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INTRODUCTION

In 2002, little more than a hundred years after Cajal’s
first description of rod and cone visual receptors in the
eye [1] a third class of photoreceptor cells were discov-
ered hiding in plain sight as ganglion cells on the oppo-
site side of the retina from the rods and cones [2,3]. They
comprise a small subset of the ganglion cell population
(< 1 percent in primates) that express melanopsin, a reti-
nal based photopigment, and generate a depolarizing light
response with an increase in spike activity that persists in
the absence of rod and cone driven synaptic input as well
as after being removed from the retina by microdissection
[2]. It is clear that these cells contain all the necessary
molecular machinery to convert light into an electrical
signal and are thus referred to as intrinsically photosen-
sitive retinal ganglion cells (ipRGCs). For the three most

recent reviews see [4-6].

BIOLOGICAL FUNCTIONS OF iPRGCs

ipRGCs provide luminance information that plays
a critical role in the pupillary light reflex, the synchro-
nization of behavioral rhythms with the circadian light-
dark cycle, sleep regulation and mood [7-12]. While
these non-image-forming functions were initially thought
to be mediated by a single (M1) cell type, ipRGCs are
now know to be a diverse group that can be subdivided
according to differences in morphology, physiology, and
central projections into five subtypes (M1 through M5)
in nocturnal rodents [13], three subtypes (M1, M2, and
a novel 3rd type) in the tree shrew [14], an evolution-
ary intermediate between rodents and primates, and two
subtypes (M1 and M2) in primates and humans [15,16].
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The increase in the assortment of ipRGC cell types has
expanded their list of possible functions to include par-
ticipation in color vision [15,17] and spatial perception
[18-20].

MECHANISMS OF LIGHT TRANSDUCTION
IN iPRGCs

The central question of our discussion is: How do
ipRGCs convert (transduce) light into an electrical sig-
nal? This process begins with a light-sensitive protein,
melanopsin, a G protein coupled receptor first identified
in frog dermal melanocytes [21], hence the name, and
subsequently shown to be selectively expressed in a small
number of mammalian retinal ganglion cells [22] with in-
trinsic photosensitivity [3]. Further studies showed that
ipRGCs in melanopsin knock out mice are light insen-
sitive and cells that are normally insensitive to light are
made light-sensitive by the heterologous expression of
melanopsin [23-28].

The steps in the transduction cascade that follow the
light activation of melanopsin are less well understood.
They consist of a G protein stimulated effector enzyme
that, via the generation an intracellular second messenger
signal, opens a non-selective cation channel to give rise
to a depolarizing light response.

The consensus—based in large part on the fact that
melanopsin is more similar to invertebrate than vertebrate
visual pigment [22] and by analogy to the phototransduc-
tion cascade in most invertebrates [29,30]—is that mela-
nopsin signals through a G protein of the G, class and
phospholipase C [25,26,28,31-33], as opposed to rods
and cones, which use G, (transducin) and phosphodies-
terase.

This does not, however, seem to be the whole story.
Melanopsin is able to activate transducin in a heterolo-
gous expression system [34] and has been shown to be
capable of signaling through a cascade that includes cy-
clic nucleotides but not PLC [24]. There are also conflict-
ing reports about which members of the G, gene family
(Gq, G, G,,, and G, ) are expressed in ipRGCs [32,35-
37] as well as dlsagreement about the effects of genetic
inactivation of G 11 EENES on their intrinsic photosensitiv-
ity [35,36] raising speculation about the possibility that
ipRGC:s are able to utilize a G, -independent phototrans-
duction cascade [35].

The evidence that phospholipase C (PLC) is the effec-
tor enzyme in the transduction cascade is also rather slim.
It is based on two observations made in a single study
[32]; ipRGCs express PLCB4 (the PLC isozyme that is a
key participant in invertebrate phototransduction) and the
light response of cultured ipRGCs is blocked by U73122,
a PLC antagonist that is not, however, particularly se-
lective, in that it has effects on numerous other cellular

proteins including phospholipase D and Ca-ATPase, as
well as Ca?* and K* channels [38].

The second messenger that is generated by the ef-
fector enzyme to mediated downstream excitation in the
melanopsin transduction cascade is not known. Light
responses have been reported to be present in excised
patches of ipRGC membrane. While this was considered
evidence that rules out a soluble cytoplasmic messenger
[32], that is not necessarily the case. Electrical responses
resulting from light-evoked changes in cGMP, a diffusible
cytoplasmic messenger, have been shown to persist in
excised patches from rod outer segment membrane [39].
With respect to this issue it also noteworthy that photo-
currents in ipRGC decline during whole cell recording
but not during perforated patch recording, suggesting the
loss of cytoplasmic components by whole cell dialysis
[40]. Attempts to identify the second messenger, whether
it be diffusible or membrane delimited have failed. The
exogenous application of likely candidates produced by
PLC activity, IP3, and diacylglycerol (DAG), had no ef-
fect on phototransduction in ipRGCs [32], nor did deple-
tion of intracellular Ca stores [41,42].

