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I. INTRODUCTION

Control of skin pigmentation entered the realm of pituitary endocrinology in

1916 when Allen (2) and Smith (110) independently found that hypophysecto-

mized tadpoles become light in color and finally turn a transparent silvery gray.

Later it was shown that such animals darken rapidly after injection with extracts

of bovine pituitary intermediate lobe or merely on swimming in solutions con-

taining this material (4). The active principle has been termed melanocyte-stimu-

lating hormone, i\1SH, melanotropin, intermedin, chromatophore-stimulating

hormone, and chromotropin. In conformity with general biochemical usage the

names melanocyte-stimulating hormone, melanotropin, or MSH will be used

interchangeably in this review of the biochemistry of melanotropic agents.

II. BIOASSAY

The action of a variety of agents in darkening pigment cells of the skin of

frogs, fish, or lizards in vitro or in vivo forms the basis for quantitative bioassay.

A. Assay in vivo

MSH is assayed by a microscopic examination of melanocytes in interdigital

webs after injection of active material into the dorsal lymph sac of hypophysecto-

mized frogs (65). The amount of agent required to disperse the pigment granules

can be measured quantitatively by comparison with the Hogben index (Fig. 1),

which defines standard levels of dispersion. The index illustrates the appearance

of a typical melanocyte as it passes from the resting state t.o the fully stimulated

state, in which the melanin granules are completely dispersed. Light skin cor-

responds to Stage 1 and fully darkened skin to Stage 5. Contrary to appearances,

the phenomenon is not literally one of expansion and contraction, although it is

conveniently described by these terms, but rather a movement of melanin gran-

ules from about nuclei into cytoplasmic processes making them visible (83).

B. Assay in vitro

A widely employed assay for MSH in vitro measures photometrically the de-

crease in reflectance, i.e., darkening, of unit areas of frog skin bathed in a buffer

solution (78). Statistically, this assay is more accurate than assay in vivo since

each measurement is the sum of the response of a large number of melanocytes;

however, the assay in vivo more closely approximates physiological conditions.
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FIG. 1. The Hogben index. Frog skin melanocytes in Stage 1 contain melanin granules

aggregated about the nucleus. In Stage 5 the granules are fully dispersed throughout the

cellular processes. (From Snell, R. and Kulovich, S J. invest. Derm., 1966, in pres�, with

permission of authors and Williams & Wilkins Co., Publ.)

Burgers (10) described an assay with the isolated skin of A no! is caroiensis. In this

animal melanocytes are equally distributed over the entire dorsal area and as

many as SO usable portions can be obtained from a single skin; a frog yields

only 4.

C. Irnmunocheniicai assay

It has not been possible to demonstrate the production of specific antibodies

to a-MSH, but when this peptide is coupled to rabbit serum albumin (RSA) by a

carbodiimide reagent, an antiserum specific for the MSH-RSA conjugate can

be developed (84). This technique also has been used to form antibodies to angio-

tensin- and hradykinin-RSA conjugates (35). Antibodies are detected by comple-

ment fixation (122). Specificity is assessed by measuring the extent of cross reac-
tion with other peptide-RSA complexes and by the hapten inhibition of

complement fixation by free peptides, in this case, a- and �-MSH and cortico-

tropin (ACTH). Anti-a-MSH-RSA does not cross-react with �-MSH or ACTH

but can neutralize the effect of a-MSH on frog skin in vitro. Therefore, this tech-

nique can be usefully applied toward enhancing the specificity of assay in vitro.

D. Assay of lightening activity

Several agents that lighten melanocytes are known and will be discussed in

Section IV. The development of a quantitative assay for the lightening phe-

nomenon (78) led to the isolation of melatonin, a highly potent I\ISH inhibitor

found in the pineal gland and nerve tissue (71).

Maximally darkened skin cannot be stimulated to revert completely to its

original light state, possibly because of a difference in the response of dermal and

epidermal melanocytes to lightening agents (85). While both types darken rapidly
with I\ISH and lighten when i\ISH is washed away, only the dermal cells respond

to lightening agents such as melatonin, acetylcholine, or norepinephrine. The

epidermal melanocytes of frogs appear strikingly similar to mammalian pigment

cells in morphology and in physiologic characteristics as well (85). For example,

long-term administration of melatonin lightens neither the melanocytes of guinea

pigs (115) nor epidermal melanocytes of frogs. The mode of response of frog

epidermal melanocytes appears to lie between that of typical submammalian

and mammalian melanocytes and is, therefore, worthy of special study.
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III. BIOCHEMISTRY OF MELANOTROPIC PEPTI I)ES

A . Naturally o�cuiring pep! ides

1 . Isolation procedures. The first stages in the isolation of pituitary melano-

tropins are similar to those used in the purification of ACTH (14): acid extrac-

tion of defatted glands followed by adsorption of the acid extract on oxycellulose.

Countercurrent distribution and zone electrophoresis of the oxycel-adsorbate

provide homogeneous preparations. The original experiments yielded only very

small quantities of pure material, but improved methods for the preparative

isolation of melanotropic peptides, as well as other peptides, have become availa-

ble. A gram of �3-MSH was obtained from an oxycellulose concentrate of porcine

pituitary extracts by a combination of gradient elution on carboxymethyl cellu-

lose (CM C) and diethylaminoethyl cellulose (99); in the same series of experi-

ments, a-MSH was separated from lysine vasopressin by countercurrent dis-

tribution. About a gram of a-MSH was also isolated from a defatted posterior

pituitary preparation of bovine origin (101). In this case, a-MSH was separated

easily from vasopressin by ion exchange chromatography since the bovine presser

hormone contains arginine, not lysine. It is noteworthy that large amounts of

a-MSH are present in the neurohypophysis.

