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Abstract

Intrinsically photosensitive retinal ganglion cells (ipRGCs) are a subset of cells that participate in 

image-forming and non–image-forming visual responses. Although both functional and 

morphological subtypes of ipRGCs have been described in rodents, parallel functional subtypes 

have not been identified in primate or human retinas. In this study, we used a human organ donor 

preparation method to measure human ipRGCs’ photoresponses. We discovered three functional 

ipRGC subtypes with distinct sensitivities and responses to light. The response of one ipRGC 

subtype appeared to depend on exogenous chromophore supply, and this response is conserved in 

both human and mouse retinas. Rods and cones also provided input to ipRGCs; however, each 

subtype integrated outer retina light signals in a distinct fashion.

In mammals intrinsically photosensitive retinal ganglion cells (ipRGCs) are a subset of 

retinal ganglion cells that express the photopigment melanopsin, which renders them 

intrinsically photosensitive. These cells participate in a set of light responses that include 

circadian entrainment, pupillary light reflex (PLR), and the modulation of sleep or alertness 

and mood as well as some aspects of vision (1). In rodents, six different morphological and 

at least three functional ipRGC types have been described (2–4). In addition to intrinsic 

photosensitivity, the ipRGCs also mediate rod- and cone-initiated photoresponses, which 

expand the range of sensitivity for ipRGCs to dim light. Melanopsin is also found in the 

human retina (5), where it is responsible for the suppression of nocturnal melatonin and PLR 
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(table S1). However, there is no report of previous direct assessment of ipRGC function in 

humans.

To assess the intrinsic photoresponses of human RGCs, we performed extracellular 

electrophysiological recordings of freshly harvested human retinas from five donors (three 

females, two males, 57.2 ± 8.8 years old; table S2). Small pieces of retina were placed on a 

multielectrode array, and the recording medium was supplemented with synaptic blockers to 

block excitatory rod and cone input to RGCs. In response to a 30-s pulse of mono-chromatic 

blue light (470 nm), photoresponsive cells were found in retinas from each of the five donors 

(Fig. 1A). Intrinsic responses to light were slow, sustained over the 30-s stimulation, and 

outlasted the stimulus by several seconds after the light was switched off (Fig. 1, A and B, 

and fig. S1A).

For each retina sample, we identified photoresponsive cells at an average density of 2.47 

cells/mm2 (fig. S1B), close to the lower range of the reported density of melanopsin-

immunopositive RGCs in human retinas (from ~3 to 40 cells/mm2) (6–9). Furthermore, 

intrinsic photoresponses from the retinas were reversibly inhibited by opsinamide 

(AA92593), a specific inhibitor of melanopsin (10) (Fig. 1, C and D), supporting the notion 

that the intrinsic photosensitivity is mediated by melanopsin.

Next, we tested whether human ipRGCs, like their rodent counterparts, can sustain 

photoresponses under prolonged illumination (11, 12). In response to a 10- or 20-min 

illumination, all ipRGCs responded for several minutes (fig. S1C), whereas 40 and 28% of 

ipRGCs sustained responses to the entire 10 or 20 min of light, respectively.

To assess human ipRGCs’ sensitivity, we stimulated the retinas for 30 s at increasing 

irradiances and found similar profiles of sensitivity among donors (Fig. 1E). The ipRGC 

responses were rarely detectable at 2 × 1011 photons/cm2 per second, and half-saturation 

sensitivities were recorded between 1012 and 1013 photons/cm2 per second. Altogether, the 

response characteristics of human ipRGCs— low sensitivity, slow activation, sustained 

response during light stimulation, and delayed deactivation—were similar to those seen in 

the mouse (13), Arvicanthis (14), and nonhuman primate cells (15).

In mice, six subtypes of ipRGCs (M1 to M6) have been described on the basis of their 

morphologies, levels of expression of melanopsin, connectivity patterns, and photoresponses 

(2, 16). Response sensitivity (Fig. 1E) seemed to delineate at least two different types of 

human ipRGCs. Principal components analysis (PCA) of response parameters (sensitivity, 

latency, and duration) showed that, independent of the donor, ipRGC responses tended to 

cluster into two groups, which we called type 1 and type 2 ipRGCs (Fig. 2A and fig. S2, A 

to C).

Type 1 ipRGCs were more sensitive to light, with a half-maximal response at ~2 × 1012 

photons/cm2 per second and a sustained light response that lasted 47 ± 10.9 s after a 30 s 

pulse of light (2.1 × 1014 photons/cm2 per second) was turned off (Fig. 2B and fig. S2D). 

Type 2 ipRGCs were less sensitive, with a half-maximal response at ~1 × 1013 photons/cm2 

per second, and response termination 23.9 ± 10.7 s after lights were turned off (Fig. 2B and 

fig. S2D). At lower irradiance levels, type 2 ipRGCs exhibited a longer response latency to 
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the test light pulse (fig. S2D). Overall, type 1 responses were recorded 50% more frequently 

than type 2 responses (1.6 ± 0.3 versus 1.1 ± 0.5 cell/mm2, respectively) (fig. S2E). 

