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ABSTRACT 

Calcium is specifically required for the action of 

melanophore stimulating hormone (MSH) on melanosome dis

persion within lizard (Anolis carolinensis) and toad 

(Scaphiopus couchi) melanophores in vitro. The response 

to the hormone is directly related to the concentration of 

the calcium ion. Calcium, itself, in high concentrations 

(120 mM) is hormone mimetic in that it causes dispersion 

of melanosomes. In the lizard, barium, beryllium, and 

strontium could replace calcium and permit melanosome dis

persion to MSH, but since these divalent ions are generally 

unavailable under normal conditions they are of limited 

significance in the normal physiology of the pigment cell. 

The other divalent cations (Mg2+, Zn2+, Co2+, Cd2+, Cu2+) 

studied either failed to substitute or were apparently 

lethal to melanophores. Lithium, choline, rubidium, and 

cesium ions will replace the sodium and potassium of Ringer 

solution if calcium is present. The immediacy of the cal

cium requirement for MSH action is demonstrated by the 

addition of Ca2+ (1 mM) to Ca2+-free Ringer which causes 

a rapid and maximal darkening of skins. Transfer of 

maximally darkened skins to a Ca -free Ringer (but still 
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containing MSH, as before) results in a rapid and complete 

reversal (lightening) of the darkened skins. 

The definitive ionic requirements for MSH regula

tion of frog, Rana pipiens, melanophores are not as clear. 

It was shown, however, that there is more than a sodium 

ion requirement for MSH darkening of frog skins (as has 

been suggested previously by others). Again, calcium 

appears to be necessary for hormone action. Lithium 

causes an irreversible but highly specific blockade of 

MSH. The specificity of the lithium blockade is demon

strated since it can be overridden by theophylline. 

Catecholamines as well as melanophore stimulating 

hormone darken Anolis skins by dispersing melanosomes 

within the dendritic processes of dermal melanophores. 

There is evidence that these hormones (first messengers) 

control melanosome movements by regulating the level of 

the intracellular second messenger, cyclic adenosine mono

phosphate (cyclic AMP). The receptor through which these 

structurally different hormones stimulate melanophore dis

persion have been shown to be separate as demonstrated by 

the preferential blockade of one receptor while the func

tional integrity of the other is maintained. Catecholamines 

disperse melanosomes through stimulation of beta adrenergic 

receptors, whereas MSH interacts with and disperses melano

somes through a different, but as yet undefined receptor. 
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In addition, lightening of skins, resulting from melanosome 

aggregation, is controlled directly through catecholamine 

stimulation of alpha adrenergic receptors. 

Thus, at least three separate receptors are impli

cated in melanophore control in the lizard. Further evi

dence for separate receptors of melanophores is demon

strated by the difference in ionic requirements for receptor 

stimulation by MSH from that of catecholamines on either 

the alpha or beta adrenergic receptor. Calcium, although 

necessary for MSH-mediated melanophore dispersion, is not 

necessary for adrenergic receptor stimulation. 

The calcium ion requirement for MSH action appears 

to be an early event in that calcium is not required for 

melanosome dispersion itself, since theophylline or di-

butyryl cyclic AMP reversibly darkens lizard skins in the 

absence of calcium. Calcium is needed for MSH action, but 

MSH is not necessary for the hormone mimetic action of 

calcium. Therefore, calcium may be distal to the MSH 

receptor, but necessary for increased cyclic AMP levels 

which are apparently a prerequisite for melanosome movement. 

In summary, the results demonstrate a receptor 

specific calcium requirement for melanosome dispersion 

within melanophores of both an amphibian and a reptile. 

Models for the mechanisms of hormone action on melanophores 

involving first messengers (hormones), receptors, cyclic 

AMP, and calcium are discussed. 



INTRODUCTION 

Hormonal control of skin pigmentation in verte

brates was first demonstrated in 1916 when Allen (2) and 

Smith (59) independently found that hypophysectomized 

tadpoles turned light in color and finally turned a trans

parent silver gray. Similar results were obtained by re

moval of the pars intermedia (16). Atwell (3) showed that 

when tadpoles are immersed in pituitary extract their skins 

become darker. He also demonstrated that the active agent 

in this darkening was present in the intermediate lobe of 

the pituitary gland (3). Lerner, Shizume, and Bunding 

(40) named this active principle, which regulates skin 

darkening, melanophore (melanocyte)-stimulating hormone 

(MSH). This hormone initiates the dispersion of melano-

somes (melanin granules) from a perinuclear (aggregated) 

position out into the dendritic processes of vertebrate 

melanophores (37, 57). This leads to a rapid darkening 

of the skin of most poikilothermal vertebrates and may 

precede and be prerequisite for melanin synthesis (23, 30, 

38, 39, 60) . 

A number of in^ vitro studies have been directed 

toward understanding the possible ionic requirements for 

MSH action. It has been reported that there is an 

1 
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"absolute" requirement for the sodium ion in the action of 

MSH on frog (Rana pipiens) melanophores (47). Not only was 

the calcium ion reported not to be required for melanophore 

responses to MSH, but, indeed, the response was said to be 

2+ 
enhanced in a Ca -free medium (46, 47). In contrast, 

Dikstein, Weller and Sulman (15) suggested that melanosome 

dispersion within frog melanophores results from an in

crease in the intracellular level of calcium ions and a 

similar decrease in intracellular potassium ions. Finger-

man (18) has implicated a role for calcium in the hormonal 

control of crustacean chromatophores. Horowitz (31) 

showed that melanosome aggregation within melanophores of 

the lizard Anolis carolinensis was facilitated by the re

moval of calcium from Ringer solution. Novales et al. 

(46, 47) on the other hand, reported that there is a sodium 

requirement for MSH action on melanophores of this lizard. 

Clearly these investigations leave unsettled the question 

of ionic requirements for hormonal control of vertebrate 

melanophores. 

The present study was undertaken to determine pre

cisely what ionic requirements are necessary for regulation 

of vertebrate melanophores. Herein are described the ionic 

requirements for hormonal control of melanophores in Anolis 

carolinensis (lizard), Scaphiopus couchi (toad), and Rana 

pipiens (frog). Catecholamines and MSH both darken skin 
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by dispersing melanosomes within the dendritic processes 

of dermal melanophores. These structurally-different 

hormones regulate darkening of skin through different 

receptors (22) . The specific ionic requirements for these 

separate receptors are elucidated. 



METHODS AND MATERIALS 

The ions required for MSH and other melanosome 

dispersing agents to be effective on the integumental 

melanophores of various vertebrate species were determined 

by using photometric reflectance methods described origi

nally for the frog skin bioassay for melanophore-stimulating 

hormone, MSH, by Shizume, Lerner and Fitzpatrick (58) and 

Wright and Lerner (68). In this assay, the movement of 

melanin granules within dermal melanophores in response 

to hormonal stimulation results in a darkening (melanin 

granule dispersion) or lightening (melanin granule aggrega

tion) of skin. These melanosome movements can be measured, 

in vitro, as reflectance changes from the outer surface of 

the skin. The great sensitivity of the bioassay is shown 

by the fact that frog skins (Rana pipiens) will darken 

measurably in a 1 x lO""*"^ M concentration of alpha-MSH 

(37) and toad (Scaphiopus couchi) and lizard (Anolis 

carolinensis) skins have been found to be nearly as 

sensitive (19). 

The lizards, Anolis carolinensis, used in this 

study were obtained from Snake Farm, Laplace, La. The 

species of anurans studied included the spadefoot toad, 

Scaphiopus couchi, and northern and southern varieties of 

4 



the leopard frog, Rana pipiens. Northern Rana pipiens were 

obtained from the Lemberger Company, Oshkosh, Wisconsin. 

Southern Rana pipiens were obtained from Southwestern 

Scientific Supply Company, Tucson, Arizona and were col

lected in Guasave, Sinaloa, Mexico. The toads were col

lected in the vicinity of Tucson, Arizona. Approximately 

equal numbers of male and female adult specimens were used 

in all experiments. 

Animals were sacrificed by decapitation followed 

by spinal pithing. The dorsal leg and thigh skins of 

frogs were removed, fitted over an aluminum ring and held 

in position by an overlapping plastic ring. To insure 

that one group would not contain all leg skins and another 

group all thigh skins, the four experimental groups were 

arranged in a random sequence similar to the method of 

Wright and Lerner (68) (Table 1). 

Skins were then placed in 50 ml beakers containing 

amphibian Ringer (NaCl, 111 mM; NaHCC>3, 2 mM; KC1, 2mM; 

CaCl2, 1 mM) at pH 7.3 to 7.5 for a 2 hour pre-experimental 

equilibration period. During this time there was a slow 

perinuclear aggregation of melanosomes within melanophores 

resulting in the skins becoming quite light in color. The 

skins were then placed in control (Ringer) or experimental 

solutions and after a number of fresh changes of the re

spective solutions, 20 ml of solution was allowed to remain 

in each beaker to cover the skin. 
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Table 1. In vitro frog skin (Rana pipiens) bioassay for 
MSH. 

Animal # 1 2 3 4 5 6 7 8 

Group A LL LT RT RL LL LT RT RL 

Group B RL LL LT RT RL LL LT RT 

Group C RT RL LL LT RT RL LL LT 

Group D LT RT RT LL LT RT RL LL 

The "randomized" distribution of frog leg and thigh 
skins utilized in experiments with the leopard frog, Rana 
pipiens. 