On an even larger preparative scale, the first stages in the fractionation of ex-
tracts from about 7 million pituitary glands have been reported (63). Chroma-

tography on Ci\1C followed by gel filtration on Sephadex G-25 revealed the

presence of a large number of peptides, many still inhomogeneous. The purpose

of these experiments is to isolate and characterize many of the peptides as well as

to obtain large quantities of homogeneous a- and �-1\lSH for clinical studies in

man. New peptides isolated in these experiments are available to other invest i-

gators for biological studies.

A generally held belief is that the pituitary gland produces several distinct

peptide hormones that regulate specific metabolic processes. We know that some

amino-acid sequences in a- and f3-2s ISIT and ACTH overlap. Hence, it would not

be surprising if the many peptides in the anterior and intermediate lobes of the

pituitary contained similar sequences. That is, growth hormone and thyroid-

stimulating hormone may possess large segments identical to those found in the

hormones with structures already known. In addition, all these peptides may

have an effect on all cells in the body. In some cells the activity may be pro-

nounced; in others it may be very small but not zero. The study just described

may help to clarify this issue.

2. Structure of MSH peptides. The first homogeneous melanotropic hormone,

a-I\ISH, a basic acetyl tridecapeptide amide, was described in 1955 (74); the

sequential structure of a-MSH was reported 2 years later (39) followed by proof

of structure by synthesis (51, 106). An a-rnelanotropin has also been found in the

pituitary glands of frogs (11), cattle (32, 33), horses (16), and monkeys (OS)

(Table 1).

During this period �3-�lSH, a second, highly active pituitary peptide, was

isolated and characterized. �-Melanotropins from hypophyses of pigs (29, 40),
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TABLE 1

The structure of the naturally-occurring melar&otropinsa

a Abbreviations are as follows: Asp = aspartic acid; Arg = arginine; Glu = glutamic

acid; Gly = glycine; His = histidine; Lys = lysine; Phe = phenylalanine; Pro = proline;
Ser = serine; Trp = tryptophan; Tyr = tryosine; Val = valine. In any column, a blank
space indicates that the residue is the same as that above it. A capital “H” to the left of a
sequence indicates the amino terminus; an “OH” to the right is the carboxyl terminus of

the peptide. Within the heavy lines are enclosed sequences that ACTH and a- and j9-MSH
hold in common. Shaded areas indicate the positions of variation of the $-melanotropins
from porcine $-MSH.

cattle (30, 31), horses (17), monkeys (68), and man (15, 38) have been described.

Pituitaries of sheep contain $-MSH of both the bovine and porcine types (28).

Extracts of single ovine glands on electrophoresis can be resolved into three com-

ponents with �vISH activity with mobilities identical to those of standard samples

of a-MSH, fl-(beef)-1\ISH, and �3-(pig)-MSH. The melanocyte-stimulating hor-

mones of deer, lizards, and codfish have also been studied (11). The total synthe-

sis of porcine $-MSH was described in 1963 (107).

A comparison of the structures of ACTH and a- and $-melanotropins (Table 1)

discloses that the first and second hormones contain identical amino terminal

tridecapeptide sequences while all three share the heptapeptide sequence -Met-

Glu-His-Phe-Arg-Try-GIy-. This common core is considered to be the portion of

the molecule directly responsible for eliciting the melanocytic response, and its

presence in the corticotropin structure accounts for the 1\ISH activity of this

peptide.

B. Synthetic peptides: analogues of a-MSH

There are many reasons for preparing peptide hormones synthetically. Only

when the physical, chemical, and biological properties of a natural and a synthetic

product are identical can the proposed structure of the former be considered

proved. When a synthetic product exhibits the expected biologic activity, the

possibility is eliminated that traces of a potent contaminant were responsible for

the effect of the natural product. The question of possible contamination also

arises when a natural product exhibits more than one pharmacologic effect.

Furthermore, synthesis makes available peptide subunits or other desired ana-



MELANOTROPIC AGENTS 5

TABLE 2

Structure-activity relationships of synthetic a-MSH analogues”

1 0 3 4 5 6 7 8 9 10 11 12 13

H-Sec - Tyr -Sec-Met- G1� His -Phe -Arg -Trp - Gly - Lys - Po -Val- OH

(a-MSH) Ac - - - _________________ - - - - ___________ - - NH2(Z X 1010)

I. H- - -OH) x104)
II. H- - - - - OH)3x104)

I NH0
III. N V - - - - OH (2 a 10�)
UI.a H I - - - - OH(2s105)

________ - - - - OH(2x105)

V. H- - _________ - - - - OH)3x105)
VI. H- - - ____________ - - - - OH (7 a 10�)

VILH--- -- 0H(3x106)
VJILAc--- -- ______ - ---OH(4x106)

IX. - - - ________ - - OH (C

xlO )

�x105(

NH2 (2 a 10�)

NH2 (2 a 1010)
NH2 (2 x 10!)

X

XI.

XII.

