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Abstract

Pigment granules in melanocytes of Fundulus heteroclitus exhibit

both local movements and long distance intracellular migrations in response
to hormones. These movements have been studied and a theory of the granule-
moving system has been proposed: The granules are in a structured continuum
which expands and contracts to move them; the state of the continuum is the
resultant of a dynamic equilibrium between expansile and contractile forces
manifested in the local movements of granules. The fine structure of the
cell has been explored by electron microscopy; the prominent features of

the cell are microtubules. Several alternatives for the specific granule-

moving apparatus have been discussed.

In the light of these studies, previous theories of the mechan-

ism of granule movement have been ruled unlikely,
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I, INTRODUCTION

A, ANIMAL COLOR CHANGES

1. Discovery of Color Changes.

Many common animals exhibit striking changes of color in ‘response
to variations in the background illumination, Fish and amphibians blanch
and darken on white and black backgrounds respectively; octopi display vivid
changes of hue--passing from grey into various shades of orange and red.
These color changes have been known to men for hundreds of years, The king
in Homer's Thebaid advises:

Oh hero, Amphilochus, my child, having the mind
of a polypous, adapt yourself to those among
whose people you arrive,*

And a fragment of Sophocles reads:

Consider, in relation to the true thought of
a man, how the color of a polypous on a rock,
changes ., * (Iphigenia)

Shakespeare was later to write:

Do you change colour?--Give him leave, madam;
he is a kind of chameleon.
(Two Gentlemen of Verona, ii, 4)

Only recently have these color chénges been understood. The story of the
scientific investigations of these phenomena is a long and fascinating one

and begins in ancient times.

Aristotle first set down a description of color changes in sci-

entific records. In Book II of his Historia Animalium he noted that the

chameleon: could change its color from black to green, a color change which
occurred over the whole animal, including even the eyelids. . And in Book
Iv of the same work, he observed that the adult octopus, when pursuing
prey, blended its color to match its background. The color changes exhib-
ited by this animal were even more readily observed in the young, which
turned from white to red in alarm if they were prematurely broken free of
their egg cases. Roman naturalists substantiated Aristotle's observations,
and in addition, recorded color changes in fish., Pliny remarked in Book

IX of his Natural History that the mullet, a rather ordinary looking fish

from the Mediterranean Sea, assumed a variety of different hues as it died,

A

* 'Polypous’' is the Greek word for ‘octopus’,



and Seneca reports of this fish that:

. A mullet even if just caught is thought little
of unless it is allowed to die in the hands of
your guest. They are carried about in enclosed
globes of glass and their color is watched as
they die which is changed by the struggles of
death into various shades and hues.

(Physical Investigations, III, 100)

In 1715, Vallisnieri, an Italian naturalist, recorded for the

first time that the common European frog, Rana esculenta, could change its

tint, and in 1758, Roesel von Rosenthal made a similar observation on the
tree toad, The Scottish naturalist, Stark, reported in 1830 that several
species of Europemn fish darkened on a dark background and blanched on a
light one, Shortly thereafter, in 1842, Krbyer discovered color changes

in the shrimp, Hippolyte., The observations of Kroyer completed the discov-
ery of the five major groups of animals in which color changes occur--the
cephalopod molluscs and the crustaceans among the invertebrates, the fish,

the amphibians, and the reptiles among the vertebrates,

2. Basis of Color Changes.,

The mechanism of color changes first excited serious attention
in the early 19th century. Because changes of color in chameleons were
often accompanied by inflation of the skin, some investigators believed
that the skin contained tiny, colored grains of sand which were exposed
when the skin was inflated with air and concealed when the skin was
deflated (see Milne-Edwards, 1834), The famous French anatomist, Cuvier
(1817), suggested that color changes of the octopus were under the control
of fluids, His anatomical studies revealed that whereas the blood of
this animal was deep purple, the walls of the blood vessels were yellow,
It was natural to suppose that the color of the octopus depended on the
amount of fluid in the vessels, Cuvier's hypothesis was overthrown two
years later when Sangiovanni (1819), an Italian naturalist, demonstrated
that the color changes of the octopus were the result of contraction and
expansion of small, colored bodies iﬁ‘the surface of the animal, He
names these bodies chromofori (in English, chromatophore) and introduced
the terms ’'systole’ and ‘diastole’ to designate the movements of these

bodies,

In 1834, Milne-Edwards reported similar colored bodies in the



skin of chameleons and grasped clearly the principles of color change in

all animals, Through careful observation, he discovered that the skin of
chameleons contained two layers of these colored bodies--a deep layer bear-
ing black pigment, and a superficial layer bearing green pigment, Whereas
the black pigment remained stationary, the green pigment could be spread

out to cover the black pigment altogether, or else, withdrawn into clusters,
exposing the underlying black pigment to view, Shortly after Milne-Edwards
discovered pigment-containing bodies in chameleons, similar bodies were
found in amphibia (Acherson, 1840), fish (Buccholz, 1863; von Siebold, 1863),

and crustaceans (Sars, 1867),

The subsequent work of many investigators has established that
there are two‘types of chromatophore in the animal kingdom (see Fingerman,
1965), The first, the more complex of the two types, is found only among
the squids and octopi. It consists of a central elastic-walled sac, filled
with colored pigments and attached by many radiating muscle fibres to the
surrounding tissue (Bozler, 1928). The contraction of these fibres causes
the central sac of pigment to spread out into a flattened disc which may
have a diameter twenty times as great as that of the original sphere., Upon
relaxation of the muscle fibres, the sac returns to its initial size, pre-
sumably due to elastic restoring forces within its walls. Each muscle
fibre is innervated, and the behavior of the cephalopod chromatophores is

entirely controlled by the central nervous system,

The second type of chromatophore occurs throughout the other
groups of animals, It is a single cell containing granules of colored pig-
ments, The prominent color changes of animals result from the movements of
the pigments within these single cells; the pigment gg?nules may be spread
throughout the cytoplasm of these stellate cells orﬂclﬁmped together in a
small sphere., Most animals possess chromatophores of two or three different
colors,* and their overall coloration is a complex function of the distribu-
tion of granules within each kind, together with effects produced in combin-

ation with other permanent colors in the skin,

* On the basis of the color of the contained pigment, five dif-
ferent kinds of chromatophores are distinguished., There are melanophores
(black pigment), erythrophores (red pigment), xanthophores (yellow pigment),
guanophores (white pigment), and iridiocytes (silvery, guanine crystals)
(Fingerman, 1965),



3. Control of the Chromatophores.

Prior to the experiments of Stark (1830), there were diverse
theories of the function of color change., Some observed that it occurred
when animals were alarmed and suggested that it accompanied emotional
states; others suggested these changes were a symptom of illness (see Milne-
Edwards, 1834). Daily rhythmic changes were also reported (Keeble and
Gamble, 1904). But Stark's experiments showed clearly that fish changed
color to match their backgrounds, and by the 19th century most investiga-
tors recognized that color change was a protective device which allowed

animals to match their surroundings.

It was widely believed that adaptation to the background was
mediated by the eye, and thence, by the central nervous system, However,
proof of nervous control was lacking until 1852 when Briicke published a
monograph which set a model for all later physiological investigations of
these problems, In a series of experiments on the African chameleon, he
showed that the destruction of nerves to a particular region resulted in
a permanent expansion of the chromatophores of the region, Pouchet (1872)
later obtained the same results in fish, i.e., denervated regions became
permanently darkened due to the expansion of melanophores, These studies
were confirmed and extended by von Frisch (1910) in the first part of this

century.

