACs in rd1 retinas; an example is shown in D (left trace, control; center trace,
1 !M TTX; and right trace, washout). E, In another rd1 DAC, the ipRGC-mediated inward current and EPSC events were persistent in the presence of inhibitory antagonists (20 !M GABAzine for GABAA

receptors, 50 !M TPMPA for GABAC receptors, and 1 !M strychnine for glycine receptors). Light stimulus duration was 3 s for C–E. Stimulation bar shows timing of light pulse (470 nm; 4.7 $ 10 13

photons cm"2s"1).
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Evidence for action potential transmission from ipRGCs to dopaminergic amacrine cells (DACs) A. Potential  
route of transmission: dendrodenritic (1) or axon collateral mediated (2). B. TTX removes action potentials  
from the ipRGC response but does not inhibit the light-Induced graded potential of ipRGCs. C-D, The  
intracellular sodium channel blocker QX314 was included in the pipette solution when recording from DACs  
to ensure that the voltage gated Na+ channels were already blocked within DACs prior to extracellular TTX  
application. E. Cocktail of GABA/Glycine receptor antagonists added In E to discount potential polysynaptic  
signaling from ipRGCs, via wide-field amacrine cells.  

upon washout (Fig. 2D, right). The results were consistent in all
cells tested (n ! 6).

Our results suggest that ipRGC input to DACs is AP depen-
dent. However, because a recent study showed that ipRGC re-
sponses can be transmitted through gap junctions to spiking,
wide-field amacrine cells (Reifler et al., 2015), it was possible that
ipRGCs could be signaling polysynaptically to DACs through
wide-field inhibitory amacrine cells. To test this possibility, we
applied a mixture of antagonists of inhibitory receptors (20 !M

GABAzine for GABAA receptors, 50 !M TPMPA for GABAC re-
ceptors, and 1 !M strychnine for glycine receptors). The ipRGC-
mediated inward current and miniature EPSCs of an rd1 DAC
remained intact in the presence of the inhibitory antagonists (Fig.
2E). The results were consistent in all cells tested (n ! 5), suggest-
ing that ipRGCs are unlikely to signal to DACs polysynaptically
through electrically coupled amacrine cells (Müller et al., 2010;
Reifler et al., 2015).

To confirm that ipRGC input to DACs is AP dependent in
vivo, we performed double-immunofluorescence staining with
antibodies against TH and c-Fos, an indirect marker of neuronal
activity (Hunt et al., 1987), in whole-mount retinas of Gnat1 and
Gnat2 double-knock-out MO mice (Gnat1" / " Gnat2 cpfl3/cpfl3;
Calvert et al., 2000; Chang et al., 2006). In this transgenic mouse
line, phototransduction in rods and cones is genetically elimi-
nated by knock-out of the G-protein transducin; therefore, the
only functional photoreceptor in the MO retina is the ipRGC.

To observe c-Fos expression in ipRGCs simultaneously, we
crossed the MO line with an Opn4-tau-LacZ line, in which
"-galactosidase is predominantly expressed in M1 ipRGCs
(Gnat1" / " Gnat2 cpfl3/cpfl3 Opn4 tau " LacZ/#; Calvert et al., 2000;
Chang et al., 2006). As expected, all DACs and M1 ipRGCs were
negative for c-Fos without light exposure (data not shown). After
light exposure (400 lux white) for 90 min, most M1 ipRGCs were
positive for c-Fos (Fig. 3E), whereas approximately half of DACs
were c-Fos positive in the MO mice (Fig. 3A,C,D). This result
suggests that ipRGCs can transmit light signals and increase the
activity of DACs independently of functional rods and cones.
However, light activation of DACs via ipRGCs, as indicated by
c-Fos staining, was blocked by intraocular injection of TTX be-
fore light exposure (Fig. 3B–D), whereas most M1 ipRGCs re-
mained c-Fos positive (Fig. 3F). This in vivo result is consistent
with the physiological data and suggests that retrograde signaling
from ipRGCs to DACs is AP dependent. Together, the electro-
physiological and immunofluorescence data indicated that
ipRGCs convey retrograde light information to DACs through
TTX-sensitive signal transmission, presumably through APs
propagated along intraretinal axon collaterals.