XIII...
,NH2

- -

.NO2

f
�j,F

_________ 1,F
XW.Ac- - - -But- - - _______

NH
XV. Ac- - - - ________ - -

XVI. H- - - - - - - - I
XVII. H� - -D--- OHS a 10�)
XVIII H- - -D OH(lx 1O�)

XIX. H- -D OH(3x 10�)

XX. H-P ) OH )inhib)

XXI. H-D-D-D-D- OH (inhib)

Xxii. H� Cit OH (inhib)

a Abbreviations are as follows (see Table 1): Ac = acetyl; But = l-a-aminobutyric acid;

F = formyl; NO, = nitro-l-arginine; Cit = l-citrulline; D = dextro configuration. Vertical

lines indicate the amino acid residues at the top of the columns. Horizontal lines indicate
the length of the MSH-analogue: each vertical line crossed by a horizontal stands for an

amino acid included in the sequence. On the horizontal, secondary lines are attached to the
right of those residues containing w-blocked groups. The numbers to the right express the
number of international units of melanotropic activity in vitro per gram of compound.

logues containing unnatural amino acids. Such analogues may be useful in cor-

relating the chemical structure of a hormone with its function or specific activity.

Finally, production of synthetic peptides can provide pure material in quantities

often difficult or even impossible to obtain from natural sources. Biochemical

and physiological studies of bradykinin and angiotensin are based almost en-

tirely on synthetic hormones.
Many analogues of a-MSH have been synthesized. These experiments have

been reviewed in detail (42) and only some of the highlights will be presented

here (Table 2). The hypothesis that the seat of melanotropic activity is the hepta-

peptide core common to the melanotropins and ACTH was substantiated ex-

perimentally when this and even smaller peptides exhibited a measurable melano-

tropic effect (48). Peptide II, a key intermediate in the synthesis of larger MSH

peptides, is one of the smallest in which melanotropic activity was found. Re-

cently tetrapeptide I was reported to be active (92). The addition of amino acids

to the amino terminus of II results in a stepwise increase in biological activity

generally is accompanied by a further enhancement of activity; compare VIII

(50) to VII and XVI (37) to XV. Peptides containing high molecular weight

derivatives of the terminal amino moiety are less active than those with smaller

blocking groups (52). Amidation of the y-glutamyl carboxyl group at position 5
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does not affect activity significantly (compare III and lila) ; in fact since the

glutamyl moiety can be replaced by glycine (IV) without loss of activity, the

free carboxyl group must be nonfunctional in the stimulation of melanocytes

(104).

The importance of tryptophan at position 9 and histidine at 6 is suggested by

the lack of biologic effect in peptides IX and X (47). Comparison of these values

with the high activity of peptide XI provides further evidence for the important

role of histidine.

The #{128}-aminofunctional group of lysine at position 11 can be formylated without

detriment (compare XI and XII) (50) but similar peptide derivatives with larger

N�-acyl moieties are less active (52). The diminished biological activity that ac-

companies Xa.carbobenzoxylation or N’-tosylation may be the result of steric

hindrance of interaction between the peptide derivative and the target cell re-

ceptor site (50). Alternatively, the effect may be related to the diminished solu-

bility or transportability of these derivatives across cellular membranes. The

highly ionic guanido function of arginine at position S can be neutralized by

nitration without complete obliteration of activity (XIII) (45); this indicates

that the guanido moiety enhances activity but is not indispensable. Oxidation of

methionine at position 4 to the sulfoxide causes a sharp drop in melanotropic

action but if the thiomethyl group is removed entirely (XIV) (44), the product

is still quite potent (compare XIV with a-\ISH). Other cases are known in which

analogues containing a blocked functional group are less active than those from

which the functional group is totally absent (19). Amino terminal acylation en-

hances the inelanotropic activity of the tridecapeptide, since desacetyl a-�ISH

(XVI) (37, 49, 108) is an order of magnitude less active than the parent hormone.

Lengthening the chain beyond the tridecapeptide size of peptides related to

a-MSH results in a hundredfold diminution in melanocytic stimulatory power.

The N-terminal hexadecapeptide of ACTH has about 4 X 10� units per gram

(43); the tricosa peptide about 2 X 108 units per gram (53); and ACTH (a non-

atriacontapeptide) exhibits 1 X l0� units per gram (67). On a molar basis these

are almost equal.

A limited number of \ISH-peptides containing D-amiflo acids have been pre-

pared, for studying a hormonal potentiation and prolongation effect that will be

described later. The melanotropic activity of these peptides indicates that the

stereospecifleity of the target cell is rather low. Pentapeptides with the sequence

6 to 10 of a-MSH (Table 2) containing D-pheflylalanine (XIX) (103) or D-trypto-

phan (XVII) (127) are many times more active than the all-L-diastereomers. The

n-histidyl isomer (XX) is weakly inhibitor� and the all-D-derivative (XXI),

strongly so, exhibiting about one millionth the activity of melatonin on a weight

basis (128). It will be interesting to see whether the anti-\ISH activity of D-

histidyl I)ePt ides is enhanced with increasing chain length in parallel with the

increase of �ISH activity with (‘ham length in the all-L-peptides. A pentapeptide

containing citrulline in l)1a’e of arginine (XXII) also exhibits a weak melano-

tropin antagonism (9).

Gros and Leygues (36) reported the isolation of Phe-Arg-Try-Gly-Lvs-
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TABLE 3

Activity in vitro (MSH units per gram) reported from various laboratories --

Peptides (all synthetic) Lern�er Activi7�Liddlc Schally d a!.