Left Leg = LL, Left Thigh = LT, Right Leg = RL, 
Right Thigh = RT. 

Only the dorsal skins of the lizards and toads 

could be used because of their smaller size. One back skin 

from each lizard, Anolis carolinensis, was utilized. With 

the toad, Scaphiopus couchi, however, the back skins were 

larger and, therefore, could be divided into two or three 

pieces which were individually fitted on the aluminum rings 

as described above. In those experiments using two skins 

from each animal, the skins of eight or more animals were 

divided into anterior and posterior pieces and each piece 

of skin was randomly assigned to one of the two experimental 

groups. In experiments using three skins from each animal, 
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the skins were numbered according to a set pattern (20) 

and arranged into three experimental groups (Table 2). 

A Photovolt photoelectric reflection meter (Photo-

volt Corporation, New York, N, Y.) was used to measure the 

reflectance from each skin (Figure 1). After equilibra

tion, an initial reflectance value was obtained for each 

skin, and these values were averaged. The skins were then 

arranged so the total average reflectance value for each 

group was approximately the same. Each experimental group 

usually consisted of 8 skins unless otherwise specified. 

The initial mean reflectance value for each grdup of skins 

was assigned a value of 100%, and succeeding average values 

were recorded as percent changes above or below the initial 

reading (31) . For example, a value of 120% represents a 

Table 2. In vitro toad skin (Scaphiopus couchi) bioassay 
for MSH. 

Animal # 1 2 3 4 5 6 7 8 9 

Group A 132132132 

Group B 213213213 

Group C 321321321 

The "randomized" distribution of the three pieces of 
back skins obtained from each spadefoot toad. 



Figure 1. Photometric method for MSH bioassay. 
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20% increase in reflectance (skin lightening) and a value 

of 80% represents a 20% decrease in reflectance (skin 

darkening). 

Porcine beta and alpha MSH used in these experi

ments were obtained from Drs. Saul Lande and Aaron B. 

Lerner. The MSH was lyophilized with lactose as described 

by Novales et al. (47). Schwarz BioResearch Company 

£ (Orangeburg, N. J.) was the source of N-2'-0-dibutytyl 

cyclic 3',5'-AMP. The 1-isomer of the adrenergic agents, 

isoproterenol (ISO) and levarterenol (norepinephrine = NE), 

were obtained from Winthrop Laboratories, Inc. (Special 

Chemical Department, New York City) as bitartrate salts. 

The methylxanthine, theophylline, was obtained from Mathe-

son, Coleman and Bell (East Rutherford, N. J.). Ouabain, 

strophanthin K, digoxin, digitoxin, digitonin, and strophan

thidin, inhibitors of Na+: K+ stimulated ATPase, and the 

chelating agents, ethylene-glycol-bis (3-amino-ethyl ether) 

N, N'-tetra acetic acid (EGTA) and ethylene-diamine tetra 

acetic acid (EDTA) were obtained from Sigma Chemical 

Company (St. Louis, Mo.). The sucrose used was obtained 

from Allied Chemical (Industrial Chemical Division, 

Morristown, N. J.). 

The following compounds were obtained from Mallinc-

krodt Chemical Works (St. Lous, Mo.): barium chloride, 

calcium carbonate, calcium chloride, calcium sulfate, 
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cobalt chloride, potassium bicarbonate, potassium chloride, 

potassium phosphate, potassium sulfate, sodium phosphate, 

and sodium sulfate. Sodium bicarbonate was obtained from 

Allied Chemical. J. T. Baker Chemical Company (Phillips-

burg, N, J.) was the source of calcium phosphate, lithium 

chloride, sodium chloride, and zinc chloride. Matheson, 

Coleman and Bell was the source of cadmium chloride, cesium 

chloride, cuprous chloride, rubidium chloride, and stron

tium chloride, Beryllium chloride was obtained from K & K 

Laboratories, Inc. (Plainview, N. Y.), and the choline 

chloride was obtained from Sigma Chemical Company. All 

compounds were of analytical grade. 

Hormonal agents were added in 0.2 ml amounts to 

the 20 ml of Ringer or experimental solutions (e.g., 

2+ 
Ca -free Ringer, etc.) bathing the skins. Because of the 

high concentrations and low solubility of theophylline and 

the nucleotides, solutions containing either or both of 

these agents had to be substituted for the original solu-

2+ 
tion (e.g., Ca -free Ringer) after the initial base 

photometric reading was taken. All concentrations of 

hormonal and pharmacological agents used are expressed 

as the final molar concentrations after addition of the 

skins. The final concentrations of MSH employed are ex

pressed in g/ml. All hormones used in any one experiment 



11 

were put into solution immediately prior to their intended 

use in that experiment. 

All solutions used were maintained at pH range 7.3 

to 7.5 by the addition of NaOH or HC1. Trizma buffers 

were utilized in some solutions in order to prevent the 

incorporation of exogenous ions (Na+, etc.). These solu

tions were made with doubly distilled water to insure 

ionic purity. 



RESULTS 

Ionic Requirements for MSH Regulation 
of Melanophores 

MSH darkens Anolis carolinensis skins immersed in 

Ringer (46, 47). However, skins in isotonic sodium chloride 

(120 mM) or in an equivalent amount of isotonic sodium 

chloride plus KCl (2 mM) are almost totally unresponsive 

to MSH (Figure 2). The addition of calcium (1 mM) to iso

tonic sodium chloride solution, however, permits a response 

equal to that of the Ringer control group of skins (Figure 

2). The degree of darkening of lizard skins to MSH is 

directly related to the concentration of calcium present 

(Figure 3). 

These results with Anolis indicate that either cal

cium is needed directly for MSH action or else its role is 

permissive to the action of sodium. Other monovalent 

cations were substituted for sodium to determine whether 

sodium is specifically required in addition to calcium for 

MSH action. Melanophore-stimulating hormone failed to 

darken skins in isotonic solutions (120 mM) of either 

lithium or choline chloride (Table 3). The presence of 

+ + 
Na (1 mM) or K (ImM) in combination with either lithium 

or choline ions failed to re-establish a response of the 

melanophore to MSH. There was, however, a dramatic response 

12 
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Figure 2. Ca2+ requirement for MSH action. 

Response (percent change in reflectance) of Anolis skins to 
MSH (4xl0~* g/ml) in Ringer solution, or in isotonic NaCl 
(120 millimole, mM), or in isotonic NaCl containing either 
2 mM of K+ or 1 mM of Ca2+. Values represent the maximal 
responses ± standard errors of the means, of the 16 skins 
representing each experimental group. 



14 
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W 30 
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Figure 3. Calcium-dependent dose response of 
Anolis skins to MSH. 

MSH (4xl0~9 g/ml) was added to skins immersed in Ringer 
solution, isotonic NaCl (120 mM), or isotonic NaCl con
taining Ca2+ ion at 0.01 mM, 0.1 mM^ 1 mM, or 10 mM 
concentration. Values represent the maximal responses 
± standard errors of the means, of the 20 skins comprising 
each experimental group. 
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Table 3. Comparison of the MSH response of Anolis skins 
with various monovalent cations replacing the 
sodium ion. 

Experimental Solution3 
Decrease in . 

Reflectance (%) S.E.C 

A. 
Ringer 
LiCl 
LiCl + 
LiCl + 
LiCl + 

Na 
id 
Ca 2+ 

48 
0 
0 
0 

32 

±1.41 
±0.85 
±0.81 
±0.77 
±2.72 

B. 
Ringer 53 ±1.50 
Choline Chloride 1 ±2.58 
Choline Chloride + Na+ 7 ±1.53 
Choline Chloride + K+ 

Ca + 
9 ±3.93 

Choline Chloride + 
K+ 
Ca + 36 ±3.66 

This table includes the results of two separate 
experiments, A & B, with a separate control (Ringer) for 
each, 

a. All solutions were isotonic and were buffered 
to a pH 7.3-7.5 with Trizma buffers. 

b. Values represent the maximal darkening response 
within 30 minutes after addition of 4x10 g/ml alpha-MSH 
to the seven Anolis skins in each group. 

c. S.E. = standard errors of the means. 



of the skins to MSH in the presence of Ca^+(1 mM) in either 

lithium or choline chloride isotonic (120 mM) solutions 

(Table 3). Similar results were obtained with rubidium 

or cesium ions when used in place of the sodium ion 

(Table 4), In cesium or rubidium Ringer, which contain 

calcium, the melanophores responded to MSH, whereas the 

response was inhibited in cesium or rubidium isotonic 

chloride solutions (Table 4). The reported inhibition of 

MSH in a sodium-free potassium Ringer solution and the 

implication, therefore, of a sodium requirement for MSH 

action of Anolis melanophores as suggested previously 

(46, 47) can now be explained simply as a further demon-

2+ 
stration of a Ca requirement for MSH action. 

