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Abstract. The pineal hormone, melatonin (5-methoxy
N-acetyltryptamine) induces a rapid aggregation of
melanin-containing pigment granules in isolated mela-
nophores of Xenopus laevis. Treatment of melanophores
with activators of protein kinase C (PKC), including
phorbol esters, mezerein and a synthetic diacylglycerol,
did not affect pigment granule distribution but did pre-
vent and reverse melatonin-induced pigment aggrega-
tion. This effect was blocked by an inhibitor of PKC,
Ro 31-8220. The inhibitory effect was not a direct
effect on melatonin receptors, per se, as the slow ag-
gregation induced by a high concentration of an inhib-
itor of cyclic AMP-dependent protein kinase (PKA),
adenosine 3',5"-cyclic monophosphothioate, Rp-dias-
tereomer (Rp-cAMPS), was also reversed by PKC acti-
vation, Presumably activation of PKC, like PKA activa-

tion, stimulates the intracellular machinery involved in
the centrifugal translocation of pigment granules along
microtubules. a-Melanocyte stimulating hormone
(a-MSH), like PKC activators, overcame melatonin-
induced aggregation but this response was not blocked
by the PKC inhibitor, Ro 31-8220. This data indicates
that centrifugal translocation (dispersion) of pigment
granules in Xenopus melanophores can be triggered by
activation of either PKA, as occurs after a-MSH treat-
ment, or PKC. The very slow aggregation in response
to inhibition of PKA with high concentrations of Rp-
cAMPS, suggests that the rapid aggregation in response
to melatonin may involve multiple intracellular signals
in addition to the documented Gi-mediated inhibition
of adenylate cyclase.

eukaryotic cells is a ubiquitous phenomenon, essential

for a variety of cellular processes including mitosis,
exocytosis, endocytosis, fast axonal transport and the spatial
organization of the Golgi apparatus, lysosomes and endo-
plasmic reticulum. Pigment cells of vertebrates are an excel-
lent experimental system for studying intracellular motility.
In such cells the movement of pigment granules is rapid, re-
versible, readily quantitated and under cellular control. The
development of methods for the isolation and culture of pig-
ment cells (Ide, 1974a; Jackson et al., 1974) has allowed
biochemical studies of the intracellular mechanisms regu-
lating pigment granule transport (Rozdzial and Haimo,
1986a,b). The observation that pigment granule dispersion
in goldfish xanthophores is accompanied by the phosphor-
ylation of a 57-kD granule-associated protein by a cyclic
AMP-dependent protein kinase (PKA)' has suggested a
model mechanism by which phosphorylation/dephosphor-
ylation of specific protein(s) can regulate organelle move-
ment (Lynch et al., 1986a,b). Recent evidence indicates that
the microtubule-dependent ATPase, kinesin, is the motor
protein responsible for centrifugal movement (dispersion) of
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pigment granules in melanophores (Rodionov et al., 1991),
and it seems likely that a second microtubule-dependent mo-
tor protein, dynein, is responsible for centripetal movement
(aggregation) of pigment granules (Beckerle and Porter,
1982; Clark and Rosenbaum, 1982).

In the melanophores of Xenopus laevis, pigment granules
disperse within minutes after addition of low concentrations
of the pituitary hormone, o-melanocyte stimulating hormone
(«-MSH) (Bagnara et al., 1969). Pigment granule disper-
sion also occurs in response to agents which elevate the con-
centration of intracellular cyclic AMP such as theophylline
(McGuire et al., 1972), forskolin (White et al., 1987) and
cell-permeable cyclic AMP analogues (Ide, 1974b). o-MSH
has been shown to elevate the intracellular concentration of
cyclic AMP in frog skin (Abe et al., 1969) and in isolated
melanophores (Daniolos et al., 1990) suggesting that activa-
tion of the a-MSH receptor stimulates adenylate cyclase in
the melanophore cell membrane resulting in an increase in
cyclic AMP, activation of PKA and phosphorylation of
specific pigment cell proteins resulting in pigment granule
dispersion. The role of protein kinases other than PKA in
regulating pigment granule movement in Xenopus melano-
phores is not known.