His-Phe-Arg-Trp-Gly 0 4 X 10� 4 X l0�
Phe-Arg-Trp-Gly-Lys-Pro-Val-N 112 0 1 X 106 2 X 10�

Form

Phe-Arg-Trp-GIy-Lys-Pro-Val-N 117 0 1 X 10� 2 X 10�

Phe-Arg-Trp-Gly-Ser-Pro-Pro 0 2 X 10� 4 X 10�

“For these assays, the authors are grateful to l)rs. G. \V. Liddle and R. Ney of Vander-
bilt University and Drs. A. V. Schally and A. Kastin of the Veterans Administration Ilos-
pital, New Orleans.

Pro-Val-NH, from extracts of neural lobes of porcine pituitaries. This peptide,

the carboxyl-terminal heptapeptide of a-MSH, showed a melanotropic activity

in vitro of 106 units per gram. The synthetic derivative was similarly found to be

active (88) in contrast to previous observations indicating the requirement of

histidine for melanotropic activity (42). We have been unable to confirm the

results of Gros and Leygues. An analogous heptapeptide derived from $-MSH,

Phe-Arg-Try-Gly-Ser-Pro-Pro was found in pituitary extracts (63) and exhibited

weak melanotropic activity, but the fact that the synthetic analogue was inert

(129) indicates that traces of extraneous material were responsible for the melano-

tropic activity of the native peptide and further substantiates the initial observa-

tions relating the presence of histidine to melanotropic activity.

To correlate all of these results, we assayed the compounds in Table 3 and sub-

mitted them to other laboratories for assay. It is apparent that even qualitative

agreement is difficult to attain in a study of peptides with marginal biologic ac-

tivity. These “interlaboratory variations” in the assay of weakly active peptides

might be caused by differences in the test animals, such as variations in their

source, rate of growth, type of feeding, methods of transportation or storage, or

seasonal changes in skin response. The data obviously do not provide a sound

basis for determining structure-activity relationships, and until additional (and

more reproducible) evidence is presented, the original observations concerning

the requirement for histidine and tryptophan should be considered valid (42). It

should also be noted that by more recent analyses the pentapeptide His-Phe-Arg-

Try-Gly is about an order of magnitude less active than recorded in the older

literature.

Interpretations regarding the requirement of functional groups for activity

based on the study of subunit analogues can be qualitatively wrong for yet

another reason. In studies on structure-activity relationships of angiotensin

analogues, Schwyzer et al. (105) found that a tetrapeptide containing tyrosine

was weakly active while a similar one (‘Ofltaifliflg phenylalanine was inert. In a

larger, more active peptide, replacement of tyrosine with phenylalanine caused

diminution in activity but not obliteration. While the former experiment mdi-
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cated an absolute requirement for the phenolic hydroxyl group, the latter showed

that the hydroxyl moiety merely enhanced activity.

The study of subunit analogues is only one approach toward assessing struc-

tural requirements for biological activity. Small peptides are employed in these

experiments because they are much easier to synthesize than large ones. Further-

more, many of them represent intermediates in the synthetic route to larger pep-

tides. Although these products should be included in biologic studies, intermedi-

ates prepared for further synthesis are often not the peptides of choice for the

evaluation of structure-activity relationships. Perhaps a more fruitful approach

is to assay analogues equal to the native hormone in molecular size in which one

amino acid at a time is varied rather than removed. i”sIany oxytocin-vasopressin

derivatives of this kind have been prepared (42) but very few in the a-MSH

series (44) and none in the $-1\ISH. The replacement of histidine or tryptophan

in acetyl tridecapeptide amide analogues might provide a more secure basis for

determining the level of requirement of these key amino acids. Perhaps with

improved methods of peptide synthesis such as the “solid phase” technique (86)

some new, full-sized analogues of the melanotropins will become available. The

amino-acid replacement approach has its limitations, however: substitution of

one amino-acid residue for another can cause a sharp change in activity, but

what effect would follow replacement at the same position in the chain by a

second amino acid or a third? Speculations and experiments of this kind can

continue endlessly.

In spite of a sizable accumulation of empirical data concerning structure-ac-

tivity relationships of melanotropic peptides, a basis for the relationship between

peptide structure and melanotropic function has not become evident, nor is the

nature of the reaction between hormone and target cell any better understood.

In view of the observed specificity requirements for hormone action, one assumes

that at some level a direct interaction occurs between peptide and receptor site,

perhaps in a manner analogous to the formation of an enzyme-substrate complex.

For example, studies on enzyme-substrate-inhibitor interactions have been useful

in determining the characteristics of the active sites of enzymes (124). Similar

investigations in the peptide hormone field have not been as successful.

As mentioned above, weakly active or biologically inert peptide analogues

rarely have exhibited even a minor degree of inhibition, indicating that peptide-

receptor site and enzyme-substrate interactions may not be analogous phenom-

ena. The hypothesis of a specific hormone-receptor site interaction requires the

structures of the peptide and receptor site to be complementary in some way.

Were binding forces primarily ionic, the charge distribution of receptor site should

be opposite that of hormone. Thus, the structure of a hormone should provide

some clue to the nature of its receptor site. Yet, a comparison of the structure of

a- and �-MSH reveals no common relationship to account for the millionfold

increase in specific activity that these two peptides exhibit relative to the core

peptide whose structure they share (Table 1). At present there is little basis for

speculation on the chemical nature of the receptor site. Perhaps the peptide bonds

of the remainder of the molecule enhance biologic activity by binding the active
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core to the receptor site ; in this case the length of the chain rather than its specific

amino-acid sequence would be the factor contributing to the high activity of the

native hormone relative to subunit analogues. In accord with this view, the ac-

tivity of peptides III and IV (Table 2) are equal and about tenfold that of II,

one residue smaller in size.