Other divalent cations were then substituted to 

determine the specificity of the Ca2+ requirement for MSH 

action. Strontium and barium and, to some extend, beryllium 

2+ 
ions could replace Ca and permit melanosome dispersion 

in response to MSH (Table 5). These other ions, however, 

are of limited significance, being generally unavailable 

under normal physiological conditions. The other divalent 

cations (Mg^+, Zn2+, Cd2+, and Co2+) studied either failed 

2+ 
to substitute for Ca or were lethal to the melanophores 

(Table 5). Their effects were apparently irreversible 

since skins once incubated in these latter ions never 
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Table 4. Response of Anolis skins to MSH in isotonic or 
Ringer rubidium or cesium solutions. 

Experimental Solution3 
Decrease in 

Reflectance (%)k S.E.C 

Ringer (Control) 62 ±1.21 

Cesium Chloride 5 ±2.36 

Cesium Ringer 57 ±1.47 

Rubidium Chloride 6 ±2.41 

Rubidium Ringer 40 ±3.52 

a. The rubidium and cesium chloride solutions were 
isotonic solutions consisting of 120 mM of either cation. 
Rubidium Ringer consisted of RbCl, 111 mM; KHCO3, 2 mM; 
KCL, 2 mM; CaCl2, 1 mM. Cesium Ringer was composed of 
cesium chloride, 111 mM; KC1, 2 mM; KHCO3, 2 mM; and CaCl2r 
1 mM. 

b. Values represent the maximal darkening response 
within 30 minutes after addition of 4x10"^ g/ml alpha-MSH 
to the eight Anolis skins in each group. 

c. S.E. = standard errors in the means. 
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Table 5. Comparative response (change in reflectance) of 
Anolis skins to MSH in the presence of various 
divalent cations. 

Decrease in , 
Experimental Solution3 Reflectance (%) S.E.C 

Ringer (16) 44 ±1.39 

NaCl + Ca2+ (16) 39 ±2.77 

NaCl + Ba2+ (16) 42 + 1.80 

NaCl + Sr2+ (8) 32 ±3.30 

NaCl + Be2+ (8) 19 ±2.42 

NaCl + Cd2+ (8) 7 ±2.25 

NaCl + Zn2+ (8) 2 ±1.21 

NaCl + Co2+ (8) 1 ±0.78 

NaCl + Mg2+ (8) 1 ±1.85 

a. 4x10"^ g/ml alpha-MSH was added to the skins 
immersed in Ringer and in isotonic (120 mM) NaCl containing 
1 mM of Ba2+, or Be2+, or Ca2+, or Cd2+, or Co , or Mg2+ 

or Sr2+, or Zn +. The number of animals in each group is 
indicated by (). 

b. Values represent the maximal darkening response 
in 30 minutes after the addition of MSH. 

c. S.E. = standard errors of the means. 
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responded to MSH again when transferred back to normal 

Ringer. 

Either bicarbonate or phosphate, but not sulfate, 

anions could replace the chloride ion of Ringer solution 

(Table 6) and allow melanophore-stimulating hormone ex

pression. Thus, calcium is the only ion normally present 

within Ringer solution which is specifically required for 

MSH action. 

The immediacy of the calcium requirement for MSH 

action on Anolis melanophores is clearly shown in Figure 4. 

Skins only darken minimally in the absence of calcium. 

2+ 2+ 
Addition of Ca (1 mM) to the Ca -free Ringer causes a 

rapid and maximal darkening of skins. Transfer of maxi-

mally darkened skins to Ca -free Ringer (but still con

taining MSH as before) results in complete reversal (or 

lightening) of the darkened skins. The minimal darkening 

response of lizard skins to MSH in isotonic NaCl (Figures 2, 

2+ 
4) or Ca -free Ringer (Figure 4) could be totally inhibited 

by adding EDTA (ethylene-diamine tetra acetic acid) to the 

skins (Table 7). 

The above data indicating a lack of a sodium or 

•J* ^ 
potassium requirement for MSH might suggest that a Na : K 

pump is not involved in the action of MSH. This suggestion 

was tested with a number of cardiac glycosides, which are 

known inhibitors of the Na+; K+ stimulated ATPase of this 



Table 6. Effect of anions on the MSH response in Anolis 
skins, 

Experimental Solution9 
Decrease in , 

Reflectance (%) S.E.C 

Ringer 57 ±1.30 

Bicarbonate Ringer 49 ±1.74 

Phosphate Ringer 35 ±3.28 

Sulfate Ringer 0 ±1.61 

a. Bicarbonate Ringer consisted of NaHCC>3, 117 mM; 
KHCO3, 2 mM; and CaCO^, 1 mM. In phosphate Ringer there 
was 117 mM of NaH2PC>4 . H2O; 2 mM of KH2PO4; and 1 mM of 
Ca(H2PC>4)2 • H2O. Sulfate Ringer was composed of Na2SC>4, 
117 mM; K2S04, 2 mM; and CaSC>4 . 2H20, 1 mM. 

b. Values represent the maximal darkening response 
within 30 minutes after the addition of 4x10""^ g/ml alpha-
MSH to the eight Anolis skins in each group. 

c. S.E. = standard errors of the means. 



Figure 4. In vitro demonstration of the immediacy 
of the darkening response of MSH-treated Anolis skins to 
added Ca^+. 

MSH (4xl0~® g/ml) was added to skins immersed in Ringer 
solution (O + • ) or in a Ca -free Ringer solution (H) . 
One group of skins (O) was maintained as an unstimulated 
Ringer control. At 30 minutes (arrow), Ca2+ (1 mM) was 
added to the Ca2+-free Ringer skins (H) and at the same 
time one group of Ringer MSH-darkened skins ) was trans
ferred to Ca *-free Ringer (containing an identical con
centration of MSH, as before). Each point on the graph is 
the mean of 16 measurements of reflectance. Vertical lines 
indicate the standard errors. 
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Figure 4. In vitro demonstration of the immediacy 
of the darkening response of MSH-treated Anolis skins to 
added Ca^+. 
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Table 7. Inhibition of the MSH response in calcium-free 
solutions containing the chelator EDTA. 

Experimental 
Solution 

No. of 
Animals 

Decrease in 
Reflectance (%)a S.E.b 

Ringer 8 39 ±2.63 

NaCl + Ca+ 6 39 ±3.69 

NaCl 8 6 ±1.69 

NaCl + EDTA (5 mM) 6 0 ±0.67 

a. Values represent the maximal darkening response 
within 30 minutes after addition of 4x10""^ g/ml alpha-MSH 
to the Anolis skins. 

b. S.E. = standard errors of the means. 
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pump. Digoxin and strophanthidin did not significantly 

inhibit the response of Anolis skins to MSH (Table 8). 

There was only a slight inhibition with strophanthin K and 

ouabain. 

The ionic requirements for MSH regulation of melano-

phores in the toad, Scaphiopus couchi, appear to be similar 

to that described above for the lizard, Anolis carolinensis. 

Scaphiopus skins residing solely in NaCl (120 mM) or in 

NaCl containing K+ (2 mM) are almost totally unresponsive 

to MSH (Figure 5). The addition of 1 mM of Ca^+ to the 

NaCl solution permits a response nearly equal to that of 

the Ringer control group of skins (Figure 5). Similarly, 

skins in calcium-free Ringer do not respond to MSH. In 

?4-
addition, if one adds EDTA to the NaCl containing Ca 

solution the MSH response of the skins is completely in

hibited. 

Lithium ion was next substituted for sodium to de

termine whether the Na+ ion is specifically required in 

2+ 
addition to Ca for MSH action in the toad. Melanophore-

stimulating hormone failed to darken skins in an isotonic 

(120 mM) solution of lithium chloride (Figure 6). The 

presence of Na+ (2 mM) or K+ (2 mM) in combination with 

isotonic LiCl (120 MM) failed to re-establish a response 

of the melanophores to MSH. There was, however, a marked 

response of Scaphiopus skins to MSH when Ca^ (1 mM) was 
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Table 8. The effect of Na+: K+ ATPase inhibitors on the 
response of Anolis skins to MSH. 

Experimental Solution3 
Decrease in , 

Reflectance (%) S.E.C Pa 

A. 
Control 
Ouabain (10~3 M) 
Strophanthin K (10 M) 

39 
30 
30 

±1.74 
+ 1.46 
±1.68 

<0.01 
<0.01 

B, 
Control 
Digoxin (5xl0_i* M) 
Strophanthidin (10 M) 

39 
43 
35 

±2.03 
±1.58 
±2.28 

NS 
NS 

This table includes two separate experiments, A & B, 
with a separate control (Ringer without any ATPase inhibi
tors) for each. 

a. Each group consisted of Ringer solution plus 
the specific ATPase inhibitor indicated. There were 16 
animals in each group in experiment A and 8 animals in each 
group in experiment B. 

b. Values represent the maximal darkening responses 
within 30 minutes after the addition of 4xl0~9 g/ml alpha-
MSH to the Anolis skins in each group. 

c. S.E. = standard errors of the means. 

d. The differences between the groups compared to 
Ringer (control) were evaluated with the Student t test. 
NS = no significant difference between groups and Ringer 
at a level of p > 0.05. The p values are given for this 
table and not for the previous tables since in the previous 
tables the difference between groups is maximal or near 
maximal darkening versus little or no darkening at all. 



Scaphiopus Couchi 

Ringer NaCI 
Free Ringer 

Figure 5. Response of Scaphiopus couchi skins to 
MSH in Ringer, Ca +-free Ringer, isotonic NaCI Tl20 mM) 
or isotonic NaCI containing either 2 mM of K+ or 1 mM of 
Ca2+. 