Whereas nervous control of the chromatophores was readily demon-
strated in fish and reptiles, it was not so readily demonstrated in other
animals, and even at the time of von Frisch's decisive experiments, another
current of thought was evident., The systematic sectioning of crustacean
nerves by Pouchet (1872) failed to have any effect upon the state of the
chromatophores, However, if their blood, supply were cut off, the chromato-
phores expanded, They also became permanently expanded in response to
removal of the eyestalks, an organ which contains many neurosecretory cells,
These experiments suggested hormonal control of crustacean chromatophores
(Keeble and Gamble, 1903)., Decisive experiments were made by Koller (1925)
who injected the blood of a dark shrimp into a light one and produced dark-
ening of the latter. The reverse experiment--injection of the blood of a
light shrimp into a dark--failed to produce blanching, but Perkins (1928)
later accomplished this in shrimp which had darkened in response to removal

of the eyestalk. Perkins subsequently demonstrated that darkening was con-



trolled by a hormone of the rostrum, lightening by a hormone of the eye-

stalk,

The chromatophores of amphibia were also shown to be under hor-
monal control, In 1898, Corona and Moroni discovered that when adrenalin
was injected into the circulation of the frog, the melanocytes contracted,
This observation was confirmed by Lieben (1906) and later by Redfield (1916)
for lizards., Shortly thereafter, several investigators drew attention to
the fact that amphibians lightened if their pituitary glands were excised
(see Parker, 1930)., Hogben (1924) and his scheol subsequently demonstrated
that a hormone of the pituitary gland, the melanocyte-stimulating hormone
(MSH), caused expansion of the chromatophores in these animals, Although
other hormones have since been shown to affect the state of the chromato-
phore (Fingerman, 1965), MSH appears to be the single, most important con-

trolling agent,

In summary, the work of many investigators has culminated in the
following picture of chromatophore control (Fingerman, 1965): Cephalopod
chromatophores are controlled by the nervous system, hormonal factors being
of secondary or no importance, Both amphibian and crustacean chromato-
phores are controlled by hormones., Teleost chromatophores are controlled
by both nerves and hormones,; the relative importance of these two systems
varying from one species to another--in Anguilla, both nerves and hormones
are important; in Fundulus, the control of the chromatophores is primarily

neural ,*

By the 20th century, color changes in animals had been shown to
be the result of changes in the distribution of pigment granules in single
cells, These changes were triggered by neural .and hormonal stimuli in

response to changes in the background illumination,

* Modern investigations of the control of the chromatophores
consist mainly in extending and elaborating the principles of regulation
discovered by 19th century investigators., The picture of the control of
the chromatophore ig situ becomes more complex as an increasing number of
physiological agents is shown to affect its state, In addition there is
extensive investigation into the retinal control of color patterns (which
must be exceedingly complex in many fish which can blend with a checker-
board background)., Relationships of color changes to various other physio-
logical functions--such as heat and water balance, and diurnal variations
in color--are also being investigated, Reference to this contemporary work
will be found in Fingerman (1965) and Waring (1963).




Investigators now turned their attention to the unit of color

change, the single chromatophore,
B, THE SINGLE CHROMATOPHORE

Single chromatophores of fish may be
easily seen by examining a fish scale with the

light microscope, A scale of Fundulus hetero-

clitus, a marine teleost, is shown at the right.
The black dots are melanocytes. These melano-

cytes are representative chromatophores and

will be described in this section,

1, Description of Teleost Melanocytes.

Melanocytes in situ, Mature melanocytes are large, stellate

cells of the order of 180 microns in diameter (Figs. 2a, 2b). Most are
multinucleate, They occur in the dermis of the skin--a thin layer of
collagen overlying the scale--and are interspersed among xanthophores

and often immediately underlain by large iridiocytes. There may be as
many as two hundred melanocytes on a small scale 2 mm, in diameter (Fig.
1). The population of pigment cells is permeated by capillaries and liber-
ally innervated, The nerves cannot be seen in the living preparations
shown below (Fig. 2a, 2b), but they have been demonstrated in fixed pre-
parations, and are often so numerous that each cell appears to be enclosed
in a veritable basket of nerve strands (Ballowitz, 1893). A thin sheet

of epidermis overlies the mat of collagen and pigment cells,

. .
0 ® by
N £ 0 L2 ° S .
AL TG0y
|
o P
o O N * oy !
; X ® | %
) A\ ¢ %
. ; !
/ i s @
@ "‘
Fig, 2a, 200 x, Large, black Fig, 2b, 200 x, Melanocytes
cells are melanocytes, Round with black pigment dispersed
structures between are yellow throughout the cytoplasm,

pigment cells, Capillaries
containing red blood cells can
be seen among them,



Origin of Melanocytes. Early embryologists recognized that the

melanocytes originated from non-pigmented precursor cells which migrated
to the scales from sites of origin deeper in the body (see Gilson, 1926),
It was first thought that the cells were mesenchymal in origin and were a
type of modified smooth muscle cell (Spaeth, 1916), but it has subsequently
been established that they originate from the neural crest (DuShane, 1944;
Rawles, 1948), The precursor cells are both non-pigmented and amoeboid,
They migrate through the tissues to the scale and differentiate in situ,
gradually losing their amoeboid properties as they acquire their charac-
teristic load of black pigment., Once the melanocyte begins making melanin,
it loses its properties of cell division, and mature melanocytes do not
divide, New melanocytes continually arise in the adult fish by de novo

differentiation on the scale (Gilson, 1926),

Pigment of Melanocytes. The black pigment is contained in small

granules which may be seen in the mealnocyte shown in Fig, 3, The pigments
are melanins--oxidation products of tyrosine, Considerable work has been
done on the chemistry of these pigments (Fox, 1953; Lorinz, 1954), the bio-
synthetic pathways of their formation (Raper, 1928; Lerner et al., 1950),
and the intracellular sites of pigment synthesis (Seiji et al., 1963).

Fig, 3. 400 x, Large melano-
cyte granules can be seen,
Two nuclei are visible in the
central region of the cell,

2, Investigations into the Behavior of Single Chromatophores,

Fundulus heteroclitus blanches if placed upon a light background

and darkens if placed upon a black one, These changes in color are due
primarily to changes in the distribution of the pigment granules in the
melanocytes, Depending on neural and hormonal influences, the granules

may be clustered in a small sphere or spread in a stellate form, The fish



lightens and darkens accordingly.
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Fig. 4a. 75 x., Granules Fig. 4b, 75 x. Granules

clustered, dispersed.

These events in melanocytes have attracted considerable attention
in the past, The first question was whether the pigment movements were the
result of a change of shape of the entire cell (amoeboid theory) or whether
they represented an intracellular migration of granules (fixed-cell theory).
Since no cell boundaries could be seen in living preparations, von Wittich
(1854), Frohlich (1910), Hooker (1914), and others (see Parker, 1930) infer-
red that the cell was amoeboid, i.e., the granules were fixed in the cyto-
plasm, and movements of granules were due to extension or withdrawal of
pseudopods, This theory was supported by the known occurrence of amoeboid
activity in young melanocytes., Other workers contested the amoeboid theory,
Brucke (1852), Zimmermann (1893), and Biedermann (1892) claimed that the
cell boundaries could be seen in histological preparations and remained
extended during granule migration, This meant that the movements of gran-
ules were intracellular, The opinion that granule movement was an intra-
cellular migration was also given by Ballowitz (1914) on the basis of
extensive observations of living cells, and by Spaeth (1913) whose photo-
graphs of successive expansions of living cells indicated an invariance of

form with respect to the smallest branches,

This early controversy is discussed by Fuchs (1914), van Rynberk
(1906), and Gilson (1926). Although the majority of workers favored the
fixed-cell theory, Parker concluded in a review of the subject in 1930 that

the existing evidence did not warrant a choice between either hypothesis,

The fixed-cell theory was put on a firm basis by Matthews in 1931,
He discovered that the boundaries of melanocytes, which generally could not
be seen, became visible if scales were kept for several hours in artificial

medium, Furthermore, when small fragments of scales were placed in hanging



drop cultures, the cells nearest the edges of the fragments migrated into
the medium, and the arms of the cell could be clearly observed, The gran-

ules moved back and forth within them,*

Matthew's experiments established that the granules migrated
within the cell whose boundaries remained virtually fixed in position,
The explanation of animal color change therefore became a problem of intra-

cellular mechanics,

3. Previous Investigations into the Mechanism of Granule Movement,

Many previous investigators have endeavored to explain how the
granules move, To this end melanocytes have been explored with a variety
of techniques and several hypotheses proposed. Early German workers stud-
ied cell structure in fixed preparations and postulated that the granules
were in a 'net' which contracted to move them (Zimmermann, 1893; Biedermann,
1892), Franz later postulated that the granules were sandwiched among rod-
‘like structures which moved them by ‘melting’ and ‘reforming’'., Ballowitz,
observing granule movements in living cells, suggested that the granules
were in channels which moved them by peristalsis, Investigations of the
physical properties of melanocytes has culminated in a sol-gel theory of
movement--a theory that the cytoplasm of the cell consists of colloidal
particles which aggregate or disperse (Spaeth, 1913; Marsland, 1944), Sev-
eral Japanese workers studied the electrical properties of melanocytes and
postulated that the granules were moved by electrical forces (Kamada and
Kinosita, 1944), One study of the ceil by electron microscopy has resulted
in the theory ﬁhat the granules are confined within an intracellular sac,
and moved by the contraction of a surrounding ring of fibres (Falk and Rhodin,

1957).