Axon collaterals of ipRGCs make potential synaptic contact
with DACs
To further illustrate the connection between ipRGC axon collaterals
and DACs, we sparsely labeled ipRGCs in Opn4CETL/# Rosa26 IAP/#

Figure 2. AP-dependent signal transmission from ipRGCs to DACs. A, Whole-cell voltage-clamp recordings were performed on DACs. B, Gray trace showing spontaneous and light-induced action
currents (arrow) of a DAC recorded using an intracellular pipette solution without QX-314; the black trace demonstrates spontaneous and light-evoked EPSCs (arrowhead) of a DAC with an
intracellular pipette solution containing 5 mM QX-314. For all of the following DAC recordings, 5 mM QX-314 was included in the pipette solution. C, A DAC in a wild-type retina, with rod and cone input
blocked with 50 !M L-AP4, exhibited a light-induced slow inward current superimposed with miniature EPSC events (left). Application of TTX completely blocked the slow inward current and
miniature EPSC events (center). TTX’s effect was reversed upon washout (right). The same results were observed from DACs in rd1 retinas; an example is shown in D (left trace, control; center trace,
1 !M TTX; and right trace, washout). E, In another rd1 DAC, the ipRGC-mediated inward current and EPSC events were persistent in the presence of inhibitory antagonists (20 !M GABAzine for GABAA

receptors, 50 !M TPMPA for GABAC receptors, and 1 !M strychnine for glycine receptors). Light stimulus duration was 3 s for C–E. Stimulation bar shows timing of light pulse (470 nm; 4.7 $ 10 13

photons cm"2s"1).
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Alkaline phosphatase staining. Alkaline phosphatase staining was per-
formed as described previously (Chen et al., 2011). In brief, mice were
perfused with 6 ml of PBS and 45 ml of 4% PFA and the retina was
isolated. Whole-mount retinas were fixed for 30 min, heat inactivated at
60°C for 45 min, and incubated in an alkaline phosphatase staining so-
lution (NBT/BCIP tablet; Roche) overnight in darkness. After staining,
retinas were postfixed in 4% PFA for 2 h and mounted in 50% glycerol.

Statistical analyses. Electrophysiological data were analyzed using the
Clampfit 10.4 and SigmaPlot 12.0 (Systat Software) software packages.
To assess the effects of drugs, the significance of the reduction of the
light-induced inward current amplitude was determined using a paired t
test or a Wilcoxon signed-rank test when the data were normally and not
normally distributed, respectively. Values of the normally distributed
data are presented as the mean ! SEM. p " 0.05 was considered statis-
tically significant.

Results
Retrograde signaling from ipRGCs to DACs is AP dependent
We have proposed previously that ipRGCs send retrograde sig-
nals to DACs through dendrodendritic synapses, axon collaterals
of ipRGCs, or both (Fig. 1A; Zhang et al., 2012). The intrinsic
ipRGC light response is characterized by a sustained graded po-
tential that is accompanied by an increased firing frequency of
APs. If signal transmission occurs via the dendrodendritic route,
ipRGCs likely drive DACs through the graded potential with the
possibility of increased dendritic spikes (Stuart and Sakmann,
1994). If transmission occurs via axon collaterals, signaling is
likely mediated by increased AP frequency. APs are generated by
voltage-gated sodium channels and therefore can be abolished by
the specific sodium channel blocker TTX. TTX is unlikely to

affect light-induced graded potentials of ipRGCs because they are
generated by transient receptor potential channels (Warren et al.,
2006; Xue et al., 2011). To test this hypothesis, we used a double-
transgenic mouse in which Opn4-expressing RGCs and DACs are
genetically labeled with GFP and RFP, respectively (Zhang et al.,
2004; Schmidt et al., 2008). To identify the M1 subtype, we in-
cluded Alexa Fluor 488 in the pipette solution for whole-cell
recordings. Alexa Fluor 488 diffused throughout the cell body
and processes to reveal the entire morphology of the GFP-labeled
ipRGCs. Of the five subtypes of ipRGCs (M1–M5), M1 ipRGCs
are distinguished from other subtypes by their dendrites, which
terminate exclusively in the S1 sublamina of the inner plexiform
layer (IPL; Viney et al., 2007; Ecker et al., 2010). Alexa Fluor
488-labeled dendrites costratified with the RFP-labeled dendrites
of DACs (Fig. 1C), indicating that the recorded cells were indeed
M1 ipRGCs. To reveal the intrinsic photoresponses of M1
ipRGCs, rod and cone inputs to ipRGCs were blocked using the
ON pathway blocker L-AP4 (50 !M; Slaughter and Miller, 1981).
Figure 1B illustrates a characteristic light response of a M1 ipRGC
to 10 s of 470 nm light (4.7 # 10 13 photons cm$2s$1) with a
prolonged membrane depolarization accompanied by an in-
creased AP frequency (Fig. 1B, red trace). Application of 1 !M

