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Summary
Exposure of human skin to solar ultraviolet radiation (UVR), a powerful carcinogen [1]
comprising ~95% UVA and ~5% UVB at the Earth’s surface, promotes melanin synthesis in
epidermal melanocytes [2, 3], which protects skin from DNA damage [4, 5]. UVB causes DNA
lesions [6] that lead to transcriptional activation of melanin-producing enzymes, resulting in
delayed skin pigmentation within days [7]. In contrast, UVA causes primarily oxidative damage
[8] and leads to immediate pigment darkening (IPD) within minutes, via an unknown mechanism
[9, 10]. No receptor protein directly mediating phototransduction in skin has been identified. Here
we demonstrate that exposure of primary human epidermal melanocytes (HEMs) to UVA causes
calcium mobilization and early melanin synthesis. Calcium responses were abolished by treatment
with G protein or PLC inhibitors, or by depletion of intracellular calcium stores. We show that the
visual photopigment rhodopsin [11] is expressed in HEMs and contributes to UVR
phototransduction. Upon UVR exposure, significant melanin production was measured within one
hour; cellular melanin continued to increase in a retinal- and calcium-dependent manner up to
five-fold after 24 hours. Our findings identify a novel UVA-sensitive signaling pathway in
melanocytes that leads to calcium mobilization and melanin synthesis, and may underlie the
mechanism of IPD in human skin.

Results and Discussion
UVR evokes retinal-dependent calcium flux in human epidermal melanocytes

To investigate UVR-activated signaling pathways, we designed a system that permits real-
time imaging of cultured cells and simultaneous exposure to irradiances comparable to solar
UVR. Our light source comprises ~90% UVA (320 – 400 nm) and ~10% UVB (280 – 320
nm) and each 10 mJ/cm2 exposure equates to 10 s of solar UVR exposure on a day with a
UV index ~10 (Fig. S1 and Supplemental Information). We tested the effect of physiological
UVR doses on intracellular calcium (Ca2+) levels in primary human epidermal melanocytes
(HEMs) using the fluorometric Ca2+ indicator Fluo-4 AM. We found that UVR (100 mJ/
cm2) evoked rapid Ca2+ transients in HEMs pre-incubated with the 11-cis retinal analogue
9-cis retinal (10 μM) [12], but failed to elicit such responses in the absence of retinal (Fig.
1A, B), suggesting the effect is mediated by an opsin-like photopigment. To characterize the
irradiance dependence of Ca2+ responses, we measured the amplitude of transients elicited
by increasing UVR doses (20 – 150 mJ/cm2) and found that it increased as a function of
stimulus irradiance (Fig. 1C, D).
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We investigated the spectral sensitivity of Ca2+ transients by stimulating HEMs with 200
mJ/cm2 of UVR (280 – 400 nm), blue light (435 – 460 nm), or green light (500 – 550 nm)
(Fig. 1E, F). Only UVR elicited significant Ca2+ transients (normalized peak fluorescence:
Fnorm, max = 0.54 ± 0.01, n = 31; P < 0.001). We then exposed HEMs separately to the
constituent UVA (320 – 400 nm, 180 mJ/cm2) and UVB (280 – 320 nm, 20 mJ/cm2) doses
comprising a 200 mJ/cm2 UVR pulse and found that UVA elicited significantly larger Ca2+

transients than UVB (Fnorm, max = 0.32 ± 0.01, n = 101 for UVA vs. 0.03 ± 0.01, n = 72 for
UVB; P < 0.001) (Fig. 1G, H). Thus, retinal-dependent Ca2+ responses are maximally
photosensitive to wavelengths between 320 – 400 nm.

A GPCR drives calcium mobilization from intracellular stores in melanocytes
To assess the contributions of extracellular and intracellular Ca2+ to this signaling pathway,
we measured UVR-induced responses of HEMs in Ca2+-free extracellular buffer (containing
1.5 mM EGTA) and found they did not significantly differ from those measured in the
presence of extracellular Ca2+ (Fig. 2A, B). However, depletion of intracellular Ca2+ stores
with thapsigargin (1 μM) [13] abolished UVR-induced transients (Fnorm, max = 0.07 ± 0.03,
n = 11 with thapsigargin vs. 0.50 ± 0.02, n = 17 without thapsigargin; P < 0.001) (Fig. 2A,
B), indicating that in HEMs, UVR exposure induces Ca2+ mobilization from intracellular
stores.