Previously, there has been no way to discriminate among these the-

* Since Matthew's experiments, only one alternative to the fixed-
cell theory has been offered, Using polarized light, Shanes and Nigrelli,
in 1941, discovered that the melanocytes were connected to the scale by
birefringent strands; they suggested that contraction of these strands
might cause pigment movement, However, if their photographs are carefully
compared with the living preparation, it is apparent that what they mistook
for birefringent strands were actually the arms of iridiocytes lying just
beneath the melanocytes (personal observation), These iridiocytes are al-
most invisible in the living preparation, but their crystals of guanine
reflect polarized light, rendering the cell a silver color in @he dark field,
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ories of granule movement. Each is based upon a specific kind of infor-
mation, and the very phenomenon which all have been proposed to explain--
the movement of granules--has never been analysed in detail. Such an anal-
ysis would establish the boundary conditions to be met by any of these the-
ories, In recognition of the need for an analysis of the movement of gran-
ules, this study has been undertaken in the present thesis, and in the light

of such the theories outlined above are discussed in Chapter 5,

C, SUBJECT OF THE THESIS

1, The Phenomenon°

The phenomenon which is to be explained is the intracellular mi-
gration of granules, If adrenalin is given, the granules move through the
cytoplasm of the cell to become concentrated in the central region; when
the preparation is rinsed with fresh medium, the granules become re-distri-
buted throughout the cell cytoplasm,* The visible phenomena are a concen-
tration and a dispersion of granules, and these terms will be employed to
designate these processes, The extreme states of granule distribution

will be referred to as the concentrated and the dispersed states,**

2. The Problem,

The explanation of granule movement entails specification of
the forces upon the granule, the cell structures in which these forces
arise, and the molecular events, triggered by hormones, which give rise
to these forces., At present, investigation into this problem in melano-
cytes is at the stage of specifying the forces on the granules and the
cell parts in which these forces arise, The work to be presented in this
thesis is a contribution to this investigation, As a result of the work
to be presented, what a full explanation of the movement of granules
will entail, in concrete terms, will be made clear at the end of this

thesis,

* Many agents will trigger these processes. See Fingerman, 1965,

** Earlier investigators have employed such terms as systole and
diastole, contraction and expansion, aggregation and dispersion., These
terms most often refer to a particular theory of the mechanism of movement,
The accurate designation of the processes is concentration and dispersion.,
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3. The Analysis,

The research to be presented consists of an extensive analysis
of the movements of granules, together with preliminary observations of

cell fine structure by electron microscopy.

An analysis of the movements of the granules could give consid-
erable information about the mechanism of their movements. It would be
possible to infer whether they moved actively--swimming or crawling along
the substratum as mitochondria do--or passively. If they were passively
moved, then the kinds of forces which could move them might be ascertained,
Would electrical forces be sufficient to move these large granules over
distances up to 60 microns? Are they carried in a fluid medium set in mo-
tion by hydrostatic pressure, or do they perhaps mark some structured ma-
trix whose movements they parallel? Many questions concerning the granule-
moving system might be answered by an analysis of the movements of granules,
Moreover, the interpretation of granule movements would give rise to a
framework of ideas within which the significance of information yielded
by various techniques may be assessed, and systematic future investigation

be undertaken,

The granule movements of Fundulus heteroclitus are more complex

than implied in the preceding pages. If a living cell is examined, the
first impression is of intense activity in the cell cytoplasm, The gran-
ules are in continual motion, Close inspection of resting cells reveals
that the granules are moving to and fro in non-directed fashion in local-
ized regions. When hormones are administered to the cell, the localized

motion gives way to the directed, long distance migrations.

Melanocytes of Fundulus heteroclitus are excellent preparations

in which to study both types of granule movement. The melanocyte is easily

viewed on the scale of the fish. These scales can be kept alive in vitro

in artificial medium for several days, while the behavior of melanocytes

is observed by light microscopy. The same agents which cause concentration

and dispersion of granules EE ziyg—-adrenalin and acetylcholine--will elicit
these migrations in vitro, and the granule migrations can be triggered at
the will of the investigator. Moreover, melanocytes can be dissociated
from the scale altogether and put into cell cultures (a technique developed

during the course of these studies)., In these cell cultures, single cells
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(Fig., 5), now freed of all attachments to other tissue, exhibit their
characteristic behavior in response to hormones, The movement of gran-
ules in both cell preparations may be observed by direct visual obser-

vation and filmed by time-lapse cinematography.

Fig. 5. Cultured melanocyte.
The two ovoid bodies at the
lower right-hand side of the
granule mass are nuclei,

The thesis is present according to the following plan:
Methods for culturing cells and studying living preparations, and in
addition, the preparative methods for electron microscopy, are presented
in Chapter II. The static, structural features of the melanocyte, deter-
mined using both light and electron microscopy, are described in Chapter
III. The granule movements in living cells are described in Chapter 1V,
In Chapter V, the movements of granules are interpreted, and a theory of

granule migration is presented and briefly elaborated in terms of cell

fine structure,
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II. METHODS

The techniques used in the study of melanocytes are described
in this chapter. Two in vitro preparations of living cells are described
in sections A and B; in section C are described the techniques of analysis
by time-lapse cinematography. Methods for electron microscopy are given

in section D,

A, MAINTENANCE OF FISH

Live specimens of Fundulus heteroclitus were obtained from Woods

Hole Marine Biological Laboratory, Each fish was approximately 6 in. long.
Groups of 6=8 fish were put into glass tanks containing a 1l:1 aerated mix-
ture of fresh water and sea water and maintained at 20° C, Populations

were kept permanently light-and dark-adapted by keeping the tanks on white

and black backgrounds respectively,*

B. PREPARATIONS OF LIVING CELLS

Living melanocytes were studied in two EE vitro preparations.,
They were examined on the scale, a preparation which will be designated
'EE situ’'; they were dissociated from the scales and put into cell cultur-

es, a preparation which will be referred to as the cell culture preparation.

Both preparations are described separately below,

1, In Situ Preparation,

Preparation, The most convenient preparation is the in situ, A
single scale, taken from the dorsal fin region of the fish, was placed tis-
sue-side up in a drop of Eagle's medium (Paul, 196la) on a glass slide, A
cover glass supported by plasticine under the four corners was applied, and

the preparation was observed with the light microscope.

Behavior of Cells in Situ. All melanocytes immediately responded

* Fish moved to a light background respond by an immediate con-
centration of melanocyte granules, During the next few days, the granules
revert to a semi-dispersed state., I1f the fish are maintained for some
time on a light background, the number of cells quantitatively decreases
(Waring, 1963). In addition, cells examined after two weeks contain fewer
granules than do cells on dark-adapted fish, Fish placed on dark backgrounds
respond by immediate dispersion of melanocyte granules, In the next few days
the granules revert to a semi-dispersed state and over succeeding days there
is a quantitative increase in the number of melanocytes present and in the
number of granules within any one melanocyte.
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to in XEEEQ conditions by a dispersion of the granules followed by granule
concentration, The duration of the preliminary dispersion depended upon

the state of the fish from which the cells were taken., The cells from
light-adapted fish behave as if they were released from concentrating stim-
uli, whereas cells from dark-adapted fish behave as if released from dis-
persing stimuli: In cells from dark-adapted fish dispersion lasted only a
few minutes, and then the granules re-concentrated. On the other hand, in
cells from light-adapted fish, the granules dispersed and might remain in
the dispersed state for as long as thirty minutes, Eventually the granules
of all cells moved into the central region, Either they remained in a semi-
dispersed state, or more often, successively concentrated and dispersed sev-

eral times over the next few hours.