TTX completely blocked the light-induced APs, but did not affect
the light-induced membrane depolarization (Fig. 1B, blue trace).
The effect of TTX was completely reversible. These results were
observed in all seven M1 cells tested.

Our results demonstrate that the light-induced graded poten-
tial of ipRGCs persists in the presence of TTX. If the ipRGC
graded potential could mediate signal transmission to DACs,
then the ipRGC-driven responses of DACs should be detectable
in the presence of TTX. To test this possibility, we used a trans-
genic mouse in which DACs are marked by RFP to facilitate their
identification for patch-clamp recordings (Zhang et al., 2004; Fig.
2A). We included the intracellular sodium channel blocker QX-
314 in the intracellular pipette solution for all DAC recordings to
ensure that voltage-gated Na% channels were already blocked
within DACs before extracellular application of TTX (Fig. 2B).
Therefore, the effect of TTX observed below was not due to
blockage of voltage-gated Na% channels within the DACs. Any
possible rod and cone input was blocked using L-AP4 (50 !M).
Figure 2C (left) illustrates a wild-type DAC that exhibited a light-
induced transient excitatory inward current, followed by a pro-
longed desensitizing current that was accompanied by miniature
EPSC events in response to 3 s of 470 nm light (4.7 # 10 13 pho-
tons cm$2s$1). In the presence of 1 !M TTX, the transient cur-
rent and the miniature EPSC events were abolished (Fig. 2C,
center). The effect of TTX was reversible after washout (Fig. 2C,
right). The same results were observed in three other wild-type
DACs, suggesting that the TTX-resistant ipRGC graded potential
(Fig. 1B) failed to evoke excitatory currents in DACs.

Because L-AP4 only blocks the ON bipolar cell-mediated ex-
citatory response of DACs, we sought to further rule out a possi-
ble contribution of disinhibitory input from the OFF channel to
the ON response. To do so, we used rd1 mice in which rod and
cone photoreceptors degenerate soon after birth, leaving ipRGCs
as the only photoreceptive input to DACs (Carter-Dawson et al.,
1978; Atkinson et al., 2013). Upon stimulation with 470 nm light
for 3 s, an rd1 DAC had a strong transient light-induced inward
current of 79.46 pA, followed by a sustained response. During the
sustained response, there was a barrage of miniature EPSC events
(Fig. 2D, left). Again, the application of 1 !M TTX resulted in the
complete abolishment of the transient and sustained inward cur-
rents (Fig. 2D, center). The abolishment was partially restored

Figure 1. Tetrodotoxin (TTX) does not affect light-evoked graded potentials of M1 ipRGCs while
blocking action potentials (APs). A, Diagram depicting potential dendrodendritic contact (1) and/or
axon collateral-dendrite contact (2) between an ipRGC and a DAC. P, photoreceptors; BC, bipolar cell;
ONL,outernuclear layer;OPL,outerplexiformlayer; INL, innernuclear layer;GCL,ganglioncell layer.B,
Current-clamp recording of an M1 ipRGC in the presence of 50 !M L-AP4 with a light-induced slow
membrane depolarization accompanied by APs (red trace). Coapplication of 1 !M TTX blocked the
light-induced APs but had no effect on the membrane depolarization (blue trace). Stimulation bar
shows timing of light pulse (470 nm; 4.7#10 13 photons cm$2s$1). C, Merged image demonstrat-
ing that the recorded ipRGC was an M1-type because its Alexa Fluor 488-labeled dendrites (green)
costratified with RFP-labeled DAC dendrites (red) in the OFF layer of the IPL.
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Intra-retinal retrograde signaling via ipRGC 
axon collaterals 