To test whether Ca2+ mobilization is initiated downstream of G protein-coupled receptor
(GPCR) activation, we measured UVR-induced responses in HEMs treated with the G
protein inhibitor suramin (50 μM) [14, 15] and found that preincubation significantly
reduced Ca2+ responses (Fnorm, max = 0.14 ± 0.01, n = 70 with suramin vs. 0.49 ± 0.02, n =
67 without suramin; P < 0.0001) (Fig. 2C, D). Since G proteins can cause Ca2+ release via
phospholipase CβPLCβactivation, we tested the effect of the PLC antagonist U73122 [16]
on UVR-induced Ca2+ responses. Treatment of HEMs with U73122 (9 μM), but not its
inactive analogue U73343 (9 μM), significantly inhibited UVR-induced Ca2+ transients
(Fnorm, max = 0.17 ± 0.01, n = 55 for U73122 vs. 0.53 ± 0.02, n = 53 for U73343; P < 0.001)
(Fig. 2E, F) suggesting that UVR-induced Ca2+ responses require PLC activation.

We next evaluated the effects of retinoid substitution. Surprisingly, when we substituted 9-
cis with all-trans retinal, UVR-induced Ca2+ transients in HEMs were essentially unchanged
(Fig. 2G, H), suggesting that melanocytes may have an intrinsic isomerization mechanism to
generate cis from trans retinal.

The retinal dependence of UVR-evoked Ca2+ transients raises the question of an
endogenous source in skin. In principle, retinal could be derived from serum retinoids [17]
taken up by epidermal cells [18] or from vitamin A (all-trans retinol), which is present at
significant concentrations in skin (> 1 nmol/g) [19, 20] and mediates a wide range of cellular
processes [21]. Serum retinoids could be converted by the RPE65 isomerase that regenerates
cis-retinal in the retina [22, 23] and is expressed in epidermal keratinocytes [24].
Alternatively, vitamin A could be converted to cis-retinal in skin via a pathway similar to
the cone visual cycle [25, 26].

The dependence of light-evoked Ca2+ transients on retinal and UVR dose, together with
their pharmacological profile, suggests that UVR activates an endogenous opsin receptor in
HEMs to initiate Ca2+ mobilization from intracellular stores.

Rhodopsin is expressed in human melanocytes
To identify photopigments that might mediate retinal-dependent Ca2+ signaling in HEMs,
we sought to determine opsin expression in these cells. We performed reverse-transcription
polymerase chain reaction (RT-PCR) on HEM RNA using degenerate primers
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corresponding to homologous regions of human opsins (see Supplemental Information) and
amplified a ~700 bp transcript corresponding primarily to rhodopsin sequence (Fig. 3A).
Subsequent amplifications using rhodopsin-specific primers yielded a ~1 kb transcript
corresponding to full-length human rhodopsin (NM_000539) (Fig. 3A). We did not detect
expression of any other opsin using primers specific for full-length melanopsin (OPN4) [27,
28], neuropsin (OPN5) [29], or panopsin (OPN3) [30]. We next assessed rhodopsin
expression in HEMs by Western blot. Analysis using an anti-rhodopsin antibody revealed a
~37 kDa band in extracts from HEMs and HEK293 cells expressing HA-tagged rhodopsin,
but not extracts from untransfected HEK293 cells (Fig. 3B).

To investigate whether rhodopsin contributes to UVR-induced Ca2+ signaling, we reduced
endogenous rhodopsin levels using lentivirally transduced microRNAs (miRNAs) and tested
the ability of UVR to induce Ca2+ transients in HEMs expressing either rhodopsin-targeted
or control miRNA. Treatment with targeted miRNA produced a ~75% reduction in
rhodopsin mRNA (mRNA relative to control = 0.21 – 0.33, n = 3; P < 0.001) (Fig. 3C) and
markedly reduced Ca2+ transients in response to UVR (Fnorm, max= 0.23 ± 0.02, n = 23 for
targeted vs. 0.53 ± 0.02, n = 24 for control miRNA; P < 0.001) (Fig. 3D, E), suggesting that
rhodopsin contributes to UVR-induced Ca2+ signaling in HEMs.