Values represent the maximal responses within 60 minutes 
after the addition of MSH (4x10"^ g/ml). The number of 
animals in each experimental group is indicated by () fol 
lowing the solution: Ringer (15) , Ca2+-free Ringer (8), 
isotonic NaCI (11), NaCI + K (4), NaCI + Ca2+ (20), 
NaCI + Ca2+ + EDTA (4) . Concentration of EDTA was lO"3 

M. Vertical lines indicate the standard errors of the 
means, 
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Scaphiopus Couchi 

3 

LiCI LICI LICI 

N«+ K+ Cr 

Figure 6. In vitro response of Scaphiopus skins to 
MSH in amphibian Ringer, lithium Ringer, or isotonic LiCI 
containing either 2 mM of Na+ or K+, or 1 mM of Ca2+, 

Lithium Ringer consists of LiCI, 111 mM; KCL, 2 mM; KHCO3, 
2 mM; and CaCl2, 1 mM. This solution is sodium free as is 
isotonic lithium chloride (120 mM). Values represent the 
maximal darkening responses within 60 minutes after addi
tion of 4xl0""9 g/ml alpha-MSH. The number of animals in 
each experimental group is indicated by () following solu
tions: amphibian Ringer (8), lithium Ringer (15) , LiCI 
(8), LiCI + Na+ (15), LiCI + K+ (15), and LiCI + Ca2+ (15). 
Vertical lines indicate the standard errors of the means. 



added to the isotonic lithium chloride solution. This 

2+ 
response with 1 mM of Ca in isotonic lithium chloride 

was nearly equal to the response with MSH in lithium Ringer, 

which itself was only somewhat less than the MSH response 

in amphibian Ringer (Figure 6). These results indicate 

that the response to MSH occurs in the spadefoot toad as 

well as the lizard when the Na+ ion is replaced by another 

monovalent ion, but only if Ca T is present. 

The spadefoot toad, Scaphiopus couchi, is only 

available above ground after heavy rainfalls and since the 

number of rainfalls in the desert region of Tucson, Arizona 

has been scarce during the two years of this study, not 

all experiments on the lizard were duplicated on the toad. 

Receptor Specific Ionic Requirements 
for Melanosome Movements 

Catecholamines, as well as MSH, darken the skins of 

Anolis (33) and Scaphiopus (20) as they do in Rana pipiens 

(26) and Xenopus laevis (13). The receptors through which 

these structurally different hormones stimulate melanosome 

dispersion in the lizard are separate. This is evidenced 

by the preferential blockade of one receptor while the 

functional integrity of the other receptor is maintained 

(22). Catecholamines disperse melanosomes through stimula

tion of beta adrenergic receptors, whereas MSH interacts 

with and disperses melanosomes through a different, but as 
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yet undefined receptor. In addition, lightening of skins, 

resulting from melanosome aggregation, is controlled through 

catecholamine stimulation of the alpha adrenergic rectpro 

(25). Thus, at least three receptors are implicated in 

melanophore control in most species. The following results 

show that the ionic requirements for receptor stimulation 

by MSH in Anolis and Scaphiopus differ from that of either 

the alpha or beta receptor. In contrast to the data on 

MSH, the calcium ion is not obligatory for melanosome 

dispersion in response to isoproterenol, a specific beta 

adrenergic receptor agonist. Lizard and toad skins darken 

with isoproterenol as readily in the absence of Ca^+ as 

in its presence (Table 9). In addition, substitution by 

lithium shows that neither sodium nor potassium ions are 

specifically required for catecholamine stimulation of 

melanosome dispersion (Table 10 A). This lack of a sodium 

requirement for melanosome dispersion is further supported 

by the fact that ouabain failed to block catecholamine 

darkening of Anolis skins (Table 10 B), suggesting that 

melanosome dispersion mediated through the beta receptor 

is not manifested through a Na+: K+ stimulated "pump" 

mechanism. 

' Isoproterenol darkened Anolis skins in all the 

divalents tested except cadmium and zinc. These two ions 

blocked melanosome dispersion (Table 11 A), as they 
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Table 9. Response of Anolis carolinensis and Scaphiopus 
couchi skins to isoproterenol. 

Experimental Solution 
Decrease in 

Reflectance (%)a S.E.b PC 

A. Anolis carolinensis: 

Ringer (Control) 
Isotonic NaCl (120 mM) 
Isotonic NaCl + K+ (2 mM) 
Isotonic NaCl + Ca (1 mM) 

33 
42 
42 
38 

+ 1.55 
±1.35 
±2.46 
±1.73 

NS 
NS 
NS 

B. Scaphiopus couchi: 

Ringer (Control) 
Ca -free Ringer 

27 
35 

±2.25 
±2.47 NS 

This table includes two separate experiments, A 
(Anolis) and B (Scaphiopus), with a separate Ringer control 
for each. 

a. Values represent the maximal darkening responses 
within 60 minutes after addition of 1 x 10""5 m isoproterenol 
bitartrate. Each experimental group contained the skins of 
eight animals. 

b. S.E. = standard errors of the means. 

c. The differences between groups were evaluated 
with the Student's t test. NS = no significant difference 
at the p > 0.05 level between Ringer and the various groups. 
All these groups darkened equal to or better than the Ringer 
control with isoproterenol. 
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Table 10. The effect of lithium and ouabain on the re
sponse of Anolis skins to isoproterenol. 

Experimental Solution3 
Decrease 

Reflectance 
in X 
(%)b S.E.C Pd 

A. 

Ringer 
LiCl (120 mM) 
LiCl + Na+ (2 mM) 
LiCl + K+ (2 mM) 
LiCl + Ca (1 mM) 

30 
31 
32 
29 
31 

±2.96 
±1.50 
±3.16 
±1.55 
±3.09 

NS 
NS 
NS 
NS 

B. 

Ringer _ 
Ringer + Ouabain (10 M) 

30 
28 

±2.12 
±3.54 NS 

a. This table includes two separate experiments, 
A and B, with a separate Ringer control for each. In 
experiments A and B, all groups contained isoproterenol 
in addition to agents listed in the column. 

b. Values represent the maximal darkening response 
within 30 minutes after the addition of 1 x 10-^ M iso
proterenol bitartrate to the seven Anolis skins in each 
group in experiment A and the six Anolisskins in each 
group in experiment B. 

c. S.E. = standard errors of the means. 

d. The differences between groups were evaluated 
with the Student's t test. NS = no significant difference 
at the p > 0.05 level between Ringer control and the 
various groups. 
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Table 11. The effect of divalent cations and anions on the 
isoproterenol darkening response of Anolis skins. 

Decrease m b 

Experimental Solution Reflectance (%)a S.E. 

A. Divalents: 

NaCl + Ca^+(Control 39 +2.29 
NaCl + Ba2+ 37 ±2.10 
NaCl + Sr~+ 36 +3.37 
NaCl + Co^+ 34 +3.57 
NaCl + Mg^T 30 +4.19 
NaCl + Cd3 ±1.09 
NaCl + Zn 2 ±0.72 

B. Anions; 

Ringer 30 +2.67 
Bicarbonate Ringer 34 ±3.55 
Phosphate Ringer 40 ±2.74 
Sulfate Ringer 0 ±1.54 

a. Values represent the maximal darkening response 
within 30 minutes after the addition of isoproterenol 
(lxl0~5 M). Each experimental group contained the skins 
of eight Anolis carolinensis. 

b. S.E. = standard errors of the means. 



similarly had inhibited the response to MSH (Table 5). 

Substituting either the bicarbonate or phosphate anions 

for chlorine in Ringer permitted a normal darkening response 

with isoproterenol. Substitution of the sulfate ion, as 

before, inhibited melanosome dispersion (Table 11 B). 

Norepinephrine and other catecholamines have been 

shown (22) to lighten Anolis skins previously darkened by 

MSH. They do so by stimulation of the melanophore alpha 

adrenergic receptors (25). As for MSH, norepinephrine 

will reverse darkening as regulated through the beta 

adrenergic receptor. Norepinephrine reversal of isopro

terenol darkening is not dependent upon the presence of 

the calcium ion. This situation demonstrates the in

dependency of melanosome aggregation, as mediated through 

alpha adrenergic receptors, for this divalent cation 

(Table 12), The suggestion that melanosome aggregation 

2+ 
is not Ca -dependent had an earlier foundation (Figure 4) 

2+ 
in the observation that the substitution of a Ca -free 

Ringer solution containing MSH reverses the darkening of 

a normal Ringer solution containing MSH. 

Since isoproterenol will darken Anolis or Scaphiopus 

skins in the absence of calcium, this suggests the melano-

2+ . 
some dispersion per se is not Ca -dependent. This is 

borne out by the demonstration that either theophylline, 

a methylxanthine, or dibutyryl cyclic AMP (DcAMP) will 



Table 12. Comparison of isoproterenol darkening followed 
by norepinephrine lightening of Anolis skins. 

Experimental Decrease in Lightening 
Solution Treatment Reflectance (%) with NE 

Ringer None 1 + 0.50 1 + 1.82 

Ringer ISO 30 + 2.67 26 + 4.36 

Ca2+-Free Ringer None 0 + 1.47 2 + 0.90 

Ca2+-Free Ringer ISO 36 + 2.53 33 + 1.60 

a, b. Each value represents the maximal mean, 
reflectance change, ± standard errors, within 30 minutes 
after addition of 1 x 10"^ isoproterenol (ISO) bitartrate 
or 1 x 10~2 m norepinephrine (NE) to the eight Anolis skins 
comprising each experimental group. 