Proposed neural pathways and synaptic mechanism underlying the ipRGC influence on light adaptation.  
A: Route 1, ipRGCs signal via axon collaterals to the dopaminergic amacrine cells (DAC), which then signal  
to outer retina via interplexiform axons. Routes 3 and 4 are proposed feedback pathways from rods / cones.  
Route 5 represents negative feedback from DACs back onto ipRGCs, whereby rod/cone signals could suppress  
ipRGC activity. B The proposed signaling mechanism involves N-type voltage gated calcium channels (N-VGCC)  
and AMPA type glutamate receptors. 

ipRGCs (Sakai et al., 1986; Zhang et al., 2012). Last, ipRGCs could
signal to DACs polysynaptically through multiple interneurons,
although our data ruled out the involvement of ipRGC-coupled
spiking amacrine cells (Reifler et al., 2015).

Calcium dependence of presynaptic signal transmission
Our results reveal that signal transmission from ipRGCs to DACs
is calcium dependent because low extracellular calcium signifi-
cantly reduced the amplitude of the light-induced inward cur-
rents of DACs. We postulate that APs generated in an ipRGC
propagate along its axon collateral and depolarize its terminal.
This depolarization results in the opening of VGCCs, enabling an
influx of Ca 2! into the terminal. The global Ca 2! channel
blocker Cd 2! almost completely blocked the light-induced in-
ward currents of DACs. This blockage cannot be attributed to a
postsynaptic effect because Cd 2! did not affect the AMPA-
receptor-mediated inward current of DACs. Our results further
reveal that presynaptic Ca 2! influx was partially mediated by
N-type VGCCs. It is generally thought that N-type VGCCs are
expressed in axon terminals and are responsible for triggering
neurotransmitter release (Benarroch, 2010), although some
studies showed that they are also expressed on dendrites (Mills et
al., 1994; Kisilevsky et al., 2008). Indeed, N-, P/Q-, R-, and T-type
channels are involved in synaptic transmission from ipRGCs to
neurons in the suprachiasmatic nucleus, suggesting that ipRGC
axons use these channels for neurotransmitter release (Moldavan
et al., 2006). However, we observed that P/Q-, R-, and T-type
channels had no detectable involvement in signal transmission
from ipRGCs to DACs. This difference suggests that ipRGC axon
collaterals may not express these subtypes of VGCCs or that they
possess these channels, but they are not involved in synaptic
transmission. In addition, L-type VGCCs, which are generally
expressed in the somas and dendrites of neurons (Hell et al., 1993;
Simon et al., 2003), do not appear to mediate synaptic transmis-
sion to DACs, further suggesting that ipRGC dendrites are un-
likely the conduit for signal transmission. Instead, the data
further support a model in which AP-driven retrograde signal
transmission partially via conotoxin-sensitive N-type VGCCs,
is routed through ipRGC axon collaterals. However, the con-
otoxin-resistant transmission that we observed could reflect syn-
aptic release triggered by other sources of calcium such as the
endoplasmic reticulum.

Potential role for intraretinal retrograde signaling in
light adaptation
Our results further demonstrated that retrograde signaling from
M1 ipRGCs to DACs is necessary and sufficient to influence light
adaptation by showing a deficit in the photopic ERG b-wave
during light adaptation in M1 ipRGC elimination mice, but not
in non-M1 ipRGC elimination mice. Although the mechanisms
responsible for b-wave light adaptation remain to be determined
fully, cone photoreceptor responses and synaptic plasticity be-
tween cones and bipolar cells are likely to play critical roles in the
gradual increase of the photopic b-wave during light adaptation
(Gouras and MacKay, 1989; Bui and Fortune, 2006; Nagaya et al.,
2015). However, facilitation of the photopic b-wave is impaired
in retina-specific dopamine depletion mice, suggesting that cones
and bipolar cells may modulate the light-adapted b-wave, at least
in part via the dopaminergic system (Jackson et al., 2012). Cones
can drive DACs directly through ectopic ON bipolar cell synapses
in the OFF IPL (route 4 in Fig. 10A), which may contribute to
b-wave light adaptation through increased levels of retinal dopa-
mine (Zhang et al., 2007; Dumitrescu et al., 2009; Hoshi et al.,

2009; Newkirk et al., 2013). Cones may also excite DACs through
ipRGCs retrogradely (Zhang et al., 2008; Atkinson et al., 2013;
Newkirk et al., 2013) because they can activate ipRGCs through
ectopic ON bipolar cell synapses in the OFF IPL (Dumitrescu et
al., 2009; Hoshi et al., 2009; route 3 in Fig. 10A). The latter pro-
vides an alternative route for cone and bipolar cell contribution
to the photopic b-wave through the ipRGC circuit and dopami-
nergic system. This route may partially explain why an impaired
photopic b-wave was observed in ipRGC elimination mice.