In Xenopus melanophores with dispersed pigment gran-
ules, addition of the pineal hormone, melatonin (5-methoxy
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N-acetyltryptamine) induces a rapid aggregation of pigment
granules around the nucleus. This change in pigment granule
distribution is part of the physiological mechanism which
adapts skin color to environmental illumination (Rollag,
1988). In melanophore-rich skin of Xenopus (Van de Veer-
donk and Konijn, 1970) and in isolated cultured Xenopus
melanophores (Daniolos et al., 1990), melatonin inhibits
o-MSH-induced changes in cyclic AMP and «-MSH dis-
persion of pigment. Melatonin-induced aggregation of pig-
ment is also blocked by prior incubation with pertussis toxin,
which blocks inhibitory G-protein coupled receptors (Jakobs
et al., 1985), both in Xenopus tissue explants (White et al.,
1987) and in isolated Xenopus melanophores (Sugden, 1991).
Together these observations suggest that the melanophore
melatonin receptor is coupled to an inhibitory G-protein and
that activation of the receptor reduces intracellular cyclic
AMP resulting in pigment granule aggregation. The melano-
phore melatonin receptor appears to be pharmacologically
identical to the high affinity melatonin binding sites described
in the retina and brain of birds, mammals and a marsupial
(Krause and Dubocovich, 1991; Sugden and Chong, 1991;
Paterson et al., 1992). These binding sites are also G-protein
coupled and, in some instances, their activation has been
shown to reduce intracellular levels of cyclic AMP in a per-
tussis toxin-sensitive manner (Carlson et al., 1989; Vanecek
and Vollrath, 1989; Morgan et al., 1989).

However, melatonin receptors have also been reported to
modulate other transduction systems. Melatonin reduced lu-
teinizing hormone-releasing hormone stimulation of diacyl-
glycerol production (after hydrolysis of phosphatidylinosi-
tol), the generation of arachidonic acid, the accumulation of
cyclic GMP and the rise in intracellular free Ca?* ([Ca?*];)
in pituitary explants from immature rats (Vanecek and Voll-
rath, 1989, 1990; Vanecek and Klein, 1992).

The present study was designed to examine the effect of
protein kinase C (PKC) activation on melatonin-induced
aggregation and a-MSH-induced dispersion of pigment
granules. The results indicate that PKC activatica prevents
and reverses melatonin-induced aggregation of pigment
granules. PKC probably acts by phosphorylating intracellu-
lar proteins involved in granule translocation rather than at
the melatonin receptor itself. o-MSH-induced dispersion of
pigment, which can also antagonize melatonin-induced
aggregation, does not involve PKC activation.

Materials and Methods

Culture of Melanophores

Xenopus laevis embryos were obtained from adult frogs induced to lay by
injection of human chorionic gonadotrophin (Chorulon, Intervet Laborato-
ries Ltd., UK., 400 IU/male, 600 IU/female). The embryos were reared
in tap water until stage 20 assessed using the normal table of Xenopus devel-
opment (Nieuwkoop and Faber, 1956). The neural plate and underlying
notochord and somites from 20 embryos was dissected and dispersed into
small aggregates as described previously (Messenger and Warner, 1977)
onto collagen-coated (0.2 mg/ml) petri dishes. After 2-3 d, pigment cells
were readily visible among the many nerve, muscle and undifferentiated
cells. Cells were initially cultured in medium containing (mM): NaCl 100,
KCl1 2.5, CaCl, 2, MgCl; 2, NaHCO; 5 plus 10% FCS, and penicillin 100
U/ml, and streptomycin 100 pg/ml. After ~7 d the media was changed to
Leibovitz 1.-15 medium (Gibco Laboratories, Lawrence, MA) diluted (I:'1)
with deionized water containing 10% FCS, 200 iu/mi penicillin, 200 pg/ml
streptomycin, and 2.5 pg/mi amphotericin B (Daniolos et al., 1990).
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Figure 1. Photomicrographs of the same cluster of Xenopus laevis
melanophores before treatment (top), after melatonin treatment
(center, 107 M, 15 min), after melatonin (108 M, 15 min) then
48PMA (1077 M, 60 min) treatment (bottom). (Arrow) Melano-
phore showing increased dendricity more commonly seen after pro-
longed (>4 h) 48PMA exposure. The horizontal bar represents 100
pm.