A model system for the study of possible peptide hormone-receptor site inter-

actions has been presented in which enzymatically active ribonuclease is formed

from the stoichiometric but noncovalent reaction of inactive ribonuclease S-pro-

tein and S-peptide (96). The relationships between the structure of various syn-

thetic subunit analogues of S-peptide and their enzyme-regenerating capacity

with S-protein form a pattern similar to the structure-activity relationships

found in the MSH series (25). A weakly active “core” was found and its intrinsic

enzyme-regenerating powers could be enhanced in a steplike manner by lengthen-

ing the polypeptide chain. A mechanism of peptide hormone action based on

enzyme activation is attractive because it accounts for the catalytic behavior

exhibited by these highly potent physiologic agents. Although a small degree ot

enzyme activation can be demonstrated in glandular preparations stimulated by

specific tropic hormones (97), there is no evidence that this results from direct

interaction between hormone and enzyme precursor.

C. Prolongation and potentiation of MSH peptides

1. Treatment of peptides with alkali. A study of alkali-treated lUSH peptides

may be another approach toward clarifying the nature of the peptide-receptor

site interaction. When fully darkened, MSH-treated frog skin is washed with

fresh buffer, rapid lightening occurs; this indicates that the hormone is rapidly

inactivated or dissociated from the skin. Lightening is not observed when skin

darkened with alkali-treated lUSH is washed repeatedly with fresh buffer (66)

(Fig. 2) (73). A prolongation is observed also in vivo; the darkening action of a

single dose of hormone lasts for days instead of hours as with native material.

Originally, alkali treatment of crude preparations was reported to effect poten-

tiation as well as prolongation of activity (111). When homogeneous a- or $-MSH

is treated similarly, i.e., with 0.1 N sodium hydroxide for 10 minutes in a boiling

water bath, prolongation ensues but not potentiation (66). The marked poten-

tiation in crude preparations may have resulted from partial degradation of

ACTH present in the crude extracts to peptides more nearly the size and activity

of a-1\ISH. An apparent potentiation also might result from the destruction of
proteolytic enzymes. MSH activity is particularly susceptible to trypsin and

chymotrypsin.

�. Differences in chemical structure between native peptides and those with the

prolonged effects. Speculations on the chemical changes responsible for prolonga-

tion have included the possibilities of degradation of the guanido moiety of argi-

nine to ornithine (80) or citrulline (9). Studies with synthetic ornithyl or citrullyl

peptides have not supported these theories. When Raben (94) noted a decrease

in optical activity of a partially purified pituitary extract after alkali treatment,

he proposed that racemization of amino-acid residues occurred within intact pep-
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Fia. 2. Prolongation of the action of a-MSH in vitro as a result of preincubation of the
hormone with alkali for various periods of time. Activities are shown for peptides treated

for 0, 5, 10, and 40 minutes in 0.1 N sodium hydroxide at 600 C. A decrease in reflectance is
directly proportional to darkening of skin, i.e., melanocyte expansion. Skins were exposed

to peptide for 3 hours and then washed with fresh buffer. Skin treated with native hormone
reverted to its initial light state. Skin exposed to alkali-treated peptides became resistant

to lightening. (From Lerner, A. B., Lande, S., Kulovich, S.: Exerpta Medica mt. Congr.

Series No. 83: 392-397, 1965, with permission of Exerpta Medica Foundation.)

tide chains. Synthetic L-hiStidyl-D-phenylalaflyl-L-argiflyl-L-tryptophylgylcmne

does exhibit slight prolongation (103). In another experiment, when the same

D-cOntaining pentapeptide and the all-L-isomer were treated with alkali, the

former exhibited no further increase in prolongation while the latter gained this

property (5). Lee and Butter-Janusch (66) showed experimentally that incuba-

tion of pure a-MSH with alkali causes partial racemization. A quantitative

evaluation of degradation of the alkali-treated product by trypsin, chymotryp-

sin, and various D- and L-aminO acid oxidases indicated that the peptide con-

tained fully racemized arginine, largely racemized phenylalanine, and partially

racemized tyrosine, methionine, and histidine. Similar results were reported by

Pickering and Li (93), who found that alkali-treated ACTH contained extensively

racemized histidine, methionine, and arginine, with serine and phenylalanine

racemized to a lesser degree. In this study the accompanying loss of corticotropic

activity was attributed to hydrolysis of the amino-terminal seryl and tyrosyl

peptide bonds.

By means of milder alkaline treatment of lUSH and ACTH peptides (0.1 N

sodium hydroxide, 40 minutes, 60#{176}C),the full effect of prolongation is attained,

as determined by the assay in vitro, but without a(’cOmpanying degradation of

peptide material (73). Under these conditions an enhancement in specific lUSH-

activity as well as prolongation is observed; this is consistent with the higher
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specific activity of L-H1S-D-Phe-L-Arg-L-Try-Gly relative to the all L-isomer (103).

With a similar mild alkaline treatment, ACTH exhibits prolonged lUSH activity

and retains at least one half of the corticotropic activity of the native hormone.

However, no evidence could be found for prolonged action on the adrenal cortex

(73) . Studies are in progress to determine the extent of racemization of these

alkali-treated peptides prepared under milder conditions.