2+ 
darken Anolis skins in a Ca -free isotonic saline solution 

(Table 13 A). This is further substantiated (Table 13 B) 

2+ 
by the fact that certain other divalent cations (Ba , 

Be2+, Sr2+, and, to a limited extent Mg2+, but not Cd2+ 

2+ 
or Zn ), when substituted for calcium, will allow skin 

darkening. Melanosome dispersion has no specific monovalent 

cationic requirement since either cesium or lithium ion 

will replace the sodium ion and allow skin darkening (Table 

14). There is also limited darkening in isotonic sucrose, 

which contains no cations or anions (Table 14). Thus, 

although melanosome dispersion can be stimulated by either 
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Table 13. Comparison of darkening of Anolis skins with 
dibutyryl cyclic AMP or theophylline in the 
presence of various divalent cations. 

Experimental Solution 
Decrease in 

Reflectance (%) S.E. 

A. 

NaCl 
NaCl 
NaCl 
NaCl 

Ca + Theo. 
EDTA (5 mM) + Theo, 
Ca2+ + DcAMP 
EDTA + DcAMP 

58 
58 
52 
49 

±3.58 
+ 2.31 
+ 1.44 
+ 2.54 

B. Theophylline and Divalents: 

NaCl 
NaCl 
NaCl 
NaCl 
NaCl 
NaCl 
NaCl 

Ca2+ 
Ba?+ 
Be 
Sr 
Mg 
Cd 
Zn 

(Control) 

2+ 
2+ 
2+ 
2+ 
2+ 

55 
60 
59 
50 
35 
14 
4 

±1.86 
±3.31 
±1.74 
±3.74 
±3.44 
±2.42 
±1.32 

This table included two separate experiments, A and 
B, with a separate control (NaCl + Ca2+ + Theo.) for each. 
In experiment A, Theo. = theophylline and DcAMP = dibutyryl 
cyclic AMP. 

a. Values represent the maximal darkening response 
within 60 minutes after addition of 1 x 10""* M theophylline 
or 1 x 10 M dibutyryl cyclic AMP respectively to the skins 
of eight Anolis in each group-. 

b. S.E. = standard errors of the means. 
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Table 14. Darkening response to Anolis skins to theophyl
line in the presence of monovalents and sucrose. 

Experimental Solutiona 
Decrease in , 

Reflectance (%) S.E.C 

Ringer 59 +1.37 

Cesium Ringer 65 ±2.09 

Isotonic LiCl (120 mM) 60 ±1.49 

Isotonic Sucrose (240 mM) 36 ±1.64 

a. Cesium Ringer consisted of CsCl, 111 mM; KC1, 
2 mM; KHCO3, 2 mM; and CaCl2/ 1 mM. 

b. Each value represents the maximal mean darkening 
response within 30 minutes after addition of 1 x 10~2 
theophylline to the eight Anolis skins in each group. 

c. S.E. = standard errors of the means. 

MSH, methylxanthines (25), a catecholamine (isoproterenol), 

or dibutyryl cyclic AMP, only MSH requires the calcium ion 

for its mechanism of action. In addition, this cationic 

requirement is specific since a number of other divalent 

or monovalent cations may be substituted for the cations 

normally present within Ringer solution. 



Ionic Requirements for Melanophore Regulation 
in the Frog, Rana pipiens 

Rana pipiens has been used by many workers for 

studies on the hormonal regulation of vertebrate melano-

phores (26, 49, 58, 68). Previous studies on the ionic 

requirements for hormonal action in this frog have produced 

results different from the foregoing results on the lizard 

and toad. Therefore, the following experiments were done 

in an attempt to reconcile the work on the frog with the 

results on the lizard and the toad. 

The skins of Rana pipiens, unlike lizard and toad 

2+ 
skins, will respond to MSH in a Ca -free Ringer, or iso

tonic NaCl, or an equivalent amount of NaCl plus potassium 

(Table 15). These responses to MSH in calcium-free media 

are equal to the response of frog skins to MSH in isotonic 

NaCl plus calcium, or in Ringer solutions. Similar results 

have been obtained in a number of other experiments, in-

2+ 
eluding Ca "free Ringer solutions containing EDTA. 

Although these results might suggest an absence 

of a calcium requirement for MSH action in Rana pipiens, 

the question is left unanswered if there is a specific 

monovalent requirement as suggested by Novales et al. (47). 

Neither lithium nor choline Ringer solutions allow for MSH 

darkening of frog skins (Table 16). The blockade with 

lithium is irreversible since skins will not darken with 

MSH after being transferred back to normal Ringer. These 
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Table 15. Comparative in vitro response of Rana pipiens 
skins to MSH in various Ca2+~free solutions. 

Experimental Solution3 
Decrease in . 

Reflectance (%) S.E.C 
d 
P 

Ringer 
Ca2+-free Ringer 
NaCl (120 mM) 
NaCl + K+ (2 mM) 
NaCl + Ca2+ (1 mM) 

47 
54 
43 
45 
43 

±1.58 
±3.20 
+ 2.04 
±2.18 
±2.22 

NS 
NS 
NS 
NS 

2+ 
a. Ca -free Ringer consists of NaCl, 111 mM, 

NaHCC>3, 2 mM, and KC1, 2 mM. Normal Ringer has, in addi
tion, 1 mM of CaCl2- The sodium chloride solutions were 
all isotonic (120 mM), or contained, in addition, 2 mM 
KC1 or 1 mM CaCl2. 

b. Values represent the maximal darkening response, 
± standard errors of the means, within 60 minutes after the 
addition of 4x10"^ g/ml alpha-MSH to the 16 Rana pipiens 
skins (northern origin) in each group. 

c. S.E. = standard errors of the means. 

d. The difference between groups was evaluated with 
the Student's t test and found to be not significant, NS 
(p > 0.05). 



Table 16. Comparative response of Rana pipiens skins to 
MSH in choline or lithium substituted solutions. 

Experimental 
Solution3, 

Exp. 
Animal" 

Darkening of 
Skin in 

Solution Alonec 
Darkening in , 

Reflectance (%) 

Ringer N (8) ±1 ±1.19 46 ± 5.17 
S (8) ±1 ±1.66 64 ± 2.03 

Choline Ringer N (8) -2 ±2.48 6 ± 0.97 
S (8) +3 ±6.10 0 ± 4.97 

Lithium Ringer N (10) -1 ±1.87 1 ± 0.65 
S (7) +5 ±1.41 18 ± 3.82 

a. Lithium and choline Ringer consisted of 2 mM of 
KC1, 2 mM of KHCO3, and 1 mM of CaCl2 in each, plus 111 mM 
of LiCl in lithium Ringer and 111 mM of choline chloride in 
choline Ringer. 

b. The number of skins of the northern (N) and 
southern (S) varieties of Rana pipiens in each group is 
indicated by () . 

c. A minus (-) sign represents darkening of skins 
due to solution alone prior to addition of MSH. Plus (+) 
sign in front of the number indicates lightening above the 
initial base value prior to addition of MSH. All values 
are ± the standard errors of the means. 

d. Values represent the maximal darkening responses, 
± the standard errors of the means, within 90 minutes after 
the addition of 4x10"^ g/ml alpha-MSH. The darkening with 
MSH incorporates the lightened or darkened value of the 
solution alone (previous column) for each group. For 
example, the 18% change in reflectance with lithium Ringer 
is from a superlightened 105%, which darkens down to 87% 
(mean) on the percentage scale. 



same skins, however, are viable as they will respond 

maximally to theophylline in lithium Ringer (Table 17). 

The blockade of the MSH response by lithium, therefore, 

is a highly specific blockade. The theophylline darkening 

in sodium-free (lithium Ringer) solution suggests, in 

addition, that in frog skins, as in lizard and toad skins, 

melanosome movement per se has no specific monovalent 

requirement. 

As in lithium or choline solutions, there is no 

darkening response to MSH of Rana pipiens skins in either 

cesium or rubidium chloride isotonic solutions (Table 18). 

Frog skins incubated in cesium or rubidium isotonic chloride 

solutions and then transferred to normal Ringer, darken in 

response to MSH. These results provide some specificity 

for the irreversible blockade of MSH by lithium since only 

the lithium blockade to MSH action is irreversible. 

In potassium substituted solutions, an intrinsic 

dose response darkening due to the solutions alone is ob

served. Frog skins in potassium Ringer do not darken 

further with the addition of MSH. Not only do they not 

respond to MSH in K+-Ringer, but these frog skins never 

respond again to MSH when put back into normal Ringer. 

This is due to the fact that the melanophores are lysed 

as might be expected from Spaeth's work (61). , 
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Table 17. Comparative in vitro response of Rana pipiens 
skins to theophylline. 