Quantitation of Pigment Aggregation

On the day of the experiment, cells were washed with fresh diluted L-15
medium. Variable numbers of melanophores were found in each dish
(10-100) but they were easily recognized by their large size (50-100 uM
diam), characteristic shape and dark appearance due to the presence of
many melanin-containing pigment granules (Fig. 1 4). In most of the
melanophores in the cultures, the pigment granules were dispersed, that is
they were evenly distributed throughout the cell and the cell boundary was
well-defined. Typically, the responses of eight individual melanophores,
chosen at random, were measured in each dish. Melanophores were viewed
under bright field illumination using a trinocular Swift microscope, a 10X
Olympus objective and video camera (NCD 108, Norbain, UK). Under
these conditions, essentially only the pigment mass of the cell is visible. The
area occupied by pigment in individual melanophores was quantitated be-

1516



120 |-
5 10 |- +PMA
]
o
(2]
5 80 |-
2
®
& 60 [
k-
[
<
£
40 [
o
2 -PMA
2
0 R N NN NN S SR SN |
13 12 11 10 9 8 7 6

-Log [Melatonin] (M)

Figure 2. Inhibition of melatonin-induced pigment aggregation by
43 phorbol 12-myristate 13-acetate (48PMA). Xenopus laevis
melanophores, prepared as described in Materials and Methods,
were treated for 60 min with 48PMA (a, 1077 M, n = 9) or ve-
hicle (0, 0.01% DMSO, n = 7); then the area of each cell occupied
by pigment granules was determined. 43PMA did not significantly
alter pigmented area (before 43PMA, 7347 + 981, after 43PMA,
8321 + 1269 um?: before vehicle, 6894 + 845; after vehicle,
7108 + 904 pum?, mean + SEM). Pigment aggregation in re-
sponse to cumulative addition of increasing concentrations of mela-
tonin (10713-10° M) was then determined and is expressed as a
percentage of the initial pigmented area. Concentration-response
curves were fit using ALLFIT (DeLean et al., 1978). Each point
represents the mean with SEM shown by vertical bars.

fore and after various drug treatments using computer-assisted analysis of
the digitized melanophore image with the DIGIT program (Hayes and
Fitzke, 1987).

The changes in pigmented area are expressed as a percentage of the initial
area occupied by pigment in each cell. For statistical comparisons of data
Student’s ¢ test for multiple groups was used.

Drugs were prepared in MeOH or DMSO at a concentration of 10 mM
and stored at —30°C. Drugs were diluted with deionized water just before
use and added from 100X concentrated stock solutions. The maximal con-
centrations of MeOH and DMSO added to cultures (0.1% vol/vol) did not
alter the area of the cell occupied by pigment. The details of drug additions
in each experiment are given in the figure legends.

Drugs

Collagen (type 1, acid soluble), melatonin, a-MSH, mezerein, 1,2 dioc-
tanoyl-sn-glycerol and all phorbol esters except 4« phorbol 12,13-dibutyrate
(4aPDBu) were purchased from Sigma Chemical Co. (Poole, UK). 4oPDBu
was obtained from LC Services Corporation (Woburn, MA). Adenosine
35-cyclic monophosphothioate, Rp-diastereomer (Rp-cAMPS) was ob-
tained from Biolog (Bremen, Germany). Ro 31-8220 was obtained from Dr.
J. 8. Nixon, Roche Products Ltd., Welwyn Garden City, UK.

Results
Effect of PKC Activation on Melatonin-induced
Pigment Aggregation

Addition of melatonin to Xenopus laevis melanophores
resulted in a dramatic condensation of pigment granules
around the center of the cell (Fig. 1 B). The response to
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Figure 3. Reversal of melatonin-induced pigment aggregation by 48
phorbol 12-myristate 13-acetate (48PMA). Melanophores were
treated with melatonin (MEL, 1078 M) for 15 min to induce pig-
ment aggregation. 43PMA was then added for 60 min in increasing
concentrations (107°-10 M). Each column represents the mean
of eight cells with vertical bars showing the SEM * significantly
different from the melatonin-treated group, p < 0.005.

melatonin was rapid, reaching a maximum after 15 min,
could be readily quantitated and at a maximal concentration
of melatonin (10® M) was manifest as a large (70-80%)
reduction in the area of the cell occupied by pigment. The
response to melatonin was related to the concentration added
to the culture (Fig. 2). The concentration of melatonin
producing a 50% maximal response was 36 pM. Treatment
of melanophores with 48 phorbol 12-myristate 13-acetate
(48PMA, 107 M) did not itself significantly alter the area
of the cell occupied by pigment (Tabie II) but prevented the
expected response to melatonin (Fig. 2). 43PMA was also
able to reverse pigment aggregation induced by melatonin
(Fig. 1 C); this reversal of the melatonin response was
related to the concentration of 43PMA used (Fig. 3). Rever-
sal of melatonin-induced pigment aggregation was time de-
pendent (Fig. 4); 2 maximal effect was seen after ~60 min.