These results demonstrate that rhodopsin is expressed in skin [31, 32] and suggest it may
contribute to non-visual phototransduction. However, the spectral profile of the light-evoked
Ca2+ responses presented here (UVA ≫ UVB > blue ≥ green) is surprisingly different from
the spectral sensitivity of rhodopsin (11-cis bound; λmax ~500 nm) or isorhodopsin (9-cis
bound; λmax ~478 nm) [33], measured spectrophotometrically [34], electrophysiologically
[35] or in a heterologous system [36]. Direct measurement of photopigment absorption in
HEMs is not feasible due to the interfering absorptive properties of melanin and low
rhodopsin expression levels. Photon absorption by rhodopsin generates the active
metarhodopsin II (meta II) intermediate [37], which absorbs maximally at ~380 nm and can
regenerate functional pigment upon photon absorption [38]. It is therefore plausible that the
cellular environment of HEMs permits stabilization of a meta II-like state that can trigger G
protein activation and Ca2+ signaling in response to UVR. Alternatively, the shifted
absorption spectrum might result from an endogenous chemical modifier like vitamin A,
which increases the sensitivity of rhodopsin to UVR wavelengths [39] or from additional
UVR-sensitive molecular components. Recent studies have shown that GPCRs expressed in
roundworm neurons [40, 41] and fly larvae [42] mediate retinal-independent UVR-sensing
by an unknown mechanism. It is thus conceivable that in skin, rhodopsin, similar to other
GPCRs [43], functions as a heterodimer with another opsin or alternate light-sensitive
receptor.

UVR causes retinal- and calcium-dependent early melanin synthesis
Opsin-mediated phototransduction in melanocytes might regulate melanogenesis. To test
this hypothesis, we irradiated cells with physiological UVR doses (1–5 J/cm2; equivalent to
~20–80 min of UVR exposure on a day with a UV index ~10) and quantified cellular
melanin concentration by measuring absorption of purified cellular extracts containing
melanin at 405 nm [44]. These exposures did not appreciably alter cellular morphology (Fig.
S2A) and resulted in a sustained Ca2+ response (Fig. S2B – E).

To test whether rhodopsin-mediated phototransduction regulates melanogenesis, we
measured melanin production in HEMs expressing rhodopsin-targeted or control miRNA
and exposed to 4 J/cm2 UVR. We failed to detect significant differences, likely due to the
sustained Ca2+ responses caused by residual rhodopsin expression (Fig. 3C and Fig. S2B –
C). Instead, we mimicked receptor knockdown by excluding retinal. We compared the
melanin concentrations of HEMs at 1, 4, 8 and 24 hours after UVR exposure (4 J/cm2) in the
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presence or absence of retinal and found that HEMs treated with 9-cis retinal exhibited
significantly higher UVR-induced melanin increases compared with cells stimulated in the
absence of retinal (relative increase with retinal: 1.51 ± 0.05, n = 9, at 4 h; 2.67 ± 0.22, n =
12, at 8h; 5.03 ± 0.54, n = 12, at 24 h; P ≤ 0.002) (Fig. 4A). Notably, we measured a
significant increase in cellular melanin concentration as early as one hour after UVR
exposure only in the presence of retinal (1.46 ± 0.10, n = 9 with retinal vs. 1.15 ± 0.08, n = 9
without retinal; P < 0.001) (Fig. 4B). No significant changes in cellular protein
concentrations were measured after UVR exposure (two-tailed P > 0.16 for UVR irradiated
vs. non-irradiated cells at 1 h, n = 51). Additionally, exposure to increasing irradiances (1 –
5 J/cm2) resulted in proportionally larger retinal-dependent melanin concentrations (Fig.
4C), further evincing a receptor-mediated mechanism.

We next investigated whether Ca2+ mobilization is required for retinal-dependent early
melanin synthesis by measuring the melanin concentration of HEMs stimulated with UVR
and incubated under Ca2+-free conditions. Depletion of intracellular stores with thapsigargin
(2 μM), combined with intracellular BAPTA (BAPTA-AM, 20 μM) and extracellular
EGTA (1.5 mM), abolished sustained UVR-induced Ca2+ transients (Fig. S2E) and
markedly reduced retinal-dependent melanin increases at 4 h after exposure to 4 J/cm2 (1.11
± 0.10, n = 2 for Ca2+-free vs. 1.49 ± 0.01, n = 2 with Ca2+; P < 0.04) (Fig. 4D). Thus, we
conclude that in HEMs, UVR-induced Ca2+ release directly contributes to early melanin
synthesis within hours of exposure.