Light, heat, and alkaline medium are all weak concentrating agents.
Since the Eagle's medium became alkaline due to loss of COy, fresh medium
was constantly supplied by pipette under the edges of the coverslip. Small
fluctuations in pH did not markedly affect cells, and any slight tendency
to concentrate or disperse was taken into consideration in the characteri-

zation of granule movements (see Chapter 1IV).

Usefulness of Preparations., The in situ preparation was suitable

for study by direct, visual observation and by short-term time-lapse cinema-
tography., The major drawback to the study of granule movements in this pre-
paration wasvthat the scale and tissues beneath the cell obscured the details
of the movements, and the environment of the melanocyte was not constant due
to small fluctuations in pH. For this reason, the cells were dissociated

from the scales ‘and put into cell cultures,*

2, Cell Culture Preparation,

Preparation., Cell culture preparations were prepared in the fol-
lowing way:

A fish was killed by a blow on the head, and the scales were

* The in situ preparation was not suitable for studies of hormone
action, Due to ‘continual fluctuations in the pH of the medium, the environ-
ment of the melanocyte was not constant. Moreover, nerve endings were pre-
sent, Since all previous investigations on the effects of added agents on
melanocytes have been made in the in situ preparation, claims for the direct
effects of drugs on melanocytes must be considered doubtful, due to the pos-
sible mediation of their effects by release of neural transmitters,
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scraped off and washed in Eagle's medium (Paul, 196la) containing peni-
cillin (Lilly, 100 u.s.p./100 ml, of culture medium), streptomycin (Lilly,
0.01%), mycostatin (Squibb, 2,000 u.s.p./100 ml, of culture medium), and
beef embryo extract (Microbiological Associates, Bethesda, 10 ml,/100 ml,
medium), Medium of the same composition was later used to culture the
dissociated pigment cells.

The scales were washed in this medium, changed several times
during a 30 minute period, and then rinsed with several changes of Ca-
Mg free Earle's solution (Paul, 1961b) for 5 minutes, The scales were
divided into two lots and placed in 10 ml, centrifuge tubes containing
6 ml, of Ca-Mg free Earle's solution, To each of these tubes was added
a small portion (3-4 grains) of collagenase (Worthington Biochemical Corp.,
N. J.). (It was not found necessary to standardize this procedure rigor-
ously; the amount used could be gauged by the eye and was that determined
by trial and error to be just sufficient to dissociate most of the cells
after 1-2 hours of incubation at 37° C,) The medium was rendered slightly
alkaline (light pink by the phenol red indicator) by exposure to an air
jet. The tubes were then sealed with silicon stoppers and incubated at
37° C, in tube rollers, '

Dissociation could be followed with the eye, When most of the
cells were dissociatéd, the tubes were removed from the incubator and cen-
trifuged at 170 g, for 5 minutes at room temperature, The incubation med-
ium was discarded, and the cells were re-suspended in Eagle‘s medium con-
taining beef embryo extrapt and antibiotice and centrifuged for another 5
minutes. The medium was then discarded and about 13 ml, of fresh medium
were added to make a concentrated cell suspension.,

The cells could be cultured in any regular culture chamber, but
for the purpose of this study it was found convenient to culture them on
coverslips 7/8 of an inch in diameter, so chosen to fit standard perfusion
chambers. The coverslips were placed on filter paper in sterile Petri’
dishes in lots of 15 coverslips per dish,

A few drops of cell .suspension together with a few drops of
Eagle's medium were added to each coverslip, A high density of melano-
cytes in a small portion of ‘medium was essential, These Petri dishes
were stored in a vacuum jar containing water in the- base through which
was bubbled gas from an attached cylinder of COgp-balanced air mixture,
In this way the Eagle's medium was maintained at neutral pH. The vacuum
jar was covered with a black cloth and maintained at 23° C. Unavoidable
PH changes occurring during these operations did not appear to impair
cultures,

The medium on the coverslips was removed by pipette every 2-4
days and replaced with fresh medium., It was changed more often if con-
tamination increased, and such changes were found to be effective in
keeping contamination at a minimum,

Coverslips could be examined with a dissecting scope without
being removed from the Petri dishes, Those chosen for detailed obser-
vations were examined on glass slides or fitted into perfusicn chambers,
Coverslips could be sealed into chanbers with vacuum grease or even with
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hot wax, provided the cultures were kept cool during this process by
repeated changes of the medium,

Characteristics of Cultures. These cultures were by no means

pure cultures of melanocytes but rather contained every type of cell which
occurs on the scale, All cultures differed in longevity, in ratios of cell
types presént, and in the forms of melanocytes obtained, in a manner diffi-
cult to predict or control and regardless of whether cells were taken from
light=or dark-adapted fish, or dissociated in the morning, afternoon, or

evening.

The average survival time was 8-10 days, One set of cultures
which survived for four weeks was characterized by a sheet-=like growth of

epidermis which almost entirely covered the coverslip surface,

Many different forms of melanocytes were obtained in cultures,
Some cultures contained small, dendritic forms and others contained large,
flattened cells, All the conditions determining these forms are not known,
There seemed to be some correlation of the appearance of discoid forms with
a slight acidity of settling conditions which were sometimes obtained due
to slight variations in the pH of the different cylinders of COp-balanced
air mixtures, Cultures containing many discoid cells tended to live long=

est=-up to two weeks in some cases,

Other cells in the.cultures eventually overgrew the melanocytes,
and therefore films were made of granule movements one or two days after

settling of these cells,

Use of Cultures, These cultures had many advantages over the

ig EEEE preparations, Melanocytes‘could be maintained in relatively con-
stant conditions in their perfusion chambers for hours and even days, With-
out the obscuring scales and collagen, many more details of the entire cell
could be seen, aq@ the melanocytes could be 6bserved by phase microscopy.
The flattened forms of most cultured cells also permitted many more details

®

of the movements of the granules to be seen,*

3. Comparison of Cells in the Two Preparations.

Culturede cells differ in appearance from cells on the scale. The

* The nerve endings were absent from these cultures, and drugs
could be tested for direct effects on the melanocytes.
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t&o cell types are illustrated diagrammatically in the following figure
(Fig. 6). The cell in the upper right-hand corner is a cell on the scale,
The four lower cells are cultured forms, Cultured cells are generally
smaller than cells on the scale. They also have fewer but wider arms,
Many cells flatten into discoid shapes like the one shown on the left,

In these cells the granules are spread in a single layer throughout the

cytoplasm,

Since an interpretation of the granule-moving system will be
based upon observation of the movements of granules in both cell types,
a question arises concerning the comparability of the two cultures, 1In
answer to this question, it may be said that the characteristic move-
ments of the granules is the same in both types, and all forms of.cells
exhibit granule concentration and dispersion in response to appropriate‘

agents.,

130

Fig. 6

C. ANALYSIS OF LIVING CELLS

The two cell preparations were studied by light microscopy.
A Leitz binocular scope fitted with a low power and an oil immersion
objective was used for the observation of in situ preparationms, A Zeiss
binocular fitted with phase optics was used for examination of cell cul-

ture preparations, A reticule calibrated in microns and mounted in the
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eyepiece of the microscope permitted the measurement of cell dimensions
with an overall precision of measurement of approximately 0.3 microns,

and allowed the estimation of granule velocities,

Granule movements were analysed from films made by time-lapse
cinematography using Kodak Plus X Reversal film, For the analysis of the
shuttling motions, the time lapses were from 1/16 of a second to 40 seconds,
For the analysis of the mass motions, the time lapses were of the order of
1/16 of a second to several minutes, Granule displacements were traced
from the films and are presented as position-time charts; thus, frame by
frame analysis of the films permitted both the displacements of single
granules and the co-ordinated displacements of many granules to be analyzed

in a quantitative manner,

D, METHODS FOR ELECTRON MICROSCOPY

Cells in both the concentrated and dispersed states were fixed
and sectioned and observed by electron microscopy.