Treatment of melanophores with PKC activators, in addi-
tion to dispersing aggregated pigment granules, produced
some changes in the morphology of the melanophores. In
some, but not all, control melanophores an area around the
perimeter of the nucleus appeared to be devoid of pigment
granules (Fig. 1 A). Even after condensation of pigment by
melatonin a peri-nuclear halo free of pigment granules is
evident in some cells (Fig. 1 B). Upon treatment of melano-
phores with 48PMA (Fig. 1 C) pigment granules appear to
be dispersed throughout the cell and no peri-nuclear halo can
be distinguished. Furthermore, in the cluster of cells shown
(Fig. 1), the margins of contiguous control melanophores
(Fig. 1 A) contain pigment granules such that most cells can
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Figure 4. Time-course of the reversal of melatonin-induced aggre-
gation by 48 phorbol 12-myristate 13-acetate (4SPMA). Melatonin
(MEL, 10® M, 15 min) was used to aggregate pigment and the
time-course of 48PMA reversal of aggregation determined by re-
peated measurement of pigmented area during the next 90 min. Each
column represents the mean response of six cells and vertical bars
show SEM * significantly different from the melatonin-treated group
p < 0005.

be easily delineated. After 43PMA treatment this is not the
case; the border of individual cells often cannot be dis-
cerned, and some cells appear to overlap. On several occa-
sions it was observed that prolonged (>4 h) treatment with
48PMA led not only to the dispersion of pigment granules
but also induced, in some cells, the appearance of multiple,
thin, short, branchlike projections. Although the cells shown
in Fig. 1 C were treated for only 60 min, one (arrow) clearly
shows this increased dendricity.

The ability of 43PMA to reverse melatonin-induced pig-
ment aggregation was shared by other agents able to ac-

Table 1. Reversal of Melatonin-induced Pigment Granule
Aggregation by Activators of PKC

PKC
activator Aggregation

% of initial pigment area

Control 100
Melatonin (10 M) 309 + 2.7 30)
+ 48PMA (1077 M) + 81.0 + 7.2¢ (14)
+ 48PDBu (10¢ M) + 64.7 + 17.2* 8)
+ 4aPDBu (10 M) - 244 + 44 ®
+ 4aPDD (10¢ M) - 36.5 £ 11.5 8)
+ 48Phorbol (10 M) - 22.7 + 3.1 8)
+ DOG (10* M) + 84.6 + 10.1* ®
+ Mezerein (10¢ M) + 74.2 + 10.0* ®)

Cultures were treated with melatonin (10°® M) for 30 min to aggregate pig-
ment. As the responses to melatonin were not significantly different between
experiments all melatonin-treated groups were pooled. Activators of PKC were
then added for 60 min. Data shown are the mean + SEM responses from the
number of cells given in parentheses. * significantly different from melatonin-
treated group, p < 0.005.
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Table II. Pretreatment with a PKC Inhibitor Prevents
the Inhibition of Melatonin-induced Pigment Aggregation
Produced by 43PMA

Aggregation
% of initial pigment area

Control 100
Melatonin 34.1 1+ 6.1
48PMA 110.5 + 11.9
Ro 31-8220 112.3 + 8.8
Melatonin + PMA 106.3 + 12.3*
Melatonin + PMA + Ro 31-8220 28.1 + 2.5¢%

Cultures were treated with melatonin (10~ M) for 15 min, 46PMA (1077 M)
for 60 min, and Ro 31-8220 (3 x 107° M) for 30 min; * significantly different
from melatonin-treated group, p < 0.001; # significantly different from
melatonin + PMA group, p < 0.001. Eight cells were measured in each group.

tivate PKC including 43PDBu, mezerein and 1,2-dioctanoyl
glycerol, but not by phorbol esters which do not activate
the kinase such as 4aPDBu, 4¢ phorbol 12,13-didecanoate
(4aPDD), and 48 phorbol (Table I). The inhibitory action
of 43PMA on melatonin-induced pigment aggregation could
be blocked by pretreating melanophores with Ro 31-8220, a
compound which has been reported to be a specific inhibitor
of PKC (Table II; Davis et al., 1989).

Effect of PKC Activation on Pigment Aggregation
Induced by Rp-cAMPS

To determine if the PKC activators specifically blocked the
pigment aggregating effects of melatonin, the ability of 4SPMA
to reverse pigment aggregation induced by Rp-cAMPS, a
competitive inhibitor of PKA (Parker Botelho et al., 1988)
was tested. Rp-cAMPS (500 uM) induced a modest degree
of pigment aggregation in Xenopus melanophores (~50%)
with aggregation occurring slowly over several hours (Fig.
5 A). Addition of increasing concentrations of Rp-cAMPS
produced a concentration-related aggregation of pigment
(Fig. 5 B). Addition of 43PMA (10”7 M) reversed Rp-
cAMPS-induced aggregation of pigment granules (Fig. 5, 4
and B).