Early melanin synthesis is driven by UVA
We reasoned that if retinal-dependent Ca2+ release and early melanin synthesis are part of
the same pathway, they should exhibit similar action spectra. To test the wavelength
dependence of early melanin synthesis, we exposed HEMs to UVA (2.25 J/cm2), UVB (0.25
J/cm2), or the equivalent dose of UVR (2.5 J/cm2), and measured melanin concentration at 8
h after exposure (Fig. 4E). UVA elicited retinal-dependent melanin increases similar to
those measured in response to UVR (1.45 ± 0.13, n = 6 for UVA vs. 1.49 ± 0.18, n = 4 for
UVR), while UVB did not significantly alter melanin concentrations under our conditions.
The similar spectral sensitivities of early melanogenesis and light-evoked Ca2+ release
suggest both events participate in the same phototransduction pathway.

The spectral sensitivity and time scale of the early melanogenesis described here suggests
that UVA phototransduction in melanocytes might underlie the elusive mechanism of
immediate pigment darkening (IPD). It is widely accepted that UVA causes IPD, but
whether UVA exposure results in melanin synthesis [9, 45] or rather in photo-oxidation of
existing melanin [46, 47], remains controversial. To distinguish between these possibilities,
we exploited the different absorption profiles of oxidized and non-oxidized melanin [48,
49]. We compared the absorption spectra (300 – 500 nm) of our melanin extracts with those
of synthetic (non-oxidized) melanin and found that all samples displayed the same
characteristic linear absorption profile of synthetic melanin (Fig. S3). We thus conclude that
changes in absorption at 405 nm are not due to melanin oxidation or absorption by other
cellular components, but instead reflect melanin synthesis.

Melanin synthesis via the UVB/DNA damage pathway occurs >12 h after exposure [7, 50]
and requires de novo generation of tyrosinase, the key enzyme required for synthesis. In
contrast, the mechanism underling the UVA- and retinal-dependent melanogenesis reported
here causes synthesis within 1 – 4 h of exposure. This relatively rapid time course suggests
that early synthesis occurs through a novel mechanism, which may use existing tyrosinase
that becomes enzymatically active downstream of receptor activation. Such a mechanism
could involve phosphorylation of the cytosolic domain of tyrosinase by protein kinase C β

Wicks et al. Page 4

Curr Biol. Author manuscript; available in PMC 2013 March 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[51, 52], a model consistent with the Ca2+-dependence of UVA-induced melanin production
in HEMs.

In conclusion, our results demonstrate that human melanocytes use a novel mechanism to
sense and respond to ultraviolet light, in which UVA activates endogenous opsin receptors
to cause calcium mobilization via a G protein- and PLC-mediated pathway. Our finding that
the visual photopigment rhodopsin is expressed in melanocytes and contributes to UVR
phototransduction suggests that human opsin receptors function outside the eye. Moreover,
in our system, UVA exposure leads to calcium-dependent melanin synthesis on a timescale
remarkably faster than that previously reported [50]. This novel UVR phototransduction
mechanism has implications for understanding non-ocular opsin signaling pathways and
their function in skin physiology and pathology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Exposure of human melanocytes to UV light causes retinal-dependent Ca2+

release

• UVA exposure leads to retinal- and Ca2+ -dependent melanin synthesis within
one hour

• Rhodopsin is expressed in melanocytes and contributes to UV-induced Ca2+

release
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Figure 1. UVR induces retinal-dependent calcium responses in HEMs
A. Fluorometric Ca2+ imaging trace of a representative HEM stimulated with two 100 mJ/
cm2 (10 mW/cm2 for 10 s) UVR pulses shows a measurable increase in fluorescence
intensity (F) only after incubation with 9-cis retinal (10 μM). Ionomycin (1 μM) was added
for maximal fluorescence intensity.
B. Pseudochrome fluorescence images of HEMs at three time points during the Ca2+