Darkening of Skin, Decrease in 
Experimental Solutiona in Solution Alone Reflectance (%)c 

Ringer + Theophylline +3 ± 1.25 46 ± 2.23 

Lithium Ringer 
+ Theophylline +4 ± 0.62 52 ± 4.54 

— 3 a. Both groups contained 1 x 10 M theophylline. 
Lithium Ringer contained LiCl, 111 mM; KC1, 2 mM; KHCO3, 
2 mM; and CaCl2f 1 mM. 

b. Plus (+) sign indicates lightening in the solu
tions (Ringer and lithium Ringer) during the 1 hour pre
incubation prior to addition of theophylline. All values 
are ± the standard errors of the means. The subsequent 
darkening with theophylline incorporates the lightened 
number as seen in Table 16. 

c. Values represent the maximal darkening response, 
+ the standard errors of the means, within 60 minutes after 
the addition of theophylline to the skins of the eight 
Rana pipiens in each group. 
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Table 18, Comparative darkening response of Rana pipiens 
skins to MSH in rubidium or cesium isotonic 
solutions. 

Darkening of Skin Decrease in ̂  
Experimental Solution in Solution Alonea Reflectance (%) 

Ringer +1 ±1.57 61 + 1.78 

Rubidium Chloride 
(120 mM) +8 ±2.72 10 + 2.72 

Cesium Chloride 
(120 mM) +3 ±1.67 3 + 1.67 

a. Plus (+) sign in front of number indicates 
lightening. All values are ± the standard errors of the 
means. The subsequent darkening with MSH incorporates the 
lightened number as in Table 16. 

b. Values represent the maximal darkening responses, 
± the standard errors of the means, within 90 minutes after 
the addition of 4x10"^ g/ml alpha-MSH to the eight Rana 
(southern origin) skins in each group. 

The above experiments appear to support the hy

pothesis of Novales et al. (46, 47) that there is a sodium 

ion requirement for MSH action on Rana pipiens melanophores, 

but other experiments do not bear this out. If Rana skins 

are put into sucrose prior to the addition of MSH the results 

are quite different. In sucrose alone there is essentially 

no response to MSH (Table 19). If these skins which have 

been in sucrose for two hours are then washed in isotonic 
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Table 19. Response of Rana pipiens skins to MSH after 
pre-incubation in sucrose. 

Decrease in 
Darkening of Skins Reflectance 

Experimental Solution in Solution Alonea with MSHb 

Ringer -1 ±0.61 41 ± 2.05 

Isotonic NaCl (120 mM) +1 ±0.45 45 + 1.01 

Sucrose (240 mM) -8 ±1.60 13 + 1.70 

NaCl (after being in 
sucrose for 2 hours) -2 ±2.14 17 + 4.24 

Ringer (after being in 
sucrose for 2 hours) -9 ±4.77 43 + 4.70 

a. A minus (-) sign represents darkening of the 
skin prior to the addition of MSH. Plus (+) sign indicates 
lightening. In all groups the value is ± the standard 
errors of the means. The subsequent darkening with MSH 
incorporates the darkened or lightened number as in Table 16. 

b. Values represent the maximal darkening response, 
± standard errors of the means, within 60 minutes after the 
addition of 4xl0""9 g/ml alpha-MSH to the skins of the six 
Rana pipiens (northern) in each group. 
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NaCl for another hour followed by the addition of MSH, 

only a minimal darkening response is seen (Table 19). If, 

on the other hand, the skins are put into Ringer after being 

in sucrose there is a marked darkening response which is 

nearly equal to the responses of Rana skins to MSH in Ringer 

(which have not been pre-incubated in sucrose). This sug

gests that one of the other ions (K+ or Ca^+) in Ringer is 

necessary for MSH activity, and sodium, therefore, is not an 

"absolute" requirement for MSH action (47). 

The lack of a sodium requirement for MSH action 

+ + • 
suggests that a Na ; K pump is not involved xn the darkening 

response in Rana pipiens skins. This possibility was further 

tested with a number of cardiac glycosides, which are known 

inhibitors of the Na+: K+ stimulated ATPase of this pump. 

Ouabain, strophanthin K, and digitoxin did not inhibit the 

response of Rana pipiens skins to MSH (Table 20). Thus, 

indicating that no "pump" mechanism is operative in Rana 

skins response to MSH. 

Novales et al. (46, 48) have suggested that MSH 

may be producing melanin granule dispersion by bringing 

about the entrance of water into the melanophore. He 

based this hypothesis on an observed darkening effect of 

frog skins in hypotonic Ringer, and the inhibition of the 

response to MSH in hypertonic media, in which he expected 

the movement of water would be inhibited. To confirm his 
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Table 20. The effect of Na+: K+ ATPase inhibitors on MSH 
response of Rana pipiens skins. 

Experimental Solution 
Decrease in 

Reflectance (%)a 
_ _ b 
S.E. 

A. Northern Rana pipiens: 

Control 47 ±2.69 
Ouabain (10 M) 45 ±3.67 
Strophanthin K (10~^ M) 45 ±3.07 
Digitoxin (10~4 M) 49 ±3.33 

B. Southern Rana pipiens: 

Control . 58 ±1.04 
Ouabain (10"" M) 56 ±2.12 

This table includes two separate experiments, A and 
B, with a separate control (Ringer) for each. All other 
groups in this table consisted of Ringer plus one of the 
specific cardiac glycosides. Experiment A consisted of 
the skins of 16 northern Rana in each group. In experiment 
B there were 16 southern Rana skins in each group. 

a. Values represent the maximal darkening response 
within 60 minutes after the addition of 4xlO""9 g/ml alpha-
MSH to these skins. No response was significantly different 
from any of the other responses. 

b. S.E. = the standard errors of the means. 
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results, experiments were designed to study the response 

of frog skins to MSH in distilled water or hypotonic Ringer 

solutions such as 0.1 Ringer, 0.2 Ringer, etc. (Tables 21, 

22). There was darkening of Rana skins in distilled water 

without MSH and there was a direct negative relationship 

between the response of skins to MSH and the hypotonicity 

of the solutions (Table 21). Similar results were obtained 

for Anolis skins (Table 22). Upon examination of the skins 

under the light microscope, the melanophores were seen to 

be swollen and lysed. The degree of lysis was proportional 

to the hypotonicity of the media. 
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Table 21. Response of Rana pipiens skins to MSH in 
hypotonic Ringer solutions. 

Experimental 
Solution 

Decrease in 
Reflectance (%) S.E.b 

Ringer 62 ±2.73 

0.8 Ringer 58 ±1.80 

0.6 Ringer 53 ±2.34 

0.4 Ringer 42 ±4.54 

0.3 Ringer 30 ±2.78 

0.2 Ringer 13 ±3.45 

0.1 Ringer 0 ±1.29 

Distilled Water 0 ±0.65 

a. Values represent the maximal darkening response 
within 60 minutes after the addition of 4xl0"9 g/ml alpha-
MSH to the eight Rana pipiens in each group. 

b. S.E. = standard errors of the means. 
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Table 22. Response of Anolis skins to MSH in hypotonic 
Ringer solutions. 

Experimental 
Solution Na 

Decrease in . 
Reflectance (%) S.E. C 

Ringer 40 46 ±1.70 

0.9 Ringer 16 43 + 1.98 

0.8 Ringer 24 47 ±1.10 

0.7 Ringer 16 40 ±1.42 

0.6 Ringer 24 40 ±1.64 

0.5 Ringer 16 29 ±1.86 

0.4 Ringer 24 15 ±2.35 

0.3 Ringer 16 1 ±1.25 

0.2 Ringer 24 1 ±0.83 

0.1 Ringer 24 1 ±0.65 

Distilled Water 24 1 ±0.47 

a. N = number of Anolis carolinensis skins in 
each group. 

b. Values represent the maximal darkening response, 
within 60 minutes after addition of 4x10"^ g/ml alpha-MSH 
to the skins in each group. 

c. S.E. = standard errors of the means. 



DISCUSSION 

The present results clearly demonstrate that there 

is a calcium requirement for MSH action on the melano-

phores of Anolis carolinensis and Scaphiopus couchi. This 

study also shows that the sodium ion is not specifically 

2+ 
required in addition to the Ca ion for melanophore-

stimulating hormone (MSH) action since lithium, choline, 

rubidium, or cesium can replace sodium in allowing the 

melanophore response to MSH if calcium is present. There 

is no darkening with sodium alone as there is with high 

concentrations (120 mM) of calcium, which mimics the 

action of MSH by dispersing melanosomes and darkening 

Anolis skin. Barium, beryllium, and strontium could re-

2+ 
place Ca and permit melanosome dispersion in response 

to MSH, but since these divalent ions are generally un

available under normal conditions they are obviously of 

limited significance in the normal physiology of the 

pigment cell. 

The specific ionic requirements for MSH regulation 

of Rana pipiens melanophores are not as clear. Pre

incubation in sucrose shows that there is more than a 

sodium requirement for MSH darkening of frog melanophores. 

+ + 
Calcium also appears to be necessary. The fact that Na : 
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ATPase inhibitors (ouabain, digoxin and strophanthin K) do 

not block the MSH response in Rana or the other species 

tested strongly suggests that there is no sodium pump 

involved in MSH action. 