Role of PKC in tMSH-induced Pigment Aggregation

a-MSH is known to produce pigment granule dispersion in
Xenopus melanophores (Bagnara et al., 1969). Like the acti-
vators of PKC, o-MSH produced a concentration-related
reversal of melatonin-induced pigment granule aggregation
(Fig. 6). However, unlike the effect of 48PMA, the effect of
a-MSH could not be antagonized by the PKC inhibitor, Ro
31-8220 (Fig. 6).

Discussion

48PMA, an activator of PKC, did not significantly alter the
pigment distribution in fully dispersed melanophores but it
did prevent the expected aggregation induced by melatonin
and also reversed aggregation induced by melatonin in a
concentration- and time-dependent manner. Several lines of
evidence indicate that the effect of 43PMA is due to its abil-
ity to activate PKC. First, the concentration of 43PMA
producing a 50% reversal of aggregation was ~2.5 X
10-% M which is close to the concentration required in vitro
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Figure 5. (A) Time course of pigment aggregation in response to the cyclic AMP antagonist, Rp-cAMPS. The area occupied by pigment granules
was determined in 10 melanophores after addition of Rp-cAMPS (500 uM) to the culture medium. Each point represents the mean with
vertical bars showing SEM. When aggregation appeared to have reached a maximum (300 min) 48-phorbol 12-myristate 13-acetate (45PMA,
1077 M) was added and pigment area determined 60 min later. (B) Response to increasing concentrations of Rp-cAMPS. Rp-cAMPS was
added to the medium and pigment area measured 60 min after each addition. 60 min after the highest concentration added (1 mM), 43PMA
(1077 M) was added and pigmented area measured 60 min later. Each point represents the mean of 10 cells with vertical bars showing SEM
* significantly different from the maximal response to Rp-cAMPS p < 0.005.

to activate PKC. Second, 48PDBu, another phorbol ester
able to activate PKC in vitro, also reversed melatonin-
induced pigment aggregation (Table I). Phorbol esters which
do not activate the kinase (4aPDBu, 4aPDD, 48phorbol) did
not significantly reverse the melatonin response. Third,
mezerein, an activator of PKC chemically distinct from the
phorbol esters, also reversed pigment aggregation (Table I).
Fourth, 1,2-dioctanoylglycerol, a synthetic diacylglycerol
able to mimic the endogenous cellular activators of PKC,
dispersed aggregated pigment granules in melatonin-treated
melanophores (Table I). Finally, Ro 31-8220, an antagonist
of PKC, blocked the ability of 43PMA to reverse melatonin-
induced aggregation (Table IT). Unlike many commonly used
inhibitors of PKC Ro 31-8220 has been reported to have con-
siderable specificity for PKC both in vitro and in vivo (Davis
et al., 1989). This, in fact, is demonstrated by these experi-
ments in melanophores as Ro 31-8220 itself did not cause pig-
ment aggregation, an effect which would be expected if the
drug was inhibiting PKA at the concentrations used.

To determine if the antagonism of the melatonin response
was due to a desensitization of the melatonin receptor, the
effect of 48PMA on aggregation induced by another agent
was tested. Rp-cAMPS is a cell-permeable analogue of cy-
clic AMP (Parker Botelho et al., 1988), resistant to hydroly-
sis by phosphodiesterases (Braumann et al., 1986), which
competitively inhibits PKA by preventing the dissociation of
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the holoenzyme (Rothermel and Parker Botetho, 1988). In
melanophores, Rp-cAMPS consistently induced aggregation
of pigment granules. This was completely reversed by
4B8PMA indicating that the effect of PKC activation is most
likely not a specific effect on the melatonin receptor. Rather,
PKC may activate the intracellular mechanism(s) which are
responsible for the centrifugal movement of pigment gran-
ules. Pigment aggregation in response to Rp-cAMPS re-
quired a high concentration (ECso, concentration required
to produce a half-maximal aggregation in 60 min >1 mM)
and was very slow, taking S h to reach a maximum (Fig. §
A). This, of course, could simply reflect very poor and/or
slow penetration of Rp-cAMPS in these cells, although in
some mammalian cells, Rp-cAMPS is an effective antagonist
of PKA activation at much lower concentrations (Parker
Botelho et al., 1988). Alternatively, the concentration of in-
tracellular cyclic AMP in these melanophores may be partic-
ularly high as it appears to be in melanophores from the an-
gelfish (Prerophyllum scalare) (Sammak et al., 1992). The
slow response to Rp-cAMPS is in stark contrast to the rapid
aggregation response to melatonin which can be detected
within a few minutes (Sugden, 1991). This difference is sur-
prising as melatonin, by reducing intracellular cyclic AMP,
is thought to act essentially by the same mechanism, an inhi-
bition of PKA activity. Further studies are required to deter-
mine if changes in intracellular cyclic AMP do mediate the
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Figure 6. Effect of protein kinase inhibitor (Ro 31-8220) on
a-MSH-induced pigment dispersion. Pigment granules in melano-
phores were aggregated with melatonin (10~® M, 15 min) then in-
creasing concentrations of o-MSH (107"'-10° M, 30 min) added
and pigment area determined. After the highest concentration of
a-MSH (10~ M), Ro 31-8220 (3 x 107 M, 30 min), a selective in-
hibitor of protein kinase C, was added. Each point represents the
mean of eight cells with vertical bars showing SEM.