Scales removed from the dorsal fin region of Fundulus were rinsed
in Eagle's medium at room temperature for 20 minutes. The granules disper-
sed; cells to be fixed in the dispersed state were transported immediately
into the fixative, Cells which were to be fixed in the concentrated state
were placed in Eagle's medium containing adrenalin for about 5 minutes or
until noticeable concentration occurred, All cells were fixed for one hour
in 6.5% glutaraldehyde (Sabatini, et al,, 1963) made up in phosphate buffer,
0,05 M at pH 7,4, The entire scale was put into the fixative and cut into
smdll pieces either during fixation or after dehydration, The difference
in these procedures was found to have no affect on the fixation obtained,
Tissues were then stained in 1% 0sO4 solution at room temperature, dehydra-
ted in alcohol and embedded in epon (Luft, 1961).

Qrientation and sectioning of the tissue proved difficult because
of the presence of the scale; thus the tissues were cut out of the hardened
blocks and re-embedded in epoxy glue mounted on the top of old blocks, The
tissue was cut away from the scale;, cut up into small squares containing
single cells, mounted and oriented in the soft glue, and hardened overnight
at room temperature,

Sections were cut with diamond knives on the LKB ultratome, The
sections were carried on grids with a support of carbon film and stained
with lead citrate (Reynolds, 1963), or with uranyl acetate (Watson, 1958).,
The sections were examined with an RCA (EMU-3F) microscope up to magnifi-
cations of 56,000X, '
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III, CELL STRUCTURE

The static features of melanocytes studied by both light and

electron microscopy are described in this chapter.

A, MELANOCYTE FORM AND STRUCTURE

1. Forms of Melanocytes.,

Melanocytes are distinguished by their black granules and by
the intracellular migration of these granules in response to hormones,
All such cells are highly branched in form; the four or five main arms
which radiate from the small central part
of the cell branch almost immediately into
smaller arms, and as many as forty arms may
be distinguished in the distal regions of
the cell. Whereas the arms are very thin--

3-4 microns in diameter--they may be up to

60 microns in length,

Melanocytes 12 situ exhibit variations in this form (see Fig,
6). In any population occur small, dendritic cells containing only a
few granules and perhaps one or two nuclei,* together with many large,

cartwheel forms stuffed with granules and exhibiting four to eight nu-

clei, Since melanocytes differentiate on the scale, these differences

Fig. 7a. 400 x. Large, Fig. 7b., 400 x. Spider-
cartwheel form containing shaped cell; thin arms and
many granules, fewer granules,

* These cells are the best cells for the observations of move-
ments of granules and occur in large numbers in a fish adapted to a dark
background,
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Fig. 7c. 600 x. Dendritic
cell; few granules,

may indicate cells of different ages occurring together. Representative

forms are shown in Figs., 7a-c.

Melanocytes in culture,settled on different substrata, exhibit
an entirely different form, They are disc-shaped cells exhibiting few

arms and are more flattened than cells in situ. Since the granules are

often spread in a single layer through the cytoplasm, these forms are

excellent for observing granule movements, Two such forms are represented

in Figs, 8a,b,

Fig, 8a, 500 x, Cultured
cell with bulk of granules
in central part; among them
is seen the clear, gelled
area, The nuclei are em-
bedded in the granules,

Fig. 8b., 500 x, Cultured
cell with granules spread to
the periphery. Cell form
approximately same as in Fig,
8a,
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2, The Parts of Melanocytes.

The terminology which will be used throughout this discussion
is presented in Fig., 9, Additional terms which are used are: 1lateral--
direction across the width of the arm; axial--direction along the length

of the arm,

distal  prosimal

Fig. 9.

[ 3\‘Qnu\g size

0.6

Melanocytes are bounded by a cell envelope whose surface area
is very large in comparison with the volume of the cell due to the many
Jbranching arms, In cultured cells this boundary is the site of continuous
activity. Ruffles and waves pass along the surface and microspikes are

extended, waved about in the medium, and are retracted again,

In cells in situ, the granules are massed in the central region
of the cell and extend for a short distance into
the cell'arms. The mass of granules has a 'geo-
metric boundary', being symmetrically distributed

around the central region of the cell, The front

region--the granules at the distal edge of the

granule mass--is generally linear (see Fig, 30b).

In cultured cells, the bulk of the granules is massed in the
central part of the cell around a clear, gelled area which can be seen
in Fig, 8a (arrow). A thin layer of granules extends from this dense
mass to the distal edges of the cell, In this area of the cell there
often occurs a densely clustered row of granules, all motionless and

apparently moored in the peripheral cytoplasm,

The entire cell is flattened in the plane of the scale, and

in side view, is disc-shaped, being deepest in the central part., The
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vertical dimension of the central part increases during concentration

(Franz, 1935-36; Kamada et al., 1944).
.Q} —‘L‘

The cell nuclei can be seen in the central regions, embedded

in the granule mass or, occasionally, trapped within the cell arms,
Worm-like mitochondria can be seen in cultured cells, particularly

towards the distal regions of the cell,

3. Structures of the Cytoplasm,

It is one of the characteristics of melanocytes that no fine
structure is visible at the level of resolution of the light microscope.
The only visible features of the cell cytoplasm are the black granules,
However, the arrangement and behavior of these granules may provide clues
as to the structure of the cytoplasm, The granules are aligned in columns,
a fact which suggests the presence of cytoplasmic partitions; the axial
excursions of granules within these rows are limited, a fact which suggests
the presence of structures in addition to the partitions which limit the

movements of granules.,

a, Evidence of Alignment.

The most striking feature of the cell is the peculiar arrange-
ment of the granules, They are not randomly scattered about in the cyto-
plasm, but are neatly ordered into columns which radiate from the central
region of the cell towards the distal edges, These columns of granules
may be separated from one another by distances of up to 2 microns (Fig,

10). If, on the contrary, the columns are packed tightly together, func-

Fig, 10, 900 x, Cell from
dark-adapted fish (5) (see

Chapter IV for meaning of

this designation). The gran- ’
ules at the distal end of the

arm are moving actively,

Those in the proximal and dis- -~ .
tal parts are highly aligned.
Lateral separations up to 2

microns in width can be seen
between granule columns,

tional independence is indicated by the movement of neighboring columns

in opposite directions. In the photograph shown above, columns of gran-
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uies alternate with cleared spaces. In the cultured cell traced below,
these cleared spaces are less numerous
and are separated from one another by
masses of granules 6-8 granules deep.
Cleared spaces radiate from the cen-

tral region like the spokes of a wheel.

The granules are clearly
ordered in columns in the proximal and

distal parts of the cell. This arrange-

ment may extend into the central region,'
but more often, the granules in this
region are not ordered and move in ran-

dom directions., Occasionally they ex-

Fig, 11,

hibit sudden traverses along radial paths.

The columns of granules are separated from one another in the
distal regions of the cell and merge together in the proximal regions,
In cells undergoing granule concentration, the granules pile on top of

one another and no alignment is evident,

In many flattened cells, the columns of .0:.". .
granules are often curved, as if the granules in ..',.og
the distal region were moored in fhe cytoplasm, :55:
and the central part of the cell was rotating in sgg?’
relation to them, In one film made of the cen- %

tral region, five nuclei embedded in the granule
mass and fixed at constant distance from one another were observed to

rotate as a group through 180 degrees in a period of 4 hours,

The positions of granules within the columns are not rigidly
defined., The rigidity of the alignment of granules is somewhat variable
from one cell to the next, In cells from dark-adapted fish (see Fig,., 13),
the granules are rigidly aligned; they would neither change position with-
in a row nor cross over into other rows., The maximum lateral deviations
are of the order of } of a granule length (approximately 0,2 microns).