Although racemized I\’ISH exhibits resistance to enzymic degradation, pro-

longed hormonal action is not necessarily due to an increased half-life of the

alkali-treated peptide in the tissue. Skin darkened with racemized a-lUSH is

resistant to the lightening action of melatonin as well as to washing with fresh

buffer (62), whereas the effect of the native hormone is readily reversed by either

method. Unless the response to mclatonin is also mediated enzymically these

observations indicate that the prolongation effect is related to a phenomeNon

other than simple resistance to enzyme attack. Perhaps because of configurational

changes in the peptide it is bound more strongly to the re(’eptor site. It is im-

portant that a-lUSH be made with D-ammflo acids in one or two places. If the site

of racemization can be pinpointed, it may he I)osSible to produce well-character-

ized peptides more active than the natural hormone.

3. Prolongation unrelated to alkaline treatment. A comparison of the nielano-

tropic activities of corticotropin A1 and N”-acetyl corticotropin A1 1 hour after

administration in vivo shows them to he equipotent (120); 6 hours after adminis-

tration the activity or potency ratio of acetylated to free peptide is 10. Similarly,

$-I\ISH is 100 times more active than corticotropmn A1 after 1 hour in vivo but

only 33 times more active after 6 hours. In another experiment in vivo, the dura-

tions of activity of native a-cortieotropin and alkali-treated, partially purihed

porcine i\ISH were almost identical (64). The inherent prolonged melanotropic

action of native a-corticotropin can be diminished by esterification of the hormone

with methanolic HC1 (79); this abridgement can be reversed by mild saponifica-

tion of the esterified hormone. The chemical basis for these effects in vivo is un-

known; it may involve changes in susceptibility to enzymic degradation.

D. intermediary nietabolisin of the melanotropins

Although the mechanism of lUSH biosynthesis in the pituitary is unknown, a

study of the synthesis of ACTH in hypophyseal tissue has been reported (1). In

view of the structural similarities of ACTH and a-lUSH, it is probable that their

biosyntheses will be via similar if not intimately associated routes.

It appears that secretion of pituitary tropic hormones is mediated by poly-

peptide “releasing factors” produced by the hypothalamus (95). Evidence for

an lUSH-releasing factor was reported by Taleisnik and Orias (118), who showed

that intravenous injection of extracts of rat stalk median eminence decreased
�\lSH levels in rat pituitary. Conversely, Schally et al. (100) have found evidence

for the existence of an inhibitor of lUSH release in hypothalamic tissue.

The fate of circulating I\ISH is only partially known. In spite of the suscepti-

bility to proteolysis of the melanotropic hormones, 4 to 6 % of the activity intro-

duced by intramuscular injection into man can be recovered in the urine (76).

Whether this represents degraded and hence less a(’tive material or a small per-



12 LANDE AND LERNER

centage of the fully active hormone is not known. The liver was shown by Shi-

zume and Irie (109) to be an important lUSH-inactivating site.

IV. AGENTS OTHER THAN MELANOTROPIC PEPTIDES THAT AFFECT MELANOCYTES

A. Organic reagents

Caffeine has been the most widely studied melanin-dispersing agent other than

MSH (126). In vitro 5 X 106 lU solutions elicit complete melanocyte expansion.

Theophylline, another xanthine, is also quite active (13). lUSH is the most potent

melanotropin, however, as skin responds well to 2 X 10_�� M solutions.

Several inhibitors of melanotropic action are known: the dispersing action of

lUSH or caffeine in vitro is reversed by melatonin (1 X 10�� 1\1) (71), epinephrine

(2 X 10� 1\1) (121), and norepinephrine (1 X 10� M) (125). Acetylcholine

(1 X 10-6 M), a more specific reagent, inhibits or reverses the effect of MSH but

not that of caffeine in vitro (125). Skins of only one third of frogs tested respond

to acetylcholine (87) ; the difference between acetylcholine-sensitive and -resistant

frogs is not known. Another lightening agent, hydrocortisone (1 X 10� M),

inhibits the effect of lUSH in Rana pipiens (125) but not in Hyla arborea (13).

B. Influence of cations

The kind and concentration of cations in the bath medium strongly affect the

melanocytic response in vitro. In an isotonic buffer lacking sodium, Rana pipiens

skin is completely resistant to the melanin-dispersing action of MSH (90). The

same phenomenon is observed in hypotonic sodium-Ringer’s buffer (125). The

effect of MSH in Rana skin is apparently mediated in some way by sodium ion.

Novales (90) believes that �s1SH acts by stimulating sodium transport into the

melanocyte and suggests that MSH may act to increase the sodium permeability

of the cell membrane, inhibit an intracellular sodium extrusion pump, or affect

a sodium-sensitive intracellular enzyme system. At present there is no experi-

mental basis for a choice among these or other possibilities.

The dispersing action of caffeine on frog skin in vitro is independent of sodium

ion concentration (89, 125). Since the action of caffeine can be inhibited or re-

versed by melatonin or epinephrine (125), it is apparent that both dispersion and

aggregation are functions independent of sodium ion. Under physiologic condi-

tions, the expansion of melanocytes may involve a series of stages in which the

action of 1\1SH, with accompanying sodium uptake, precedes any movement of

melanin granules. Similarly, the aggregation of melanin granules, which is also

independent of sodium concentration, may be complete before sodium extrusion

occurs. Acetyicholine, an inhibitor of lUSH but not of caffeine, may operate at

the same level as MSH in the overall reaction. A rough scheme of these experi-

mental observations is illustrated in Figure 3.

The qualitative requirement for ions varies in different test animals. In Hyla

arborea skin, calcium rather than sodium ion is required for stimulation by MSH

(14, 24, 119). Dikstein and Sulman (13) concluded that, in Hyla, melanin disper-

sion is accompanied by calcium uptake and aggregation by its release.