Altogether, the features of type 1 and type 2 ipRGCs suggest that they correspond to mouse 

ipRGC subtypes M1 and M2 (1) or type II and type III (3) (table S3). The type 1 ipRGCs 

also sustained longer responses under prolonged illumination, whereas type 2 cells were 

refractory after <5 min of illumination (Fig. 2C and fig. S2F).

Because some rodent ipRGCs may rely on the retinal pigment epithelium to supply the 11-

cis-retinaldehyde (11-cis-retinal) melanopsin chromophore (17), we preincubated one retina 

sample in 11-cis-retinal for 1 hour before the recordings. In addition to type 1 and 2 

responses, we also discovered a third type of ipRGC that clustered separately (Fig. 2, A and 

F, and fig. S2G). The cells exhibiting type 3 responses were distinct; they responded only to 

higher irradiances, but more strongly (Fig. 2, A and B, and fig. S2, C and H). Their response 

latencies were similar to those of types 1 and 2, but their response durations were shorter, 

rapidly extinguishing after light was turned off (fig. S2H). Finally, type 3 cells appeared to 

be more abundant than type 1 and 2 cells, with 30.9 cells/mm2. Although type 1 and 2 

ipRGCs’ discharge rate was increased in response to the high-irradiance stimulations, their 

response sensitivity, latency, and duration overall were not affected by exogenous 11-cis-

retinal (fig. S3).

To determine whether these type 3, 11-cis-retinal–dependent cells were specific to humans, 

we recorded photoresponses in retinas from adult retinal degeneration (rd) mice. These mice 

exhibit extensive degeneration of rod and cone photoreceptors; thus, light responses of 3-

month-old rd mice are predom-inantly from ipRGCs (18). rd retinas produced trains of 

action potentials that were similar to responses recorded in human ipRGCs (fig. S4A). Upon 

supplementation with 11-cis-retinal, the number of responding cells increased (fig. S4, A 

and D). PCA revealed that, as in human retinas, 11-cis-retinal–dependent mouse ipRGCs 

formed a distinct cluster (fig. S4B). These cells displayed response characteristics that were 

different from those of other mouse ipRGCs, but similar to the type 3 cells we discovered in 

human retinas (fig. S4C).

To determine the spectral sensitivity of the human intrinsic light response, we measured the 

discharge rate as a function of wavelength (447, 470, 505, 530, and 560 nm) over ~4-log-

unit irradiance range (~5 × 1011 to 5 × 1014 photons/cm2 per second) (Fig. 3A and fig. S5). 

By calculating half-saturation values from the dose–response curves for each wavelength 

(Fig. 3A), we established the action spectra for each subtype (Fig. 3B). These data were 

fitted by A1 visual pigment nomograms (19) with peaks at 459 and 457 nm for ipRGC types 

1 and 2, respectively (Fig. 3C). These responses are distinct from those of human rod, S, M, 

and L cone pigments (498, 420, 534, and 564 nm, respectively) but consistent with indirect 

measurements obtained for nocturnal melatonin suppression, pupillary reflex to light, and 

other melanopsin-dependent responses (table S1). Because of type 3 ipRGCs’ limited range 

of responses, we did not fit their dose-response curves. Nevertheless, type 3 ipRGCs also 

appeared to be most sensitive around 470 nm (Fig. 3B).

In addition to intrinsic photosensitivity, ipRGCs also transmit rod- and cone-initiated 

photoresponses. To characterize rod and cone input, we compared ipRGCs’ responses before 
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and after the application of the synaptic blockers. In the absence of synaptic blockers, a large 

number of RGCs responded to light with conventional on- or off-type responses. These 

results are consistent with previous reports of light responses in the human retina, and they 

demonstrate that the outer, inner, and intermediate layers of the retina were functionally 

preserved in our preparation (20, 21). After incubation with blockers and dark adaptation for 

45 min, conventional RGCs stopped responding to subsequent light pulses, whereas ipRGC 

responses persisted (Fig. 4A). Comparison of ipRGC photoresponses before and after 

synaptic blockers revealed subtype-specific specialization in integrating outer retina 

responses with intrinsic photosensitivity (Fig. 4A and fig. S6A).

For all subtypes, extrinsic input to ipRGCs shortened response latency and lowered response 

thresholds. Latency was reduced by 58.4, 68.2, and 85.2% for types 1, 2, and 3, respectively, 

at 3.5 × 1012 photons/cm2 per second (Fig. 4B, right, and fig. S6A); response thresholds 

were lowered such that ~90% of cells responded to the lowest irradiance (Fig. 4B, left). 

However, extrinsic input accounted for a significant portion of the sustained response and 

increased its sensitivity only for type 2 and 3 ipRGCs (Fig. 4C).