The granules are loosely aligned in cells from light-adapted .fish (see
Fig, 12) and can be seen to interchange positions within a row, or to

cross over into other channels, Deviations from a longitudinal axis may
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be of the order of 1-2 granule lengths (1.5 microns)., The greatest lateral

deviations occur in the distal regions of dispersed cells.

The ordering of the granules in columns suggests the presence of
cytoplasmic partitions which channel the granules., Generally speaking,
these structures cannot be seen directly. However, they may be occasion-
ally seen in concentrated cells viewed by phase microscopy. Long struc-
tures, radiating from the central region, are sometimes barely visible in

the distal granule-free cytoplasm.

b, Evidence of Structure Enmeshing the Granules,

Even within the channels, the granules are not free to move
but are confined to a small region. Their paths are limited in the axial
direction., This confinement of granules indicates the presence of struc-
tures in the cytoplasm; within the fine structures of the cell one might
expect to find such structures which could limit the path of the granules

to a few microns,

4, Fine Structure of Melanocytes,

The fine structure of melanocytes seen in the electron micro-
graphs of both concentrated and dispersed cells is presented in this sec-
tion, All sections of cells shown here were made parallel to the plane

of the fish scale.

The melanin granules are black, ovoid bodies approximately 0,4-
0.7 microns in dimension (Plates 1, 5). No substructure can be distinguished
within them, Each is bounded by a membrane which in some instances appears
closely applied to the granule surface; in other cases, it appears separated

from the surface, up to distances of 400 A,

Dispersed Cells, The electron micrographs of dispersed cells

show the granules to be in the columns which could be seen in living cells
(Plate 1), Between the columns are the cytoplasmic partitions inferred
from the arrangement of the granules, seen here as long, rod-like struc-
tures, parallel to the longitudinal axis of the arms. Between any two
columns may occur large numbers of these structures approximately 400 A, or
more apart, In Plate 2, these structures can be seen concentrated in the
central region of the cell, and they radiate from this region out among the
granules, The very central part of the cell is occupied by the cell centri-

oles, and the rods seem to originate from its vicinity. These rod-like
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structures, the most prominent feature of melanocyte cytoplasm, have re-
cently been found in other cells--of both plant and animal origin--when
fixed in glutaraldehyde (Ledbetter and Porter, 1963), and are considered

to be tubules on the basis of their electron-light core and electron-

dense periphery. The tubules are approximately 220 A, in diameter although
considerable variations (+30 A,) occur, Their surfaces are corrugated, and
irregular variations in electron density along the length of the tubules
give the appearance of striation. No connections are observed between
granules and tubules, The straight appearance of the tubules suggests
stiffness and a possible function as skeletal agents within the cytoplasm

for channelling the granules,

The two small structures visible in living cells--the nuclei and
the mitochondria--may be seen in the fixed cells., The nuclei are most often
ovoid in concentrated cells and lobate, with many nuclear pores, in disper-

sed cells,

The fine structure of the granule-containing portion of the cyto-
plasm may be ascertained from these photographs. The most prominent struc-
ture iS the smooth endoplasmic reticulum, Strands of this structure may
be seen sandwiched among the granules and in some places almost completely
encircle them (Plate 3)., This endoplasmic reticulum appears the most likely
structure to limit the paths of the granules, and it must perméate the mass

of granules,

Another prominent feature of this part of the cell is the largé,
membrane-bounded compartments. These have proven to be variable in number

from one cell to another (Plate 1).

In addition to these two major structures of the granule-contain-
ing cytoplasm=--the tubules and the endoplasmic reticulum--other components
are ribosomes (particularly in the vicinity of the nuclei) and particles

of glycogen,

All structures mentioned above are in an electron-light matrix

which is not resolvable into structure at this level of resolution,

The melanocyte is bounded by a thin, wavy membrane. Just beneath
this membrane, in dispersed cells, are congregated masses of small vesicles

(Plate 3), These are not pinocytotic vesicles but rather appear to be con-
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fined to the surface and therefore resemble the pitting of the surface
observed for smooth muscle (Porter and Bonneville, 1964, Plate 24). The

collagen surrounding the cell can be seen in some of these plates (6,9,10).

Concentrated Cells, Concentrated cells are shown in Plates 4-10,

The granules of the concentrated cell are packed tightly together in the
central region of the cell and exhibit no particular pattern of aggregation
(Plate 4), Distal to the granules, part of the granule-free portions of
the arms can be seen, The large membrane-bounded components appear to be

extruded from the granule mass (Plate 4).

There are two sets of microtubules in concentrated cells., One
set appears to move with the granules; the other remains surface associ-
ated, Plates 6 and 8 show tﬁe front region of a concentrating cell., The
granules have withdrawn from the distal regions of the arms, leaving
behind them a cytoplasm free of granules and also relatively free of micro-
tubules (Plates 8 and 9), Microtubules occur in high concentrations among
the granules. These structures are shown at high magnification in Plate
8., They do not exhibit ﬁhe rigid alignment of tubules in dispersed cells,
but appear more randomly distributed. A second set of microtubules, just
beneath the cell surface, remain surface-associated during the migrations,
They can be seen cut tangentially in Plate 9 and are shown in long section
in Plate 10, The structures of the cytoplasm in the distal regions of the
arm cannot be discerned, There appear to be many membranous elements with-

in that region,

Comparison of Concentrated and Dispersed States

CONCENTRATED STATE DISPERSED STATE

1. Granules packed into the 1. Granules excluded from
region of the centrioles, the centriolar region,

2, Few tubules visible in 2. Central region often
the central region. packed with tubules,

3. Tubules among granules 3. Tubules among the gran-
seem less aligned, less ules are aligned in par-
straight. allel rows and are straight.

4, Granules in no particular 4, Granules aligned among the
pattern. tubules.

5, Few vesicles observed. 5., Many vesicles observed.



6. High density of granule 6. Low density of granule
packing often observed, packing.
but not necessarily so.

7. Nuclei usually ovoid. 7. In cells dispersed for
some time, nuclei are
often lobate, and there
appear many ribosomes
in the cytoplasm,

8, Large, membrane-bounded 8, Large, membrane-bounded

compartments extruded
from granule mass,

compartments found among
the granules,

Summary of Fine Structure Studies, In summary, melanocytes

appear to contain cell structures—-exhibited by most cells, i,e., ribo-
somes, glycogen, smooth endoplasmic reticulum. One feature recently
appearing in many cells fixed with glutaraldehyde (Ledbetter and Porter,
1963) is particularly prominent--the microtubules. In addition, dis-

persed cells exhibit small vesicles congregated under the cell membrane.

5, Contributions of Previous Workers to Cell Structure,

Two previous studies of cell structure have been made, Franz
(1939-40) studied both fixed and living cells by light microscopy and
determined that the cytoplasm consisted mainly of rod-like strucpureso
Recently, studies of cell fine structure by electron microscopy have
been published (Falk and Rhodin, 1957). In melanocytes fixed with -
osmium, they found no cell structure among the granules; the granules
appeared to be coﬁfined within an intracellular séc, itself surrounded
with fibrils in the distal cytoplasm.. On the basis of these studies, -
these workers have postulated that the granules move by contraction of
the intracellular fibrils, Since this theory has been reported in a
recent review of color change (Fingerman, 1965), it is important to note
that the photographs presented in their work are not in good focus., The
material which is suggested to bé intracellular fibrils is, in fact,
extracellular collagen; the sac around the granules is the cell membrane,
That very little detail of cell structure is preserved is no doubt due to
the fact that their cells were fixed in osmium, a fixation that destroys

microtubules,



PLATE 1

Dispersed Cell, Proximal region of arm. 10,000 x,

Section through the proximal region of the arm of a
semi-dispersed cell (dark-adapted, 3--see Chapter IV for mean-
ing of this designation). The granules are aligned in long
columns between groups of microtubules, spaced about 400 A,
apart, This micrograph was part of a series of serial sec-
tions which showed tubules at all levels of the arm. In ad-
dition to the prominent granules and tubules, there are many
large, membrane-bounded compartments.