The melanocytic response to stimulation includes a change in membrane polar-
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F:o. 3. A possible relationship of the factors which stimulate or inhibit melanin disper-
sion in vitro.

ity as well as ion transport. In this respect, the response of melanocytes resembles

that of nerves. In expanded fish scale melanocytes the charge on the centrosphere

is negative relative to cell processes, whereas in contracting or contracted cells

this polarity is reversed (59). Embryologically, melanocytes are derived from

the neural crest. Melanin-aggregating agents such as norepinephrine and acetyl-

choline are better known as chemical transmitters of nerve stimulation. Serotonin

is another one of a large group of reagents active in both systems (91). $-MSH

has a stimulatory effect on certain nerve tracts (61) and is present in neural

tissue. The i\ISH-inhibitor melatonin is also found in nerve cells (72).

Caffeine, well known for promoting alertness by some kind of action on the

central nervous system, also stimulates contraction of skeletal muscle. Calcium-

deficient muscle refractory to stimulation still responds to caffeine (7); this is

analogous to the behavior of sodium-deficient melanocytes. The action of caffeine

on different types of cell appears to be associated with effects on enzymes con-

trolling cyclic 3’ ,5’-adenosylmonophosphate (AMP) levels (ha). Many types

of target cells respond to hormonal stimulation by formation of increased quan-

tities of intracellular cyclic AMP (41); frog skin melanocytes are no exception.

A correlation between extent of melanocyte dispersion and increase in cyclic

AMP in frog skin in vitro has been shown (8). Although cyclic AMP activates

certain enzymes, its role in the skin-darkening response remains to be established.

The melanocyte may be a slow-motion model of stimulation phenomena in gen-

eral, often too rapid for convenient observation or study (13).

C. Energy requirements for the melanocytic response

The response of Rana pipiens skin to lUSH or caffeine is completely inhibited

in the absence of oxygen (77); this indicates that aerobic metabolism must con-

tinue for expansion to occur and that melanocyte dispersion requires energy.

Aggregation of cells proceeds normally in the absence of oxygen. When skin is

repeatedly caused to lighten and darken, it becomes unresponsive to further

stimulation. This “fatigued” state can be relieved by adenosine triphosphate

(ATP), a weak dispersing agent. Whether ATP will replace oxygen in melanocyte

expansion is not known.

Dinitrophenol, an uncoupler of oxidative phosphorylation, inhibits melano-
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(�yte dispersion in vitro in Rana pipiens skin (77). These experiments support the

above observations and indicate that dispersion of melanin granules requires

energy and that ATP formed via oxidative phosphorylation is the energy source

for the cellular response. In Anolis skin, the opposite effects are seen: dinitro-

phenol is a darkening agent and ATP stimulates lightening (54). In this species,

aggregation of granules apparently consumes more energy than dispersion. The

same appears true in Hyla arborea, in which the rate of aggregation is tempera-

ture-dependent, but dispersion continues independently of this parameter (13).

It will be interesting to see if the formation of cyclic AI\IP is related to any of

these processes.

V. PROPOSED INTRACELLULAR CHANGES DIRECTLY RELATED TO THE MOVEMENT

OF MELANIN GRANULES

A. Protoplasmic sol -gel transformation and streaming

Although it is generally agreed that ion transport accompanies the melanocytic

response under physiologic conditions, the fact that melanocytes respond to

caffeine in the absence of sodium indicates that other changes in the cell are

more directly involved in the movement of melanin granules. Marsland (82)

showed that gel-to-sol transformation occurs in the protoplasm of expanding

melanocytes. He found that cells exposed to high hydrostatic pressures expand

spontaneously, and that at higher temperatures higher pressures were required.

Gels classified as type III colloids behave in this manner (26). Marsland also

found that melanin granules of dispersed cells can be displaced by centrifugation

at 70,000 X g while particles in lightened or aggregated cells do not move at

125,000 X g (82). These data are consistent with the view that in the dispersed

melanocyte the protoplasm is in a sol-state, but gelled in the contracted cell.

It has been proposed that melanin granules are attached to a network of pro-

tein fibrils located on cytoplasmic structures radiating from the center of the cell

and that MSH-induced sodium uptake causes solation and streaming of proto-

plasm toward the cell center; melanin granules then disperse outwards to fill the

void left by the inward flow of protoplasm (77).

B. The action of contractile fibers

Falk and Rhodin (21) showed that fibrils were present in the zone between the

inner and outer membraneous linings of the sacs containing melanin in Lebistes

reticulatus melanocytes. They suggested that the repeated expansion and contrac-

tion of these fibrils was the driving force that moved melanin granules. Earlier

studies showed similar findings (117). Novales (91) has observed that in cell cul-

ture embryonic melanocytes literally expand and contract when stimulated by

darkening and lightening agents respectively.

C. Intracellular electrophoresis

Experiments described by Kinosita (58, 59, 106) indicate that the movement

of melanin granules in fish scale melanocytes is the result of electrophoretic mi-

gration in a potential field formed between the centrosphere and cellular pro-
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cesses. In a study of the electrical potential changes in single melanocytes, it was

found that the centrosphere has the higher negative potential in dispersed cells

whereas the cellular processes have the higher potential in aggregated cells. When

an external electric field is introduced (6, 58, 59), melanin granules migrate

toward the anode and therefore must be negatively charged. Interestingly, the

movement of melanin granules in dissected processes is similar to that observed

in whole cells. When cut processes are exposed to aggregating agents, melanin

granules retain a capacity for orderly movement; they migrate toward, and finally

clump at the cut, proximal end. This suggests that aggregation is not the response

to forces deriving from the centrosphere, but rather is the result of repulsion of

melanin granules away from the cell membrane. Kinosita also found that granules

in a light cell are resistant to electrophoretic migration in an externally applied

field, while those in a darkened cell respond readily to electrophoresis; this indi-

cates that protoplasm in the expanded cell is in the so! form and in the contracted

cell it is gelled.