aggregation induced by melatonin or if there are other trans-
duction mechanisms activated by melatonin which may also
participate.

There is strong evidence that pigment granule aggregation
in the erythrophores and melanophores of some teleosts is
controlled by the concentration of [Ca?*];. In erythrophores
of the squirrel fish (Holocentrus), pigment aggregation is in-
duced by ionophores which elevate [Ca?*]; (Luby-Phelps
and Porter, 1982) and by Ca?* itself in cells stripped of their
plasma membrane (McNiven and Ward, 1988). Also in
melanophores of the African cichlid (Zilapia mossambica)
pigment aggregation is triggered by an elevation of [Ca?*];
(Thaler and Haimo, 1990). Furthermore, direct measure-
ments of [Ca?*]; in melanophores and erythrophores of the
platyfish, Xiphophorus maculatus with the fluorescent probe
fura-2 have shown an increase on pigment aggregation (Oshi-
ma et al., 1988). However, intracellular cyclic AMP, and not
the rise in [Ca?*]; triggered by an aggregating stimulus, reg-
ulates pigment movement in angelfish, Prerophyllum scalare
melanophores (Sammak et al., 1992). These findings suggest
that even among teleosts the intracellular second messengers
which mediate pigment granule aggregation vary depending,
perhaps, upon the species, the type of pigment cell and the
aggregating stimulus.

o-MSH stimulates pigment granule dispersion and re-
verses melatonin-induced aggregation in a similar manner to
activators of PKC, although this occurs somewhat more
quickly with a-MSH (complete in 30 min) than after PKC
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activation (60 min). Interestingly, recent work has suggested
that at least some of the actions of o-MSH may be mediated
by activation of PKC. For example, o-MSH appears to exert
its stimulatory effect on steroidogenesis through the activa-
tion of phospholipase C (Kapas et al., 1991) and in murine
B16 melanoma cells o-MSH translocates PKC activity to the
membrane fraction (Buffey et al., 1992). It is clear, however,
that in Xenopus melanophores pigment dispersion in re-
sponse to «-MSH does not involve activation of PKC as Ro
31-8220, did not prevent o-MSH-induced dispersion, yet did
prevent dispersion induced by direct activation of PKC with
43PMA.

In conclusion, it appears that two distinct intracellular sig-
naling mechanisms can activate the intracellular machinery
which regulates pigment granule dispersion: the first in-
volves an elevation of intracellular cyclic AMP, such as that
occurring after activation of «-MSH receptors; the second
involves activation of PKC. It is not known if there are any
receptors on melanophores which are linked to the Ca?*/
phosphatidylinositol system and PKC. Conceivably both
PKA and PKC may regulate pigment dispersion by phos-
phorylating the same protein(s) and activating the same mi-
crotubule-dependent motor mechanism. Presumably the
activity of the motor proteins involved must be regulated or
the interaction of the motor protein with pigment granules
or the microtubule itself is controlled. Further studies are
required to determine if PKC- or PKA-dependent phosphor-
ylation of specific melanophore proteins accompanies gran-
ule dispersion.

We would like to thank Dr. John Nixon, Roche Products Ltd., UK, and
Dr. Shanta Persuad, King's College, London, for the gifts of Ro 31-8220
and Rp-cAMPS, respectively, and Dr. Kevin Pedley for his help in obtain-
ing the photomicrographs of melanophores. Sally J. Rowe is supported by
an MRC grant awarded to Professor Anne E. Warner.

Received for publication 9 July 1992 and in revised form 2 September
1992.