PLATE 2

Dispersed Cell. Central region, 25,000 x.

Section through the central region of a dark-adapted,
3 cell (see Chapter IV for meaning of this designation). The
central part is crowded with tubules, and the granules are ex-
cluded from the area., In the light microscope, the granules in
this central region are motionless,






PLATE 3

Dispersed Cell, Distal part of the arm, 22,000 x.

Section towards the end of the arm, Tubules and mem-
branes of the smooth endoplasmic reticulum are enmeshed among
the granules., A prominent feature of dispersed cells is the
population of small vesicles congregated just under the surface
of the cell, between the cell membrane and the border of the
granule mass, These vesicles ressemble the pitting of the sur-’
face found in cells of smooth muscle.






PLATE 4

Concentrated Cell, 5,000 x,

The granules are crowded into the central region of
the cell, The granule-free arms are seen extended distally.
Large, membrane-bounded components may have been extruded from
the concentrated granule mass,






PLATE 5

Concentrated Cell, Central region, 45,000 x.

Cell centrioles occur in the central region of the
melanocytes., In cells in situ a cleared area often visible
in the centre of the granule mass marks their location, This
clear, gelled area can be readily seen in cultured cells (Fig.
8a),

This photograph was taken by Dr, Sam Dales, The Rocke-
feller Institute.






PLATE 6

Concentrated Cell, Proximal part of arm, 14,000 x,

Section through the proximal part of the arm during
concentration, The granule front region is approximately lin-
ear, Membranous elements can be seen at the distal side of
the granule mass, Even at this magnitude, microtubules are
visible among the granules, The collagen in which the melano-
cyte is embedded can be seen around the periphery of the cell,






PLATE 7

Concentrated Cell, Central region, 25,000 x,

Among the granules occur large numbers of micro-
tubules,






PLATE 8

Concentrated Cell, Basal part of the arm. 22,000 x.

Region between the granules and the granule-free
portions of the arms., A large number of microtubules can
be seen in the center of this micrograph.






PLATE 9

Concentrated Cell, Distal region of arm, 45,000 x,.

One set of tubules remains surface-associated dur-
“ing the movements of the granules and can be seen in this
micrograph; the cell was cut tangentially just beneath the
cell membrane, These tubules form a herring-bone pattern
with the collagen outside the cell, Elongated mitochondria
which have been left behind the concentrating granule mass
are also visible,






PLATE 10

Concentrated Cell, Distal part of the arm, 25,000 x.

Section through the distal region of the cell just
beneath the cell membrane, Large numbers of tubules are
aligned in parallel., Tubules appear to form a sheath beneath
the cell envelope,

This photograph was taken by Dr, Sam Dales, The Rocke-
feller Institute,
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IV, GRANULE MOTIONS

The motions of the granules are described in this chapter,
Because of the complexity of the motions, it has been found conveni-
ent to distinguish between two types of motion, The first is a local-
ized to and fro motion of a single granule within a fixed, small reg-
ion, This will be referred to as the 'shuttling motion' of granules,
a term proposed for it by Dr. Paul Weiss, The shuttling motions will
be described in section A of this chapter. The second type of motion
is the mass motioﬁ of granules during concentration and dispersion,
This type of motion will be described in section B of this chapter.

Terminology. The following terminology will be employed
throughout these descriptions: '

The resting state is defined as one in which no net concen-
tration or dispersion of granules is taking place,

The extreme states of granule distribution are: the concen-
trated state, in which granules are in the central region of the cell;
the dispersed state, in which granules are distributed through both the
central region and the arms of the cell,

The intermediate state of granule distribution will be refer-
red to as the semi-dispersed state. Granules are distributed through

the central part of the cell and through the proximal parts of the arms,

A, SHUTTLING MOTIONS
The shuttling motions of the granules in resting cells are des-
cribed in this section, The motions have been described in living cells

with the aid of two methods of classification,

l. Methods of Classification,

a, A classification of melanocytes into 'cell states' was
drawn up to serve as a frame of reference for the description of granule‘
motions, This classification was made on the basis that no cell is ever
really in a resting state, but always exhibits some tendency to concen-
trate or disperse, tendencies which greatly affect the characteristics of
the shuttling motions, This method of classification is given below:

1., The condition of the fish from which scale was removed is
referred to as light-adapted or dark-adapted.

<= B i



2, The distribution of granules is designated by a number
(Healey,1951), This classification is in general use

in melanocyte research,
. * * *
| A 3
4
$

3. A net tendency to disperse is designated by (+).

A net tendency to concentrate is designated by (-).

Classification into cell states was useful for several reasons,
It permitted the effect of net concentrating and dispersing tendencies
on the local movements of granules to be taken into account., It also
permitted attention to be focused upon certain features of the movements
visible in some cells but not in others; e.g., rigid alignment in dark-
adapted cells, or granule interaction in dispersed cells, This classifi-
cation of living cells may also serve as a useful frame of reference for
the study of fixed cells with electron microscopy, although full advan-

tage of this was not taken in the present work,

Photographs of cells in different cell states are shown below:*

1, Maximally-dispersed, 5. Granules spread throughout cytoplasm,.

Fig. 12, Light-adapted. Fig, 13, Dark-adapted.
Thin, cylindrical arms. Gran- Flattened arms, Many granules,
ules in motion throughout cell. Many partitions evident,

Few partitions,

* Most of these states could be obtained as granules succes-
sively dispersed and reconcentrated in in vitro conditions. Maximally-
concentrated states were obtained by administering adrenalin,

29
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2. Semi-concentrated, 3 and 3-. Granules in central and proximal regions
are stationary or concentrating,

Fig, 14, Light-adapted. Fig. 15, Dark-adapted.
Granules in motion, Granules motionless in front
region,

3. Concentrated, 1, Granules tightly packed into central region,

Fig, 16, Light-adapted.

4, Re-dispersing, 1+, Granules loosely constrained, dispersion com-
cencing,

-

Fig, 17. Light-adapted.
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5, Semi-dispersed, 3+. Granules in proximal region of the arms and
dispersing.,

Fig, 18,

b. A second scheme of classification denotes the variables
by which the movements of single granules were characterized and com-

pared between one cell and another,

Cell state
Granule location -position 1,2,3,4,
alignment -rigid: 1lateral deviation
0.2 microns or less,
-loose: 1lateral deviation
1,5 microns or more,
path -length,
-time for proximal traverse,
-time for distal traverse,
-period.,
-characteristics of the tra-
verse,
C) Other characteristics
-Brownian motion,
Correlations between characteristic motion of
granules in one part of the cell and in
others,

The movements of granules will be described in the maximally-
dispersed cell, The characteristics of the movements in other cell states

will then be briefly compared,

2, Shuttling Motions in Maximally-dispersed Cells.

Melanocytes whose granules are
in a state of maximal dispersion are the
best preparations in which to ascertain
the major features of granule movement.
Whereas in the proximal regions of the
arms of such cells the granules are

densely packed in long columns, in the

Fig. 19,
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distal regions the granules have separated from one another and the move-

ments of single granules may be clearly seen,

These single granules are by no means free to wander through
the cytoplasm. In the first place, each is highly constrained in the
lateral direction and appears to be in a channel within which it moves
back and forth., These channels extend the full length of the arms; the
granules in the distal region of the arms are in common channels, and
often collide as they move in the axial direction. In the second place,
in addition to being confined in the lateral direction, the granules are
constrained in the axial direction as weil° Each moves to and fro within
its channel in a local region which, during any short time of observation,

remains fixed in the cytoplasm,

These characteristics of the motions seem to 4
be a function of cyfoplasmic fine structure. Microtu- '..
bules form channels in the arms, confining the granu- )
les in the lateral direction. In the axial direction, 0o
granules must be confined by some material between the i!!

tubules--perhaps endoplasmic reticulum or some amor-

phous matrix,

Due to the constraints by these structures, the granule moves
in a small region. This region may be represented diagrammatically as

an ellipsoid., The path and direction of
movement of the granule within this re- <::EEEEEEE>
gion is represented by the arrow,

a, Characteristics of the Regions.