The last step in the melanopsin transduction cascade
is a non-selective ion channel that opens and produces a
depolarizing potential change. The leading candidate for
this job is a member of transient receptor potential (TRP)
channel family, especially the TRPC subfamily, which
are thought to be the phototransduction channels in Dro-
sophila that are activated via a G protein-coupled phos-
pholipase C (PLCPB4) cascade [29]. The evidence sup-
porting their participation in the melanopsin transduction
process include the elimination of the photoresponse by
TRP-channel blockers and the presence of TRPC channel
protein and/or mRNA in ipRGCs [32,41-43]. While light
evoked responses persist in the absence of functional ex-
pression of either homomeric TRPC3, TRPC6, or TRPC7
[44], there are, however, subtle changes in the response
consistent with the suggestion the transduction channels
in ipRGCs are heteromultimeric assemblies formed by
different combinations of subunits drawn from the TRPC
subfamily.

OUTLOOK

It is clear that our understanding of the melanopsin
driven transduction process is incomplete. While the pre-
vailing view is that it somehow fits the common template
for invertebrate phototransduction in which light-acti-
vated visual pigment excites a G, type G protein causing
in turn the opening of TRP ion channels via a signaling
pathway that involves PLC, none of the steps in this se-
quence of events are understood in detail nor unequivo-
cally supported by experiment. Whatever the molecular
elements in the transduction cascade maybe they appear
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to pre-exist in non-ipRGC retinal ganglion cells as shown
by finding that viral vector mediated expression of mela-
nopsin rendered conventional ganglion cells intrinsically
photosensitive [45].

The diversity of ipRGC cell types as well as a high
degree of cell-to-cell heterogeneity in the biophysical
properties of a single (M1) ipRGC cell class [46] raises
the possibility that the transduction process underlying
intrinsic photosensitivity is not the same in all ipRGCs. In
support of this point of view a recent study (Jiang, Z, et al.
Invest Ophthalmol Vis Sci 2017; 58(8): ARVO Abstract
4127) reports that light evoked responses in the presence
of synaptic blockers persist in M2 and M4 type ipRGCs
in mice lacking genes for the expression of PLCf4, as
well as TRPC1,3.,4,5,6, and 7. Photoresponses in wild-
type M2 and M4 ipRGCs were eliminated by ZD7288,
a HCN-channel blocker, but not by Ruthenium Red, a
wide-spectrum TRPC-channel antagonist. Both M2 and
M4 cell types express HCN channels and the voltage de-
pendence of the photocurrents they generate are consis-
tent with hyperpolarization-activated current (I, ). Finally,
photo-release of cage cyclic nucleotide produced an in-
ward current that had properties similar to those of the
intrinsic photocurrent suggesting that cyclic nucleotides
as well as HCN channels participate in the intrinsic pho-
tosensitivity of M2 and M4 ipRGCs.

While these results are described in a meeting ab-
stract and consequently await confirmation and further
exposition they nevertheless breathe new life into the
melanopsin saga by introducing a serious alternative to
the invertebrate transduction model that has, with limited
success, dominated the search for the source of ganglion
cell intrinsic photosensitivity since its discovery in 2002.
In any case, with or without this new chapter in the story,
it is clear that the answer to “How do They Work” is more
complex than originally imagined.

REFERENCES

1. Cajal RYS. Die Retina der Wirbelthiere: Untersuchungen
mit der Golgi-Cajal’schen Chromsilbermethode und der
Ehrlich’schen Methylenblaufiarbung Wiesbaden: Wies-
baden : Verlag von J.F. Bergmann; 1894.

2. Berson DM, Dunn FA, Takao M. Phototransduction by
retinal ganglion cells that set the circadian clock. Science.
2002;295(5557):1070-3.

3. Hattar S, Liao HW, Takao M, Berson DM, Yau KW.
Melanopsin-containing retinal ganglion cells: architec-
ture, projections, and intrinsic photosensitivity. Science.
2002;295(5557):1065-70.

4. Do MT, Yau KW. Intrinsically photosensitive retinal gangli-
on cells. Physiol Rev. 2010;90(4):1547-81.

5. Lucas RJ. Mammalian inner retinal photoreception. Curr
Biol. 2013;23(3):R125-33.

6. Pickard GE, Sollars PJ. Intrinsically photosensitive
retinal ganglion cells. Rev Physiol Biochem Pharmacol.

2012;162:59-90.