References

Abe, K., G. A. Robison, G. W. Liddle, R. W. Butcher, W. E. Nicholson, and
C. E. Baird. 1969. Role of cyclic AMP in mediating the effects of MSH,
norepinephrine and melatonin on frog skin colour. Endocrinology. 85:
674-682.

Bagnara, J. T., M. E. Hadley, and J. D. Taylor. 1969. Regulation of bright-
colored pigmentation of amphibians. Gen. Comp. Endocrinol. (Suppl.) 2:
425-438.

Beckerle, M., and K. R. Porter. 1982. Inhibitors of dynein activity block intra-
cellular transport in erythrophores. Nature (Lond.). 295:701-703.

Braumann, T., C. Emeux, G. Petridis, W.-D. Stohrer, and B. Jastorff. 1986.
Hydrolysis of cyclic nucleotides by a purified cGMP-stimulated phospho-
diesterase: structural requirements for hydrolysis. Biochim. Biophys. Acta.
871:199-206.

Buffey, J., A. J. Thody, S. S. Bleehen, and S. Macneil. 1992. o-melanocyte-
stimulating hormone stimulates protein kinase C activity in murine B16
melanoma. J. Endocrinology. 133:333-340.

Carlson, L. L., D. R. Weaver, and S. M. Reppert. 1989. Melatonin signal
transduction in hamster brain: inhibition of adenylyl cyclase through a per-
tussis toxin-sensitive G protein. Endocrinology. 125:2670-2676.

Clark, T. C., and J. L. Rosenbaum. 1982. Pigment particle translocation in
detergent-permeabilized melanophores of Fundulus heteroclitus. Proc. Natl.
Acad. Sci. USA. 79:4655-4659.

Daniolos, A., A. B. Lerner, and M. R. Lerner. 1990. Action of light on frog
pigment cells in culture. Pigment Cell Res. 3:38-43.

Davis, P. D., C. H. Hill, E. Keech, G. Lawton, J. S. Nixon, A. D. Sedgewick,
J. Wadsworth, D. Westmacott, and S. E. Wilkinson. 1989. Potent selective
inhibitors of protein kinase C. FEBS (Fed. Eur. Biochem. Soc.) Lett. 259:
61-63.

Delean, A., P. J. Munson, and D. Rodbard. 1978. Simultaneous analysis of
families of sigmoidal curves: application to bioassay, radioligand assay, and
physiological dose-response curves. Am. J. Physiol. 235:E97-E102.

1520



Hayes, B, P., and F. W. Fitzke. 1987. Design and use of a semi-automatic im-
age analysis system. Lab. Practice. 36:78-79.

Ide, H. 1974a. Proliferation of amphibian melanophores in vitro. Dev. Biol.
41:380-384.

Ide, H. 1974b. Further studies on the hormonal control of melanophores and
iridophores isolated from bullfrog tadpoles. Gen. Comp. Endo. 24:341-345.

Jackson, P. A., E. A. Messenger, and A. E. Warner. 1974. Differentiation of
amphibian embryonic cells in virro. J. Physiol. (Lond.). 246:9-10.

Jakobs, K. H., K. Aktories, M. Minuth, and G. Schultz. 1985. Inhibition of
adenylate cyclase. Adv. Cyclic Nuc. Prot. Phosph. Res. 19:137-150.

Kapas, S., J. P. Hinson, and G. P. Vinson. 1991, Studies on the intracellular
mechanism of action of a-melanocyte-stimulating hormone (a-MSH). J. En-
docrinology. 131:22a (Abstr.)

Krause, D. N., and M. L. Dubocovich. 1991. Melatonin receptors. Annu. Rev.
Pharmacol. Toxicol. 31:549-568.

Luby-Phelps, K., and K. R. Porter, 1982. The control of pigment migration
in isolated erythrophores of Holocentrus ascensionis (Osbeck) II. The role
of calcium. Cell. 29:441-450.

Lynch, T. J., J. D. Taylor, and T. T. Tchen. 1986a. Regulation of pigment
organelle translocation. I. Phosphorylation of the organeile-associated pro-
tein p57. J Biol. Chem. 261:4204-4211.

Lynch, T.J., B. Wu, J. D. Taylor, and T. T. Tchen. 1986b. Regulation of pig-
ment organelle translocation. II. Participation of a cAMP-dependent protein
kinase. J. Biol. Chem. 261:4212-4216.

McNiven, M, A, and J. B. Ward. 1988. Calcium regulation of pigment trans-
port in vitro. J. Cell Biol. 106:111-125,

McGuire, J., G. Moellman, and F. McKeon. 1972. Cytochalasin B and pigment
granule translocation. Cytochalasin B reverses and prevents pigment granule
dispersion caused by dibutyryl cyclic AMP and theophylline in Rana pipiens
melanocytes. J. Cell Biol. 52:754-758.