imaging protocol shown in A indicate (i) no Ca2+ increase with UVR stimulation in the
absence of 9-cis retinal, (ii) increased Ca2+ in response to UVR applied after incubation with
9-cis retinal, and (iii) maximal Ca2+ increase with ionomycin.
C. Normalized fluorescence intensity (Fnorm) of representative HEMs preincubated with 9-
cis retinal (10 μM) and stimulated with 20 – 150 mJ/cm2 of UVR (10 mW/cm2 for 2 – 15 s)
as a function of time.
D. Mean amplitudes of Ca2+ responses (Fnorm, max) measured in HEMs exposed to the
indicated UVR dose, either with (red) or without (gray) 9-cis retinal represented as a
function of dose and fit with a sigmoid function. n ≥ 13 cells for each data point; ± s.e.m.
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E. Normalized fluorescence intensity (Fnorm) of HEMs pre-incubated with 9-cis retinal (10
μM) and stimulated with 200 mJ/cm2 (10mW/cm2 for 20 s) UVR (280 – 400 nm), blue light
(435 – 460 nm), or green light (500 – 550 nm) as a function of time. Ionomycin (1 μM) was
used for normalization. n ≥ 8 cells for each trace; ± s.e.m.
F. Wavelength profile of retinal-dependent Ca2+ responses in HEMs. Peak fluorescence
responses (Fnorm, max) of HEMs exposed to 200 mJ/cm2 (20 s of 10 mW/cm2) of UVR
(purple), blue light (blue) or green light (green), in the absence (−) or presence (+) of 9-cis
retinal (10 μM). Ionomycin (1 μM) was used for normalization. n = 16 – 32 cells, from ≥3
independent experiments; ± s.e.m., P ≤ 0.001 for UVR vs. either blue or green light.
G. Normalized fluorescence intensity (Fnorm) of HEMs pre-incubated with 9-cis retinal (10
μM) and stimulated with 200 mJ/cm2 (20 mW/cm2 for 10 s) UVR (280 – 400 nm; ~90%
UVA, ~10% UVB), 180 mJ/cm2 (18 mW/cm2 for 10 s) UVA (320 – 400 nm), or 20 mJ/cm2

(2 mW/cm2 for 10 s) UVB (280 – 320 nm), as a function of time. Ionomycin (1 μM) was
used for normalization. n ≥ 8 cells for each condition; ± s.e.m.
H. Mean amplitudes (Fnorm, max) of Ca2+ increases of HEMs exposed to either UVR, UVA
or UVB as in G, in the absence (−) or presence (+) of 9-cis retinal (10 μM). Ionomycin (1
μM) was used for normalization. n = 16 – 32 cells from ≥3 independent experiments; ±
s.e.m., P < 0.001 for UVR or UVA vs. UVB. See also Fig. S1.
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Figure 2. A GPCR mediates retinal-dependent UVR-induced calcium mobilization in HEMs
A. Dependence of responses on extracellular and intracellular Ca2+. Normalized
fluorescence intensity of HEMs pre-incubated with 9-cis retinal (10 μM) and stimulated
with UVR (200 mJ/cm2; 20 mW/cm2 for 10 s) with extracellular Ca2+ (1.5 mM, gray),
without extracellular Ca2+ (0 mM Ca2+, 1.5 mM EGTA, dashed), or after treatment with
thapsigargin (1 μM, black). n = 2 – 6 cells for each condition.
B. Mean peak fluorescence responses (Fnorm, max) of HEMs pre-incubated with 9-cis retinal
(10 μM) and stimulated with UVR (200 mJ/cm2; 10 s of 20 mW/cm2) were measured in the
presence of extracellular Ca2+ (1.5 mM, light gray), or in the absence of extracellular Ca2+