7. Altimus CM, Guler AD, Alam NM, Arman AC, Prusky GT,
Sampath AP, et al. Rod photoreceptors drive circadian
photoentrainment across a wide range of light intensities.
Nat Neurosci. 2010;13(9):1107-12.

8. Gooley JJ, Lu J, Chou TC, Scammell TE, Saper CB. Melan-
opsin in cells of origin of the retinohypothalamic tract. Nat
Neurosci. 2001;4(12):1165.

9. Guler AD, Ecker JL, Lall GS, Haq S, Altimus CM, Liao
HW, et al. Melanopsin cells are the principal conduits
for rod-cone input to non-image-forming vision. Nature.
2008;453(7191):102-5.

10. Johnson J, Wu V, Donovan M, Majumdar S, Rente-
ria RC, Porco T, et al. Melanopsin-dependent light
avoidance in neonatal mice. Proc Natl Acad Sci U S A.
2010;107(40):17374-8.

11. LeGates TA, Altimus CM, Wang H, Lee HK, Yang S,

Zhao H, et al. Aberrant light directly impairs mood and
learning through melanopsin-expressing neurons. Nature.
2012;491(7425):594-8.

12. Maynard ML, Zele AJ, Kwan AS, Feigl B. Intrinsically
Photosensitive Retinal Ganglion Cell Function, Sleep Effi-
ciency and Depression in Advanced Age-Related Macular
Degeneration. Invest Ophthalmol Vis Sci. 2017;58(2):990-
6.

13. Schmidt TM, Chen SK, Hattar S. Intrinsically photo-
sensitive retinal ganglion cells: many subtypes, diverse
functions. Trends Neurosci. 2011;34(11):572-80.

14. Johnson EN, Westbrook T, Shayesteh R, Chen EL, Schum-
acher JW, Fitzpatrick D, et al. Distribution and diversity
of intrinsically photosensitive retinal ganglion cells in tree
shrew. J Comp Neurol. 2017.

15. Dacey DM, Liao HW, Peterson BB, Robinson FR, Smith
VC, Pokorny J, et al. Melanopsin-expressing ganglion cells
in primate retina signal colour and irradiance and project to
the LGN. Nature. 2005;433(7027):749-54.

16. Liao HW, Ren X, Peterson BB, Marshak DW, Yau KW,
Gamlin PD, et al. Melanopsin-expressing ganglion cells on
macaque and human retinas form two morphologically dis-
tinct populations. J Comp Neurol. 2016;524(14):2845-72.

17. Stabio ME, Sabbah S, Quattrochi LE, Ilardi MC, Fogerson
PM, Leyrer ML, et al. The M5 Cell: A Color-Opponent
Intrinsically Photosensitive Retinal Ganglion Cell. Neuron.
2017.

18. Allen AE, Storchi R, Martial FP, Bedford RA, Lucas R1J.
Melanopsin Contributions to the Representation of Images
in the Early Visual System. Curr Biol. 2017;27(11):1623-
32 ed.

19. Ecker JL, Dumitrescu ON, Wong KY, Alam NM, Chen SK,
LeGates T, et al. Melanopsin-expressing retinal gangli-
on-cell photoreceptors: cellular diversity and role in pattern
vision. Neuron. 2010;67(1):49-60.

20. Sonoda T, Schmidt TM. Re-evaluating the Role of In-
trinsically Photosensitive Retinal Ganglion Cells: New
Roles in Image-Forming Functions. Integr Comp Biol.
2016;56(5):834-41.

21. Provencio I, Jiang G, De Grip WJ, Hayes WP, Rollag MD.
Melanopsin: An opsin in melanophores, brain, and eye.
Proc Natl Acad Sci U S A. 1998;95(1):340-5.

22. Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira



52

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Detwiler: Phototransduction in retinal ganglion cells

EF, Rollag MD. A novel human opsin in the inner retina. J
Neurosci. 2000;20(2):600-5.

Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, Yau
KW. Diminished pupillary light reflex at high irradiances in
melanopsin-knockout mice. Science. 2003;299(5604):245-
7.

Melyan Z, Tarttelin EE, Bellingham J, Lucas RJ, Hankins
MW. Addition of human melanopsin renders mammalian
cells photoresponsive. Nature. 2005;433(7027):741-5.
Panda S, Nayak SK, Campo B, Walker JR, Hogenesch JB,
Jegla T. Illumination of the melanopsin signaling pathway.
Science. 2005;307(5709):600-4.

Qiu X, Kumbalasiri T, Carlson SM, Wong KY, Krish-

na V, Provencio I, et al. Induction of photosensitivity

by heterologous expression of melanopsin. Nature.
2005;433(7027):745-9.