The calcium ion is now generally considered to be 

the final activator of contraction in contractile systems 

under physiological conditions. In 1883, Ringer (56) dis

covered that an isolated frog heart required calcium to 

maintain its excitability. If calcium was omitted from the 

bathing solution, the heart stopped beating, but mechanical 

activity was restored by re-addition of calcium ions. Ex

periments by Heilbrunn and Wiercinski (29) demonstrated 

that of the physiologically occurring cations only calcium 

initiated a contraction when injected into isolated muscle 

fiber. By some unknown action at the cell surface calcium 

controls cellular permeability to certain ions (42, 44, 55) 

and the excitability of nervous tissue (11, 14, 57). Cal

cium also affects metabolism (11, 36) within the cell, and 

alters physiochemical properties of cytoplasm (2 8). With 

this knowledge of the effect of this divalent cation on a 

variety of cellular processes and the knowledge that melano

cytes are derived from the neural crest and in many respects 

resemble nerve cells, it is easy to see why a number of 

investigators began to investigate the ionic requirements 

for the control of the pigment' cell. 
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Novales has suggested MSH produces melanosome dis

persion by bringing about the entrance of water into the 

melanophore (46) . He based this hypothesis on his observa

tion of a darkening effect of frog skins in hypotonic 

Ringer and the inhibition of the melanophore response to 

MSH in hypertonic media. From this observation he reasoned 

the movement of water into the melanophore would be ex

pected to be inhibited. 

Since Harris (27) had indicated that water moves 

into mammalian kidney slices as a consequence of the ac

cumulation therein of Na+, Novales (46) decided to test 

whether MSH might not similarly produce its effect by 

bringing about an accumulation of Na+ in the melanophore. 

He replaced the Na+ of Ringer by other cations to determine 

the effect, if any, on the response of melanophores to 

MSH. After testing a number of ions in the frog, Rana 

pipiens, and the lizard, Anolis carolinensis, Novales 

concluded that there was an "absolute" sodium requirement 

for MSH. 

Dikstein, Weller and Sulman (15), on the other 

hand, using the tree frog, Hyla arborea, and isotonic 

solutions of calcium and sucrose, reported that 10 mM 

2+ 
Ca acted as a darkening agent by itself or xn support 

of action of melanophore-stimulating hormone. Higher con

centrations caused lightening or inhibition of MSH. They 
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postulated that calcium might be an intracellular coupling 

agent between MSH stimulation and melanophore dispersion. 

The data on the toad and lizard is supported by the 

work of Fingerman (18) on the Crustacean melanophore. 

Utilizing isolated pieces of exoskeleton of the Crustacean, 

Palaemetes vulgaris, he has shown that the red pigment 

dispersing hormone requires calcium. 

The present data may provide some information on 

the possible mechanism by which MSH produces melanin dis

persion. Many lines of evidence indicate that cyclic 

adenosine 3', 5'-monophosphate (cyclic AMP) may play a 

significant role in the regulation of melanosome movements 

in melanophores by hormones. Abe et al, (1) have shown 

that MSH stimulates an increase in cyclic-AMP within dorsal 

frog (Rana pipiens) skin. This intracellular second mes

senger (65) or its dibutyryl derivative darkens frog (4, 9, 

49, 50) and lizard (24, 25) skins directly, suggesting that 

this nucleotide plays a normal role in melanophore regula-

2+ 
txon. The role of Ca in this mechanism was investigated 

2+ 
because of the widespread occurrence of both Ca and 3', 

5'-AMP as a coupling factor between cell excitation and 

response. In nearly all systems, excitation of the cell 

is followed by a rise in cyclic 3', 5'-AMP. Also in nearly 

all systems, this is accompanied by an increased uptake of 

calcium into the cell or an absolute requirement for calcium 
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in the external medium, or both in order for the normal 

response to be observed (52). Rasmussen and Tenenhouse 

(52) have further suggested that 3', 5'-AMP may function as 

a regulator of the permeability of cellular membranes to 

2+ 
Ca or of the binding of this ion to membranes. 

The enzyme responsible for cyclic AMP synthesis, 

adenyl cyclase, is bound to the plasma membrane of nearly 

all animal cells, whereas the enzyme responsible for its 

degradation, phosphodiesterase, is usually located in the 

cytoplasm (51) (except in the brain where part of the 

diesterase is membrane bound). It is not known through 

what receptor mechanisms MSH and other peptide hormones 

increase (or decrease) cyclic AMP levels but it is clear 

from the present studies on Anolis carolinensis and 

Scaphiopus couchi that the calcium ion is a requisite for 

MSH action on melanophores. A similar calcium requirement 

for ACTH action upon fat cell ghost adenyl cyclase (6, 34, 

41) and the adenyl cyclase in bovine adrenal membrane 

fractions (6) has recently been established. Thus, MSH 

may possibly act by stimulation of adenyl cyclase activity, 

or as suggested elsewhere (21, 22), by an inhibition of 

cyclic phosphodiesterase activity. It would appear that 

2+ 
the Ca ion is not required for cyclic AMP stimulated 

melanosome dispersion per se (see below). If, indeed, 

MSH stimulation of melanosome dispersion does involve 
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stimulation of adenyl cyclase, then the requirement for 

calcium is an early one and lies between the MSH receptor 

and adenyl cyclase. The similarity in structure of these 

two peptide hormones (MSH and ACTH) might suggest a similar 

mechanism of action. 

Rasmussen and Tenenhouse (52) have postulated the 

existence of membranal ATP-Ca^+ complexes: activation of 

the membranal adenyl cyclase would lead to formation of 

cyclic AMP, the release of calcium and changes in membrane 

structure relevant to membrane function. They further 

point out that Ca^+, rather than cyclic AMP, may be the 

ultimate effector for certain regulator sequences. From 

the results of the present investigation, it appears, 

however, that the calcium role is related to regulating 

cyclic AMP levels but not (as in the case for muscle) to 

any biochemical events that control intracellular melano-

some movements. 

The present results also demonstrate that although 

?4- 2 + 
there is a Ca requirement for MSH action, the Ca ion 

is not required for melanosome dispersion per se, since 

2+ 
theophylline darkens lizard, frog, and toad skins in Ca -

free isotonic (120 mM) sucrose. Theophylline, a methyl-

xanthine, apparently exerts this action by increasing 

intracellular levels of cyclic AMP through' inhibition of 

cyclic AMP phosphodiesterase (12, 63). As seen in the 
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present results, theophylline or dibutyryl cyclic AMP will 

reversibly darken Anolis skin even when calcium is removed 

and EDTA (5 mM) is added; thus ruling out the possibility 

that these agents mediate their actions by releasing Ca 

from bound intracellular pools. 

Catecholamines as well as melanophore-stimulating 

hormone darken Anolis skins by dispersing melanosomes 

within the dendritic process of dermal melanophores. 

However, the receptors through which these structurally-

different hormones stimulate melanosome dispersion are 

separate as demonstrated by the preferential blockade of 

one receptor while the functional integrity of the other 

receptor is maintained (22). Catecholamines disperse 

melanosomes through stimulation of the beta adrenergic 

receptors (53), whereas MSH interacts with and disperses 

melanosomes through a different, but as yet undefined 

receptor. The lightening of skins, resulting from melano

some aggregation, is controlled through catecholamine 

stimulation of alpha adrenergic receptors (19). 

Bitenskey, Russel and Robertson (10) have suggested 

that the rat liver has two separate adenyl cyclase systems: 

one system stimulated by epinephrine and the other by 

glucagon. Others (17, 35, 62, 66), from studies on lipolysis 

of fat cells, have suggested that different receptors or 

sites of action exist for catecholamines and ACTH. As the 



present results indicate, calcium ion is not obligatory 

for melanosome dispersion in response to isoproterenol, 

a beta adrenergic agonist, for skins darken as readily 

(possibly better) in its absence as in its presence. Sub

stitution by monovalent cations lithium, choline, or cesium 

for Na+ and K+ indicates that Na+ or K+ are not specifically 

required either for catecholamine stimulation of melano

some dispersion or aggregation in Anolis or Scaphiopus. 

This difference in ionic requirements between the beta 

adrenergic receptor and MSH is thus further evidenced for 

separate receptors in melanophores. Norepinephrine re

versal of isoproterenol darkening is also not dependent 

upon the calcium ion, which might be expected from the ob

servation that lizard skins darkened by MSH will lighten 

2+ 
faster in Ca -free Ringer than in normal Ringer (31). 

Similar results were obtained with the leopard 

frog, Rana pipiens, except in this case the lithium ion 

appears to be inhibitory to MSH darkening. Wolff, Berens 

and Jones (67) have found that lithium inhibits thyroid 

stimulating hormone (TSH) stimulation of adenyl cyclase 

activity in beef thyroid membranes. Birnbaumer, Pohl 

and Rodbell (7) have found that lithium partially inhibits 

the ACTH stimulation of adenyl cyclase of fat cell ghosts. 

Lithium may very well be working through a similar adenyl 

cyclase inhibition in the case of Rana pipiens melanophores. 
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This inhibitory Li+ blockade of the MSH stimulated response 

appears to be irreversible. 

According to the classic definition, hormones are 

substances that are secreted by certain tissues and are 

carried by the circulation to other tissues where they 

mediate their effects. Only in very recent years has 

progress been made in understanding how hormones exert 

their effects on target tissues. It is now clear that 

one mechanism through which a hormone can act is to stimu

late or inhibit the formation of cyclic AMP within a target 

cell; cyclic AMP then acts within the cell to continue the 

effects familiarly attributed to the hormone. The following 

diagramatic representations (models) are provided (Fig

ures 7, 8, 9,10) as possible mechanisms of action of 

hormones at the cellular level. These models are based 

on the mechanism of action of various hormones on Anolis 

melanophores utilizing the Sutherland (64) first messenger 

(hormone)-second messenger (cyclic-3*, 5'-AMP) hypothesis. 