In summary, human ipRGCs can be separated into at least three subtypes on the basis of 

their responses to light, chromophore supply, and relationships with rods and cones (table 

S3). Different modes of chromophore regeneration within the different populations of 

ipRGCs may be linked to the heterogeneity in signal transduction mechanisms; in mice, a 

rhabdomeric cascade exists in M1 ipRGCs, a ciliary cascade operates in M4 cells, and both 

coexist in M2 cells (22).

It has long been assumed that the primary function of ipRGCs is to count photons (14). Our 

results both confirm and expand this role; rod- and cone-initiated extrinsic photosensitivity 

allows ipRGCs to respond to lower intensities of light and helps to sustain type 3 responses 

to very bright light. We also found that input from the outer retina to ipRGCs exceeds 

additive excitation. We observed several types of interactions—on, on or off activation, and 

on or off inhibition (Fig. 4A and fig. S6B)—suggesting that ipRGCs are able to mediate 

complex signal processing. Our study provides direct quantitative data on human ipRGC 

function, which will help in the development of light-based interventions for improving 

human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A subset of human RGCs is intrinsically photosensitive.
(A) Representative individual ipRGC spike trains to a 30-s light pulse (~1013 photons/cm2 

per second, 470 nm) from five different human donors. (B) Average ipRGCs’ response 

latency, duration, and amplitude in each donor (n = 7, 15, 4, and 15 for donors 1, 2, 3, and 5, 

respectively, where n is the number of cells). Representative individual ipRGCs spike trains 

(C) and average responses (D) to three identical 30-s light pulses (~1013 photons/cm2 per 

second, 470 nm) from a control recording [n = 3; upper panel in (C), white histogram in (D)] 

or a recording with opsinamide (n = 9; lower panel in (C), red histogram in (D)] during the 

second stimulation [***P < 0.001, **P < 0.01, ANOVA (analysis of variance), Bonferroni 

post hoc test, one donor]. (E) Responses of ipRGCs stimulated for 30 s at different 

irradiances (from 2 × 1011 to 2 × 1014 photons/cm2per second, 470 nm) in each donor (n = 

7, 14, 4, and 15 for donors 1, 2, 3, and 5, respectively). ph, photons. Blue bars and blue 

background in (A) and (C) indicate light pulses.
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Fig. 2. Human ipRGCs display different subtypes.
(A) Representative responses from type 1, 2, and 3 ipRGCs to increasing irradiance light 

pulses [30 s, 470 nm, irradiances (irr) 1, 2, 3, and 4: 2.9 × 1011, 3.5 × 1012, 2 × 1013, and 2 × 

1014 photons/cm2 per second, respectively]. Blue bars indicate light pulses. (B) 

Corresponding dose–response curves (type 1, n = 24, four donors; type 2, n = 18, four 

donors; type 3, n = 79, one donor).Error bars indicate SEM. (C) Representative raster plots 

of type 1 and 2 ipRGCs and average traces in response to 10-min light stimulations (~2 × 

1013 photons/cm2 per second, 470 nm; type 1, n = 5, and type 2, n = 3). (D) Principal 

components of the ipRGCs’ response parameters (sensitivity, latency, and duration; n = 121, 

four donors).
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Fig. 3. Spectral sensitivity of human ipRGCs.
(A) Dose–response curves of each subtype to 30-s light pulses at different irradiances and 

wavelengths (irr1 to irr4, from 5 × 1010 to 5 × 1014 photons/cm2 per second; 447, 470, 505, 

530, and 560 nm) (type 1, n = 7; type 2, n = 8; type 3, n = 79; one donor). Error bars indicate 

SEM. (B) Action spectra and (C) best-fitted nomograms for each subtype.EC, irradiance 

required to drive a 50% response; λ, wavelength.
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Fig. 4. Human ipRGCs integrate extrinsic signals.
(A) Individual examples of conventional RGCs’ and type 1, 2, and 3 ipRGCs’ responses to 

increasing irradiance light pulses before (black traces) and after (color traces) application of 

synaptic blockers (30 s, 470 nm; irr1, irr2, irr3, and irr4: 2.9 × 1011, 3.5 × 1012, 2 × 1013, 

and 2 × 1014 photons/cm2 per second, respectively). Response properties before (black bars 

and symbols) and after (colored bars and symbols) application of synaptic blockers are 

shown in (B) and (C). (B) Threshold and latency (effect of irradiance: type 1, P < 0.05; type 

2, P < 0.001; type 3, P < 0.001; effect of drugs: type 1, P < 0.01; type 2, P < 0.01; type 3, P < 

0.001; two-way ANOVAs, Bonferroni post hoc tests). (C) Average ipRGCs’ sensitivity. In 

both (B) and (C): type 1, n = 9; type 2, n = 9; and type 3, n = 78. Error bars in (C) indicate 

SEM.
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