The impaired photopic b-wave in ipRGC elimination mice
could also be the result of a loss of ipRGC network and photore-
ceptor adaptation. Like conventional RGCs, ipRGCs undergo
network adaptation because they receive excitatory input from
bipolar cells (Wong et al., 2007; route 3 in Fig. 10A) as well as
inhibitory inputs (GABA, glycine, and dopamine) from amacrine
cells, including DACs (route 5 in Fig. 10A; Belenky et al., 2003;
Viney et al., 2007; Vugler et al., 2007; Wong et al., 2007; Van
Hook et al., 2012). Unlike regular RGCs, ipRGCs possess the
photopigment melanopsin, which can produce a sustained light
signal under steady illumination (Wong et al., 2005; Wong, 2012;
Do and Yau, 2013). Therefore, ipRGCs can integrate light-
adapted cone and melanopsin signals and in turn transmit these
signals through their axon collaterals to DACs retrogradely
(route 1 in Fig. 10A), triggering dopamine release (Dkhissi-
Benyahya et al., 2013; Fig. 10B). Increased dopamine release me-
diated by ipRGC activity can also act through D4 dopamine
receptors expressed on cones, where they are known to affect
cGMP metabolism, gene expression, and rod– cone coupling to
regulate cone photoreceptor adaptation (Jackson et al., 2011;
route 2 in Fig. 10A); this was demonstrated through the restora-
tion of the impaired b-wave with a D4 receptor agonist in ipRGC
elimination mice (Fig. 9).

Although cones could signal to DACs through bipolar cells in
M1 ipRGC elimination mice (route 4 in Fig. 10A), we failed to

Figure 10. Proposed neural pathways and synaptic mechanisms underlying ipRGC influence
on light adaptation. A, It is proposed that ipRGCs signal to DACs via their axon collaterals to
convey melanopsin-based signals (route 1) from the inner to outer retina (route 2). Rods and
cones may use this retrograde signaling pathway as an alternative route to send feedback
signals through ipRGCs, back to the outer retina (route 3); this route likely complements the
primary feedback pathway in which rod and cone signals are transmitted back to the outer
retina via DACs (route 4). Retrograde information transfer from ipRGCs to DACs is reciprocated
by a feedback projection from DACs (route 5). Through this projection, rod and cone signals
are indirectly relayed to ipRGCs via DACs. B, Activation of the ipRGC axon collateral triggers
Ca 2! influx partially via N-type VGCCs into the collateral terminals, resulting in glutamate
release onto postsynaptic DACs. Glutamate excites DACs through activation of AMPA-type
glutamate receptors, which depolarizes DACs and increases their AP firing frequency,
triggering dopamine release.
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Dopamine mediates the effect of ipRGCs on 
the light-adapted ERG 

suggest that RGC axon collaterals are presynaptic to upstream
orders of retinal neurons.

Our physiological data directly support the anatomical ev-
idence for the retrograde neural pathway in the retina. Axons
are presumed to use APs to transmit synaptic signals. Light-
induced responses of ipRGCs have two components: a graded
potential and APs (Berson et al., 2002). In the presence of
TTX, ipRGC APs were blocked but their graded potentials
persisted. In this condition, the light-induced excitatory in-
ward currents of DACs were undetectable, indicating that the
graded potentials of ipRGCs did not generate excitatory cur-
rents in DACs. Therefore, we concluded that TTX-sensitive
APs, not TTX-insensitive graded potentials of ipRGCs, medi-
ate retrograde signal transmission. The conclusion derived
from our patch-clamp results obtained from isolated retinas
was further validated by our in vivo data: ocular TTX injection
nearly eliminated ipRGC-driven c-Fos expression in DACs,

suggesting that signal transmission from ipRGCs to DA neu-
rons is mediated by APs in vivo.