(0 mM Ca2+, 1.5 mM EGTA, dark gray), or after treatment with thapsigargin (1 μM, black).
n = 11 – 17 cells for each condition, from ≥3 independent experiments; ± s.e.m., P < 0.001
for Ca2+ vs. thapsigargin.
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C. Effect of G protein inhibition. Normalized fluorescence intensity of HEMs preincubated
with 9-cis retinal (10 μM) and stimulated with 250 mJ/cm2 (10 s of 25 mW/cm2) UVR in
the absence (gray) or after treatment with 50 μM suramin (black). n = 10 cells for each
condition.
D. Suramin treatment (50 μM, black) reduced the mean amplitude of fluorescence responses
(Fnorm, max) of HEMs pre-incubated with 9-cis retinal (10 μM) and stimulated with 250 mJ/
cm2 (10 s of 25 mW/cm2), compared to control untreated cells (gray) n ≥ 67 cells for each
condition, from ≥3 independent experiments; ± s.e.m., P < 0.001.
E. Effects of PLC inhibition. Normalized fluorescence intensity of HEMs pre-incubated
with 9-cis retinal (10 μM) and stimulated with 250 mJ/cm2 UVR (25 mW/cm2 for 10 s) and
treated with U73343 (9 μM, black) or its inactive analogue U73122 (9 μM, gray). n = 5 – 8
cells for each condition.
F. Mean amplitude of fluorescence responses (Fnorm, max) of HEMs pre-incubated with 9-cis
retinal (10 μM) and stimulated with 250 mJ/cm2 (25 mW/cm2 for 10 s) UVR in the presence
of U73343 (9 μM, black) or U73122 (9 μM, 5 min, gray). n ≥ 53 cells for each condition,
from ≥3 independent experiments; ± s.e.m., P < 0.001.
G. Effects of substituting 9-cis with all-trans retinal on UVR-induced Ca2+ transients.
Normalized fluorescence intensity in response to 200 mJ/cm2 (20 mW/cm2 for 10 s) UVR of
HEMs pre-incubated with all-trans retinal (10 μM, black) or 9-cis retinal (10 μM, gray).
Ionomycin was used for normalization. n = 8 cells for each condition.
H. Mean Peak fluorescence responses (Fnorm, max) of HEMs pre-incubated with all-trans
retinal (10 μM, black) or 9-cis retinal (10 μM, gray) and exposed to 200 mJ/cm2 UVR (10 s
of 20 mW/cm2). n = 16 cells for each condition, from ≥3 independent experiments; ± s.e.m.,
P > 0.42.
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Figure 3. Rhodopsin contributes to UVR-induced calcium mobilization in HEMs
A. RT-PCR using HEM RNA and either degenerate opsin primers (left) or rhodopsin-
specific primers (right) identified a band corresponding to rhodopsin cDNA.
B. Western blot analysis of HEM and HEK293 cell extracts probed with anti-rhodopsin
antibody (anti-rhod, top) shows a ~37 kDa band in HEM and HEK293 cells expressing HA-
rhodopsin. Anti-HA antibody (anti-HA, bottom) detected a band of similar size in HEK293
cells expressing HA-rhodopsin. Representative of 3 independent experiments.
C. Quantitative PCR analysis of rhodopsin mRNA transcript levels in control and
rhodopsin-targeted miRNA-treated HEMs. n = 3; ± s.e.m., P < 0.001.
D. Normalized fluorescence intensity of HEMs pre-incubated with 9-cis retinal (10 μM) and
expressing rhodopsin-targeted or control (gray) miRNA. n = 2 – 3 cells for each condition.
See also Fig. S2.
E. Mean amplitude of fluorescence responses (Fnorm, max) of HEMs expressing control
(gray) or rhodopsin-targeted (black) miRNA, pre-incubated with 9-cis retinal (10 μM) and
stimulated with 200 mJ/cm2 (10 s of 20 mW/cm2) UVR. n = 23 – 24 cells for each
condition, from ≥3 independent experiments; ± s.e.m., P < 0.002.
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Figure 4. UVA induces retinal-dependent melanin increases in HEMs
A. Time-dependent changes in intracellular melanin concentration of HEMs preincubated
with (gray) or without (white) 9-cis retinal (10 μM) and irradiated with 4 J/cm2 (17.5 mW/
cm2 for 228 s) UVR, normalized to melanin concentrations of non-irradiated cells. n = 9 –
30; for each time point; ± s.e.m., P < 0.002 for all time points in the presence of 9-cis retinal
vs. untreated.
B. Melanin concentration of HEMs pre-incubated with 9-cis retinal (10 μM, black)
quantified 1 h after UVR exposure (4 J/cm2), in parallel with HEMs not treated with retinal
(white). n = 9; ± s.e.m., P < 0.001.
C. UVR-dose dependence of intracellular melanin concentration of HEMs pre-incubated
with 9-cis retinal (10 μM) and quantified 8 h after exposure to the indicated doses
(normalized as in A), and fitted with a sigmoid function. n = 6; ± s.e.m.
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D. Intracellular melanin concentration of HEMs preincubated with 9-cis retinal (10 μM) was
quantified at 4 h after exposure to 4 J/cm2 (17.5 mW/cm2 for 228 s) either in the presence of
Ca2+ (1.5 mM) or in the absence of Ca2+ (0 mM Ca2+, 1.5 mM EGTA, 2 μM thapsigargin
and 20 μM BAPTA-AM). n = 2; ± s.e.m., P < 0.04 for Ca2+-free vs. with Ca2+.
E. Melanin concentration of HEMs pre-incubated with 9-cis retinal (10 μM) quantified at 8
h after exposure to UVA (2.15 J/cm2; 15 mW/cm2 for 143 s), UVB (0.215 J/cm2; 1.5 mW/
cm2 for 143 s), or the equivalent dose of UVR containing both UVA and UVB (2.5 J/cm2;
17.5 mW/cm2 for 143 s). n = 4 – 6; ± s.e.m., P < 0.02 for UVA vs. UVB and P < 0.043 for
UVR vs. UVB. See also Figs. S2 and S3.
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