In these models, there are a number of first mes

sengers that function as darkening agents by dispersing 

melanosomes within the melanophores under the influence 

of the second messenger (cyclic AMP). These first mes

sengers are; 

1. MSH, ACTH (polypeptides) 
2. catecholamines 
3. methylxanthines (theophylline, caffeine) 
4. dibutyryl cyclic AMP 
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A. SCHEMATIC DIAGRAM ILLUSTRATING 
THE ENZYME-SUBSTRATE COMPLEX 
MODIFIED TO THE MELANOPHORE SYSTEM. 

c 
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B. SEQUENTIAL BINDING OF CALCIUM AND MSH 
TO THE MSH RECEPTOR IN ADENYL CYCLASE. 

ATP 

CYCLIC 3', 5-J 
CYCLIC 3',S'-AMP 

PHOSPHODIESTERASE 
S'AMP 

Figure 7. Calcium and MSH interaction with adenyl 
cyclase. 
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Figure 8. The allosteric control of a mobile 
transport carrier for MSH in the membrane by the calcium 
concentration differences on the two sides of the membrane. 

With high calcium concentrations on the outside of the mem
brane, the affinity for the MSH molecule by the mobile 
carrier increases. On the intracellular side, with lower 
calcium concentrations the binding affinity for the MSH 
molecule decreases and MSH is released from the carrier 
molecule. 
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As discussed previously, at least three separate receptors 

are implicated in melanophore control in the lizard. In 

these animals the ionic requirement for the MSH receptor 

is different from that of the alpha and beta adrenergic 

receptors. In general, the important factors in the melano

phore models based on Anolis carolinensis are: 

1. There is a calcium requirement for MSH action. 
2. Calcium is hormone mimetic. 
3. There is a dose response relationship of cal

cium to MSH action. 
4. Calcium is needed for MSH action, but MSH 

is not necessary for the calcium hormone 
mimetic action; therefore, calcium may 
be distal to the MSH receptor in this 
system. 

The mechanism of hormonal activation is generally 

assumed to involve an allosteric interaction between the 

hormone and either the adenyl cyclase or a component of the 

membrane with which it is associated (32) . The models in 

Figure 7 are based on the assumption that the receptor 

sites for first messenger hormones which stimulate adenyl 

cyclase are a part of the enzyme adenyl cyclase itself. 

This model assumes only one adenyl cyclase since Rodbell 

and his collaborators (8, 54) and Bar and Hechter (5) have 

shown that only one adenyl cyclase exists in fat-cell 

ghosts. The binding of MSH with adenyl cyclase could be 

envisioned to be similar to the enzyme-substrate complex 

model of McElroy (43) with MSH substituting for the sub-

2+ 
strate and Ca acting as the coenzyme (Figure 7 A). 
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Either this or, more likely, a sequential binding in the 

?4-
MSH receptor where the coenzyme (Ca ) would bind first 

and allow some darkening, but, more importantly, would be 

necessary for MSH binding to the receptor site (Figure 7 B). 

By this method the inactive adenyl cyclase could be con

verted to an active form which forms cyclic AMP from ATP, 

Catecholamines could activate this same adenyl cyclase 

via another receptor site, the beta receptor (Figure 7 B). 

The methylxanthines in this model illustrate inhibition of 

the cyclic-31, 5'-AMP phosphodiesterase without any ex

ternal calcium being necessary. However, in cardiac muscle 

it has been found that methylxanthines increase resting 

2+ 2+ 
Ca exchange (44) and release of bound Ca from intra

cellular stores (45). 

An alternate model could be postulated if one 

assumes that a mobile transport carrier is necessary to 

transport the MSH from the outside of the cell to the in

side where it would stimulate the adenyl cyclase (Figure 8). 

In this model, calcium exerts a control on the transport 

carrier rather than combining with adenyl cyclase. Thus, 

if such a carrier existed, both MSH and the catecholamines 

could conceivably combine with the same receptor site to 

cause activation of the adenyl cyclase and produce melano-

phore dispersion. The difference here is that the cate

cholamines could freely enter the cell to stimulate the 
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adenyl cyclase, while the MSH molecule is carried into the 

cell by a mobile transport carrier. Calcium could control 

this mobile transport carrier by means of aliosteric sties 

on the transport carrier (Figure 8). Thus, when the con

centration of calcium outside the cell is high, the cal

cium ion combines with its allosteric receptor site, which 

in turn activates the carrier molecule so that it has a 

high affinity for MSH and MSH can be taken up into its 

receptor site on the carrier molecule. Once inside the 

cell where the calcium concentration is lower, the calcium 

ion moves out of its receptor site (with another ion 

possibly moving into this site). With calcium absent now 

from its allosteric control site, the affinity of the 

carrier molecule for MSH would decrease and MSH would be 

released into the interior of the cell, where it could 

stimulate the adenyl cyclase. The same mechanism of a 

carrier molecule for MSH could exist whether there is one 

or more receptor sites leading to adenyl cyclase stimula

tion. The "one receptor site only" example was chosen to 

illustrate how two different hormones (one with an ionic 

requirement and the other without an ionic requirement) 

could conceivably still stimulate the same receptor inside 

the cell. 

A third alternate is that the receptors are separate 

from the adenyl cyclase and located at the outer surface 
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of the plasma membrane of the melanophore. Bar and Hechter 

(5) and Rodbell and Birnhaumer (8) using fat cell ghosts 

have shown in their system that there is only one adenyl 

cyclase and its stimulation by different agents is mediated 

by specific receptors at the outer surface of the plasma 

membrane. For the Anolis melanophore such a model would 

entail three separate plasma membrane receptors, i.e., 

(1) the MSH receptor, (2) the beta and (3) alpha adrenergic 

receptors (Figure 9). The calcium in the model may be 

binding with MSH receptor as in Figure 7 B, or at a step 

between the MSH receptor and the adenyl cyclase, or both. 

This model would be analogous to the "excitation-secretion 

coupling" mechanism proposed for muscle. In the present 

model, the MSH combining with its receptor (in the presence 

2+ 
of extracellular Ca ) causes the MSH receptor to become 

activated which, in turn, causes the release of bound 

intracellular pools of calcium. This release stimulates 

adenyl cyclase to produce cyclic-3', 5'-AMP for ATP. MSH, 

on the other hand, may simply facilitate Ca^+ diffusion 

into the cell where the calcium could stimulate, the adenyl 

cyclase with the same result. 

The alpha adrenergic receptor which mediates melano-

some aggregation (lightening) appears to have no specific 

ionic requirement and in all these models is assumed to 

work via one of two mechanisms: (1) through inhibition of 
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adenyl cyclase (Figure 10), thus preventing formation of 

cyclic-3', 5'-AMP, as suggested by Abe et al. (1) or 

(2) by stimulating phosphodiesterase the break cyclic AMP 

down faster (19) as in Figure 9. The methylxanthine 

darkening in all models is shown as working through in

hibition of phosphodiesterase (which degrades cyclic AMP), 

thereby increasing intracellular levels of cyclic AMP 

(12, 63). 

Bitensky, Russel and Robertson (10) have suggested 

that in the liver two separate adenyl cyclase systems 

exist: one system stimulated by glucagon and the other by 

adrenaline. A fourth alternate to the melanophore model 

would, thus, be one involving two adenyl cyclases (Figure 

10). One of the adenyl cyclases would be stimulated by the 

MSH receptor while the other one would conceivably be 

stimulated by catecholamines via the beta receptor. Both 

adenyl cyclases would produce cyclic-3', 5'-AMP and, thus, 

cause melanophore dispersion. The rest of this model is 

similar to the one in Figure 9. At the present time, 

all of these models may be partially or wholly at work; 

From the data presented to date from the melanophore sys

tem and other system, the model in Figure 9 appears the 

most tenable for Anolis melanophores. In considering a 

model for frpg (Rana pipiens) melanophores, blockade of 

the MSH receptor by lithium ion would have to be added. 
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Thus, to establish the "definitive" melanophore 

model, future studies will have to reveal whether the MSH 

receptor is on the enzyme adenyl cyclase, or whether this 

receptor is a part of the plasma membrane or some other 

part of the cell. The exact location of the alpha and beta 

receptors also remains to be established. The elucidation 

of where calcium is required in the MSH stimulated darkening 

of melanophores may be somewhat easier once the location 

of the MSH receptor is determined. This knowledge plus 

45  
labeling experiments with Ca will probably define where 

calcium is acting, but how calcium acts in melanosome 

movements will require more refined microtechniques. 

Future studies are also needed to determine the 

role of cyclic AMP in melanosome movements and in melano-

genesis. One would like to know if calcium regulates the 

permeability of other ions in the melanophore, and if a 

calcium "carrier" system exists in the melanophore. Ul

timately, the question of whether or not ubiquitous cal

cium and ubiquitous cyclic AMP are linked in all cells 

needs to be determined together with the question of their 

precise interrelationship in the functioning of cellular 

processes. 
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