Spoida K, Eickelbeck D, Karapinar R, Eckhardt T, Mark
MD, Jancke D, et al. Melanopsin Variants as Intrinsic
Optogenetic On and Off Switches for Transient versus
Sustained Activation of G Protein Pathways. Curr Biol.
2016;26(9):1206-12.

Terakita A, Tsukamoto H, Koyanagi M, Sugahara M, Ya-
mashita T, Shichida Y. Expression and comparative charac-
terization of Gq-coupled invertebrate visual pigments and
melanopsin. J Neurochem. 2008;105(3):883-90.

Hardie RC. Photosensitive TRPs. Handb Exp Pharmacol.
2014;223:795-826.

Yau K-W, Hardie RC. Phototransduction Motifs and Varia-
tions. Cell. 2009;139(2):246-64.

Contin MA, Verra DM, Guido ME. An invertebrate-like
phototransduction cascade mediates light detec-

tion in the chicken retinal ganglion cells. FASEB J.
2006;20(14):2648-50.

Graham DM, Wong KY, Shapiro P, Frederick C, Pattabira-
man K, Berson DM. Melanopsin ganglion cells use a mem-
brane-associated rhabdomeric phototransduction cascade. J
Neurophysiol. 2008;99(5):2522-32.

Isoldi MC, Rollag MD, Castrucci AM, Provencio L.
Rhabdomeric phototransduction initiated by the vertebrate
photopigment melanopsin. Proc Natl Acad Sci U S A.
2005;102(4):1217-21.

Newman LA, Walker MT, Brown RL, Cronin TW, Robin-
son PR. Melanopsin forms a functional short-wavelength
photopigment. Biochemistry. 2003;42(44):12734-8.

Chew KS, Schmidt TM, Rupp AC, Kofuji P, Trimarchi JM.
Loss of gq/11 genes does not abolish melanopsin pho-
totransduction. PLoS One. 2014;9(5):e98356.

Hughes S, Jagannath A, Hickey D, Gatti S, Wood M, Peir-
son SN, et al. Using siRNA to define functional interac-
tions between melanopsin and multiple G Protein partners.
Cell Mol Life Sci. 2015;72(1):165-79.

Siegert S, Cabuy E, Scherf BG, Kohler H, Panda S, Le YZ,
et al. Transcriptional code and disease map for adult retinal
cell types. Nat Neurosci. 2012;15(3):487-95, S1-2.

Klein RR, Bourdon DM, Costales CL, Wagner CD, White
WL, Williams JD, et al. Direct activation of human phos-
pholipase C by its well known inhibitor u73122. J Biol
Chem. 2011;286(14):12407-16.

Ertel EA. Excised patches of plasma membrane from ver-
tebrate rod outer segments retain a functional phototrans-

41.

42.

43.

44,

45.

46.

duction enzymatic cascade. . Proc Natl Acad Sci USA
1990;87:4226-30.

. Do MT, Kang SH, Xue T, Zhong H, Liao HW, Bergles DE,

et al. Photon capture and signalling by melanopsin retinal
ganglion cells. Nature. 2009;457(7227):281-7.

Hartwick AT, Bramley JR, Yu J, Stevens KT, Allen CN,
Baldridge WH, et al. Light-evoked calcium responses of
isolated melanopsin-expressing retinal ganglion cells. J
Neurosci. 2007;27(49):13468-80.

Sekaran S, Lall GS, Ralphs KL, Wolstenholme AJ, Lucas
RJ, Foster RG, et al. 2-Aminoethoxydiphenylborane

is an acute inhibitor of directly photosensitive retinal
ganglion cell activity in vitro and in vivo. J Neurosci.
2007;27(15):3981-6.

Warren EJ, Allen CN, Brown RL, Robinson DW. The
light-activated signaling pathway in SCN-projecting rat
retinal ganglion cells. Eur J Neurosci. 2006;23(9):2477-87.
Perez-Leighton CE, Schmidt TM, Abramowitz J, Birn-
baumer L, Kofuji P. Intrinsic phototransduction persists
in melanopsin-expressing ganglion cells lacking dia-
cylglycerol-sensitive TRPC subunits. Eur J Neurosci.
2011;33(5):856-67.

Lin B, Koizumi A, Tanaka N, Panda S, Masland RH. Res-
toration of visual function in retinal degeneration mice by
ectopic expression of melanopsin. Proc Natl Acad Sci U S
A.2008;105(41):16009-14.

Emanuel AJ, Kapur K, Do MTH. Biophysical Variation
within the M1 Type of Ganglion Cell Photoreceptor. Cell
Rep. 2017;21(4):1048-62.