Although our data suggest that APs generated in the ipRGC
soma likely propagate along axon collaterals to mediate retro-
grade synaptic transmission to DACs, we cannot completely rule
out other possibilities. First, TTX-sensitive APs initiated in the
axon hillock could back-propagate into the dendritic arbors of
ipRGCs, as observed in cortical pyramidal neurons (Stuart and
Sakmann, 1994), and mediate synaptic transmission via dendro-
dendritic synapses with DACs. Second, both dendrites and axons
of ipRGCs express melanopsin and are endogenously photosen-
sitive (Berson et al., 2002; Hattar et al., 2002). Melanopsin-based
membrane depolarization in either of these processes could trig-
ger glutamate release locally onto DACs. Although evidence is
needed, these possibilities exist because RGC dendrites contain
synaptic vesicles and AMPA receptors of DACs are located in
close proximity to melanopsin-immunopositive dendrites of

Figure 9. M1 ipRGCs modulate the light-adapted ERG b-wave via D4 dopamine receptors. A, Representative light-adapted ERG recording traces after 2 min (black) or 20 min (gray) of light
adaptation in wild-type, Opn4DTA/!, Opn4Cre/!;Brn3bZdta/!, and PD168077-injected Opn4DTA/!, and wild-type mice (from top to bottom). B, Light-adapted ERG b-wave amplitude plotted against
light adaptation time in wild-type mice (closed circle, n "8). Most of the b-wave amplitudes were significantly higher after 6 min of light adaptation than they were after the first 2 min; the injection
of PD168077 produced similar light adapted b-wave amplitudes as control (open circle, n " 5). C, Similar to wild-type, in Opn4-Cre;Brn3b-Zdta mice, all of the b-wave amplitudes were significantly
higher after 8 min of light adaptation than they were after the first 2 min (n " 7). D, B-wave amplitudes from Opn4-DTA mice remained unchanged throughout 20 min of light adaptation (closed
square, n " 8). Ten minuts after intraperitoneal PD168077 injection, the light-adapted ERG b-wave amplitudes were significantly higher than the initial time point from Opn4-DTA mice (open
square, n " 5). E, Paired plot of light-adapted ERG b-wave amplitudes from individual Opn4-DTA mice before and after PD168077 injection after 20 min of light adaptation. F, Whole-mount
immunofluorescence staining with a melanopsin antibody shows a dramatic reduction in the total number of melanopsin-immunopositive ipRGCs in Opn4DTA mice (right) compared with wild-type
(left). Only a few weakly stained M1 ipRGCs (arrows), characterized by dendritic stratification in the S1 layer of the IPL, remained in the Opn4-DTA retina (right); an insert (right) displays a magnified
image of one such cell (yellow arrow). G, Quantification of melanopsin-immunopositive ipRGCs from WT and Opn4-DTA mice (t test, n " 3). For B–D, post hoc Bonferroni’s test compared with 2 min
bin. For E, paired t test, n " 5. *p # 0.05; **p # 0.01.
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M1 ipRGCs modulate the light-adapted ERG b-wave via dopamine D4 receptors. 
Opn4-DTA mice have genetic ablation of ipRGCs, while Opn4-Cre Brn3b Zdta mice retain 
Brn3b negative ipRGCs (M1 ipRGCs). PD168077 is an agonist of D4 receptors. 



Summary: 
•  ipRGCs signal irradiance information to the brain 

–  Integrating rod/cone signals with their own intrinsic light response 
–  Their intrinsic light response is driven by melanopsin (Opn4) 

•  ipRGCs are a heterogeneous population of cells  
–  In terms of morphology, physiology and connectivity to the brain. 

•  Melanopsin may support image-forming vision during 
daylight hours 
–  By acting like a photographer’s light meter, providing an 

independent measure of irradiance to light-adapt visual circuits. 
–  Enhancing feature selectivity in both spatial & temporal dimensions.   
–  This appears to occur at least in part in the retina (dopamine). 

•  Melanopsin is involved in visual system development 
–  This should be considered when interpreting data from studies 

relying upon Opn4-/- mice alone. 