Messenger, E. A, and A. E. Warner. 1977. The action of melatonin on single
amphibian pigment cells in tissue culture. Br. J. Pharmacol. 61:607-614.

Morgan, P. J., W. Lawson, G. Davidson, and H. E. Howell. 1989. Melatonin
inhibits cyclic AMP production in cultured ovine pars tuberalis cells. J. Mol
Endocrinol. 3:R5-R8.

Nieuwkoop, P. D., and N. Faber. 1956. Normal table of Xenopus laevis. North
Holland, Amsterdam, The Netherlands.

Oshima, N., M. Suzuki, N. Yamaji, and R. Fujii. 1988. Pigment aggregation
is triggered by an increase in free calcium ions within fish chromatophores.
Comp. Biochem. Physiol. 91A:27-32.

Parker Botelho, L. H., J. D. Rothermel, R. V. Coombs, and B. Jastorff. 1988.
cAMP analog antagonists of cCAMP action. Methods Enzymol. 159:159-172.

Paterson, A, N. W. S. Chong, B. R. Brinklow, A. S. I. Loudon, and D. Sug-

Sugden and Rowe Protein Kinase C in Pigment Aggregation

den. 1992. Characterization of 2-["*I}iodomelatonin binding sites in the
brain of a marsupial, Bennett's wallaby (Macropus rufogriseus rufogriseus).
Comp. Biochem. Physiol. 102A:55-58.

Rodionov, V. I, F. K. Gyoeva, and V. I. Gelfand. 1991. Kinesin is responsible
for centrifugal movement of pigment granules in melanophores. Proc. Natl.
Acad. Sci. USA. 88:4956-4960.

Rollag, M. D. 1988. Response of amphibian melanophores to melatonin. Pineal
Res. Rev. 6:67-93.

Rothermel, J. D., and L. H. Parker Botelho. 1988. A mechanistic and kinetic
analysis of the interactions of the diastereoisomers of adenosine 3',5-(cyclic)
phosphothioate. Biochem. J. 251:757-762.

Rozdzial, M., and L. T. Haimo. 19864. Bidirectional granule movements of
melanophores are regulated by protein phosphorylation and dephosphoryla-
tion. Cell. 47:1061-1070.

Rozdzial, M. M., and L. T. Haimo, 1986b, Reactivated melanophore motility:
differential regulation and nucleotide requirements of bidirectional pigment
granule transport. J. Cell Biol. 103:2755-2764.

Sammak, P.J., S. R. Adams, A. T. Harootunian, M. Schliwa, and R. Y. Tsien,
1992. Intracellular cyclic AMP, not calcium, determines the direction of
vesicle movement in melanophores: direct measurement by fluorescence ra-
tio imaging. J. Cell Biol. 117:57-72.

Sugden, D. 1991. Aggregation of pigment granules in single cultured Xenopus
laevis melanophores by melatonin analogues. Br. J. Pharmacol. 104:
922-927.

Sugden, D., and N. W. S. Chong. 1991. Pharmacological identity of 2-['I}-
iodomelatonin binding sites in chicken brain and sheep pars wberalis. Brain
Res. 539:151-154.

Thaler, C. D., and L. T. Haimo. 1990. Regulation of organelle transport in
melanophores by calcineurin. J. Cell Biol, 111:1939-1948.

Van De Veerdonk, F. C. G., and Th. M. Konijn. 1970. The role of adenosine
3, 5-cyclic monophosphate and catecholamines in the pigment migration
process in Xenopus laevis. Acta Endocrinol. 64:364-376.

Vanecek, J., and L. Volirath. 1989. Melatonin inhibits cyclic AMP and cyclic
GMP accumulation in the rat pituitary. Brain Res. 505:157-159.

Vanecek, J., and L. Vollrath. 1990. Melatonin modulates diacylglycercol and
arachidonic acid metabolism in the anterior pituitary of immature rats. Neu-
rosci Lert. 110:199-203.

Vanecek, J., and D. C. Klein. 1992. Melatonin inhibits gonadotropin-releasing
hormone-induced elevation of intracellular Ca** in neonatal rat pituitary
cells. Endocrinology. 130:701-707.

White, B. H., R. D. Sekura, and M. D. Rollag. 1987. Pertussis toxin blocks
melatonin-induced pigment aggregation in Xenopus dermal melanophores.
J. Comp. Physiol. B. 157:153-159,

1521