The length of regions varies between 0,8 microns and 4 microns
in cells in situ. The longest regions are to be found in the central
channels of the arms towards the distal region of the cell, In cultured
cells the arms are broader and more flattened;
the regions in such cells are often up to 10 ;%7 '
microns in lehgth. The lengths of regions //6270
shows a gradation, being longest in the cen-
tral part and very short at the flattened

edges of the cells (Fig. 21). The longest
regions coincide with the deepest part of the cell arm, The cell flattens
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at the edges and the lateral granules are motionless, trapped in the

flattened cytoplasm,

The lateral dimensions of regions varies between % and 2 mic-
rons. The granules in dark-adapted cells are rigidly aligned among the
evident partitions in the arms (Fig. 13), and the lateral dimensions of
the regions would be approximately i to 1 micron. In light-adapted cells,
on the other hand, the granules have greater freedom of motion, The lat-

eral dimensions of the regions may be as great as 2 microns (Fig. 12).

There is no clear relationéhip between the axial and lateral
deviations in the few observations made during this work, The excursions
of granules in a cultured cell were traced during a short interval, and
the regions are presented in Fig. 22. In the deep, central regions of
the arm, where the granules seem to move most freely, some relationship
is evident in the dimensions of regions marked 1 and 3. The region be-
haves like an elastic ring which has been distorted. But for the most
part, no clear relationships are evident., The lateral constraint appears
to be primarily due to the confining partitions, and the axial constraint,

to other factors,

Although the regions are ellipsoid in cells in situ, they are
not always this shape in cultured cells, In such cells which contain
only a few granules, the granules move in circular orbits. Perhaps this
circular movement is due to the fact that thefe are fewer partitions in
these cells with few granu-
les, or else, that the par-
titions would, in any event, :3/7
be expected to radiate from / (rﬂ
the central part at wide an- N\ e

gles to one another and G

therefore, have little affect ’§) e
in channelling the granules, C:; C;D

Fig. 20. Tracing of cultured (:7 z“

cell containing few granules,

Time lapse of 2 seconds was <:7‘/,

too great to permit contin- .
uous observation of single

granules, but paths could be

momentarily observed and are

indicated by arrows.



Fig. 21.

Granules in a wedge-shaped, flattened arm, The ex-
cursions of several granules were followed during
14 minutes of filming. These granules are numbered
for convenience, and their axio-lateral excursions

are plottedrin Fig. 22, The cell was deepest in

the mid=1line,



Stationary
® 3-5cm
@ 2-3 cm
O |-2 cm
#% <lcm

Fig.

21.

3@

JG.40~.

3% h




@]
MOQ 8sQ 5 3
&l
" esO . O
ol o
OE) 18O as8eve 28 op
ot 00 o 8
se0® =)

s sg . to o
Fig. a?é’ Granil%s imo wgdge-shaped, flattened arm, The ex-
cursiges of seferal gmagules were followed during
s1o13° R tetCof filming, These granules are numbered
£8P con®tfience, and their axio-lateral excursions
are@lotted in Fig. 22, The cell was deepest in
the sALA-Jsine,
mo ss
o

»O



7+ Stationary
® 3-5cm
@ 2-3 cm
O 1-2 cm
W% <l cm

Fig.

21.




Fig, 22, Axio-lateral excursions of several granules in the arm
of the cultured cell in Fig. 21, Traced for 14 minutes
of filming.,
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b. Characteristics of Motion.

Within its localized region, each granule moves to and fro in
the proximo-distal direction. The granule generally does not oscillate
to and fro continuously, but rather, may remain at one end of its path
for some time, then traverse the region by a series of short starts and
stops. It is convenient, therefore, to describe separately the charac-

teristics of the distally-directed and the proximally-directed traverse.

Most often, the distally-directed path is traversed by a dis-
continuous motion--a series of short starts and stops. A granule may
take up to 60 seconds to traverse the diétal path over a distance of 2
microns, The proximally-directed path, on the other hand, is generally
traversed continuously, and more rapidly, The granule commences the
proximally-directed motion with a sudden, rapid acceleration from a rest-
ing position, moves rapidly (up to 3 microns/sec.) and traverses long

distances in a single, continuous movement,

The characteristics of these motions are greatly affected by
the presence of net concentrating or dispersing tendencies within the
cell, Net concentrating tendencies have the effect of exaggerating the
characteristics given above, .The proximally—directéd path may be very
long--up to 6 microns--in cells in situ. The granule traverses its path
rapidly and may accelerate all the way along the proximal traverse., Ve-
locities of up to 4 microns/sec., have been recorded., The granule gener-
ally remains at the proximal end of the path for some time. The charac-
teristics of granule paths in the proximal regions of a cell exhibiting
a net concentrating tendency are shown in Fig, 23,

Change in Position of Three Individual Grains with Time

Net dispersing tenden-

Proximal

cies alter the characteristics of 5 o
the distally-directed path., The
distally-directed path is gener- o o 20
ally traversed continuously, and O%oo £°°w°

quite rapidly. The granule stops
at the distal end of the path with ° 0°®

a short rebound and remains bob- 8k ° 000°

%o
©0%00000 0®
1 %0040

Distal

bing about at the distal end of

10 sec.

the path for some time., The move-

Fig. 23.
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ments of granules in the distal part of a cell in which a net dispersing
tendency was superimposed upon the shuttling motions are illustrated on
the following page in Fig. 25. Granules remain longest at the distal

ends of the path, The bobbing motion is difficult to see in these trac-

ings, but is evident in some,
The characteristics of the HET DISPERSING TENDENCY

shuttling motions when affected by

overall net dispersing or concentra-

ting tendencies are diagrammatically

illustrated in Fig, 24, The distal-

ly-directed granule remains some i /“b/\u/\/1/\/\/\1
time at the distal end of its path. prozimol

t in sec.

tin secC.

é in microng g

The time-position plot of granules

NET CONCENTRATING TENDENCY
upon which a net concentrating ten-

dency is superimposed gives a saw- Fig. 24.
tooth curve,

The total period is variable since the granule executes so
many stops and starts. It may be of the order of a few seconds up to
several minutes, It is reduced in duration when net concentrating ten-
dencies are superimposed, since the time a granule spends at the distal
end of its path is reduced, and in addition, the granule traverses the
proximally-directed path more rapidly., It may be lengthened if weak
net dispersing tendencies are superimposed, since the granule remains
for some time at the distal end of the path, Strong net dispersing ten-
dencies generally decrease the period. The period is very short, with
the granules exhibiting a perpetual oscillation, when strong tendencies
to disperse (evidenced by rapid translocation of shuttling regions) are
countered with stimuli to concentrate, This is the case when cells from
light-adapted fish, whose granules are dispersing in culture, are irra-
diated with strong light (by opening the diaphram of the microscope) or

exposed to mildly alkaline medium, As net dispersing tendencies are

replaced by net concentrating tendencies, the granules undergo rapid oscil-
lation,

c. Relations Among Granules,

Certain characteristics of the shuttling regions, and of the
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movements of a single granule within the region, have now been described.
This section deals with the relations between granules--immediate inter-
actions of granules with one another, the relationships between the shut-

tling regions, and the relationships between the motions of different

granules,

Granule Interactions, The interactions of granules with one

another may be most readily observed in the broad, flattened arms of cul-
tured cells, The true impression of this movement is very difficult to

convey. Ballowitz previously described it as kornschantz oder kugelspiel

(a dance or play of spheres)., Granules moving to and fro in common chan-
nels collide and move as .a pair for a minute or two, and then part again;
or they may collide, without rebound, the result being that both granules
stop moving; or they collide, but.glide by one another in the same chan-
nel or else turn around one another once or twice, Light reflectance
from the gran<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>