D. Effect of colchicine on the melanophore

Colchicine appears to inhibit the formation of ordered structures. It disrupts

the formation of mitotic spindles and thereby inhibits mitosis (55). It also dis-

organizes sarcoplast ribbons formed from striated muscle in tis.sue culture (34)

and affects ciliary structure and function similarly (123). Colchicine-treated frog

skin darkens normally but does not respond to lightening agents (81); this sug-

gests that the aggregation of melanin granules not only is accompanied by proto-

plasmic gelation but is dependent upon the formation of this ordered state.

E. Conclusions

Many of the experiments just described were carried out in different systems,

and it is usually not possible or wise to extrapolate results from one species to

another. Kinosita’s experiments (59) suggest that reversed pole electrophoresis

causes aggregation while those of 1\lalawista (81) indicate that aggregation de-

pends on gelation. However, if reversed-pole electrophoresis is responsible for

melanin aggregation, why should maintenance of the sol-state interfere with

lightening? A combination of the electrophoresis and colchicine experiments

might be of interest. It is possible that the mechanism of melanocyte dispersion

includes protoplasmic solation and electrophoretic migration of granules toward

the cell membrane, while aggregation is the reverse. A wave of gelation moving

inward from the cell membrane could also help to displace the granules toward

the nucleus.

VI. SIGNIFICANCE OF MELANOCYTIC ACTION

A. Pigmentation changes

1. Snbmanimalian species. The functional significance of rapi(l color change in

lower vertebrate and invertebrate types involves protective coloration and

possibly thcrmoregulation. The former is related to active and passive phenom-

ena such as camouflage and color displays associated with rage, fear, attraction
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of mates, etc. These effects may be under hormonal or direct neural control, or

both, depending on the species.

Although the melanocyte is the most widely studied chromophore, many other

types of pigment-carrying cell are known, e.g., cells containing red, yellow, white,

blue, green, and brown pigments; Fingerman has prepared an extensive review

of the comparative aspects of chromatophores [see (23)]. A number of MSH

peptides have been tested to compare the structural requirements of peptides in

stimulating melanocytes and guanophores (5). The relationships between peptide

structure and chromotropic activity were identical and included a prolonged

response of both cell types to alkali-treated peptides. However, the effect of pep-

tides on the two types of cells is opposite: i\ISH stimulates the expansion of

melanocytes but the contraction of guanophores. Guanophores are unresponsive

toward any known melanin-aggregating agents.

�. Mammalian species. The functional significance of the melanocyte-stimu-

lating hormones in mammalian species is not clear. The skin of man has been

darkened over a period of days as the result of prolonged administration of large

quantities of purified a- and $-MSH or ACTH, the latter in adrenalectomized

subjects (75). Some of these peptides may be involved in hyperpigmentation

associated with pituitary hyperfunction (70), but the role of the MSH peptides

in normal physiology is still unknown. It is possible that both the presence of

MSH and the capacity of mammalian melanocytes to respond to this hormone

are vestigial traits and that other as yet unknown factors control skin pigmenta-

tion in higher animals.

Snell found that a-lUSH (114) and �3-MSH (112) increase the size and com-

plexity of the dendritic processes of epidermal melanocytes as well as the amount

of intra- and extracellular melanin in the guinea pig. \Ielanocytes in the sexual

skin of female guinea pigs are more sensitive to estrogen than to 1\ISH peptides

(116). In the intact animal ACTH decreases intra- and intercellular melanin

presumably indirectly via the cortisol inhibition of melanogenesis (113).

B. The relationship between intracellular melanin distri&ution

and melanocyte metabolism

The melanotropins may stimulate melanocyte metabolism as well as the dis-

persion of melanin granules. An increase in total melanin content occurs after

prolonged administration of MSH (27). Although no increase in cellular tyrosin-

ase activity was found (77), there was evidence for an increase in “phenolase

complex” action (60). Similarities in size, RNA content, and enzymatic activities

of mitochondria and of amelanotic melanoma granules led duBay et at. (18) to

suggest that mitochondria might be the precursors of melanin granules. Perhaps

all tropic hormones affect the metabolic activity of their target cells via an in-

duced rearrangement of metabolically active subcellular organelles, similar to the

movement of melanin granules in melanocytes stimulated with MSH (69).

C. Extra-melanocytic activities of the melanotropins

A number of extra-melanocytic activities of MSH peptides have been reported,

including the stimulation of an aqueous flare response (an increase in the concen-
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tration of protein in aqueous humour resulting from leakage of protein through

the blood-aqueous barrier of the eye) (20), thyrotropinlike activity (12), influence

on neural transmission (61), induction of a stretching and yawning reflex in

mammals after intracranial injection (22), and release of free fatty acids into

serum (98). The structural requirements for lipolytic activity closely parallel

those for melanocyte stimulation. A possible relationship between a-lUSH and a

corticotropin-releasing factor is worthy of mention (102) as well as the possibility

that a-lUSH is an intermediate in the biosynthesis of ACTH. Perhaps the availa-

bility of larger quantities of the pure melanotropins will help in determining the

physiologic or pharmacologic significance of these activities.
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