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Introduction 
The dermal melarrophore is a :stellate-shaped cell with processes or arms 

radiat ing out from the nucleated central  region. The dense melanin granules 
when disper,sed ihroughout  the processes give t~he fish a .dark color. When, 
on the other  hand, the melanin migrates to the .central region of the .cell 
leaving the processes devoid o.f pigment,  the fish appears  pale. In this 
phenomenon .o.f color adaptat ion,  the pigment  granules move rap id ly  in a 
streaming motion analogous 'to that  observable in other types of cells. It  
is reasonable to assume for investigative purposes that  t~he same or similar 
mechanisms might b.e involved in this a.s in .other instances, i.e. that  the 
sir,earning might be given direction and poss.ibly propuls,i, on by  a popula t ion  
,of microtubnl.es [i9']. 

We under took the present stu.dy p r imar i ly  to investigate mierotubule 
distr'ibut.ion and involvement. Natura l ly  there w.as the ,a,d,dit:i.onal interest 
in ;oh,serving an ass~ociati, on between micro,fubul,es and ,streaming in a ,situa- 
tion which len&s it,self to exper imenta l  manipu]~a,tion of th,e streaming. 

Previous Studies 
Early investigators believed that the ehromatophore functioned something like 

a muscle fiber. The mechanism of pigment dispersion in the arms of the chromato- 
phore was likened to myofibril elongation. Hence they described the chromatophore 
in this cnnditi.on as "expar~ded." Concentration of the pigment into a dense ball 
within the nucleated central region of the chromafophore was labeled "contraction." 
Tho.ugh one no longer finds such a close analogy between the movements of muscle 
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and the movements of pigment, the terms expansion and contraction are still used 
to describe the active stages of pigment migration. "Expansion of the chromato- 
phore" refers to the centrifugal dispersion o.f pigment into the cell processes, and 
"contraction" refers to the concentration of this pigment into the central region. 
When neither stage of active migration is occurring, the cell is in its "resting state," 
and little motion of pigment is observed. The "resting state" may be used to 
describe a cell whether expanded, contracted, or in some intermediary state as long 
as the pigment is not migrating. 

1. I n f l u e n c e  o f  B a c k g r o u n d  

The melanophores of Fundulus are readily induced to change their appearance. 
As is well known, they expand over a black background but contract over white. 
The time necessary to achieve such color adaptation is remarkably short, for the 
melanophore can disperse its pigment from the concentrated position in a matter 
of minutes when changed from a white to a black background. The reverse process 
is even faster. Such background adaptation requires light. If the fish is placed in 
a dark room irrespective of background color, it will always pale; that is, all 
melanophores will contract. 

2. N e u r a l  a n d  H o r m o n a l  C o n t r o l  

a) NerDes 

The chief means by which the Fundulus controls its pigment migration is by 
nervous control. Each chromatophore of the dermal layer of these fish seems to be 
equipped with at least one expanding and one contracting nerve fiber, nerve fibers 
which form part of the autonomic nervous system [24]. The nerve impulse is 
thought to be mediated by neurohumors which have not yet been identified. 

These conclusions were derived primarily from one basic experiment with modi- 
fications performed by different investigators to add to this general description of 
chromatophore innervation in Fundulus. When shallow transverse cuts are made 
at the base of the caudal fin of a fish maintained on a white background, some 
of the nerves supplyin,g.different sectors of the caudal fin are severed. As a result of 
this operation the chromatophores of the fin thus denervated expand, while the 
innervated cells remain contracted. These expanded melanophores appear as a dark 
band on the fin. If the fish is kept on the white .background for twenty-four to forty- 
eight hours more, this dark band eventually disappears or "adapts." If the fish is 
then transferred to a black background, the cells of the innervated regions quickly 
expand leaving a pale band co.mposed of the presumably denervated chromato- 
phores. These denervated cells require considerably longer to adapt to the black 
background than their innervated neighbors. M i 11 s [24] noticed that those melano- 
phores which lagged in adaptation to a white background were not exactly the same, 
melanophore for melanophore, as those which lagged in black background adap- 
tation. In other words, those melanophores whose contraction response had been 
retarded by the operation did not necessarily show a lag in expansion time, whereas 
other melanophores contracting normally did not expand in normal time. This 
constituted the most convincing demonstration of dual innervation at the time. 
Since then, however, dual innervation has been corroborated by such experiments 
as observing the effects on pigment migration o.f drugs with known effects on the 
autonomic nervous system [41]. 

The nature of the eventual color change of the denervated sector was then 
scrutinized. It was found that the melanophores around the lateral edges of the 
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denervated band are the first to approximate the pigment displacement of theiI 
innervated neighbors till.  That is, after the original denervation, a band of the 
caudal fin darkens. If  maintained over a white background, the expanded melanu- 
phores at the lateral edges of this strip are the first to contract; this "wave of 
contraction" progresses toward the center of the strip at the rate of 1 mm per 
fifty-two hours [521. The analogous phenomenon is observed when the fish is then 
placed over a black ha&ground. From these observations, investigators such as M il 1 s 
[24, 25], P a r k e r [2'9~32], and A b r a m o w i t z Ill conclude that a neurohumor(s) 
generated in the innervated regions of the fin slowly diffuse into the denervated 
region and induce the appropriate migration within the ehromatophore. P a r k e r 
points out that since adrenalin injected into the blood causes a rapid, synchronous 
contraetion of the denervated chromatophores, and since aeetylcholine even protected 
by eserine causes no marked expansion, the neurohmnors regulating the ehromato- 
phores are not neeessarily the same as those commonly associated with the auto- 
nomic system. P a r k e r feels that since the adaptation .of the denervated chromato- 
phores is gradual and nonsyn&ronous, the substance effecting this adaption is not 
carried in the bloed and probably is not water soluble but lipid. 

The picture that .emerges is one of .dual innervation mediated by slowly diffusing 
neurohumors. Therefore, in order to account for the rapid response of the cbromato- 
phores to ba&ground stimuli, one would expect some close spatial relationship 
between nerve endings and the chromatophore, something in the nature of a 
"ehromato-neural junction." 

b) Pituitary 
Other factors also play a role in the control of pigment migration. M a t t h e w s 

[221 discovered that the hypophysectomized Fundulus still is able to adapt to back- 
ground changes nearly as well as normal animals. When the melanophores are 
denervated, the adaptation lag for both normal and hypophysectomized fish is also 
about the same length .of time. However, A b r a m o w i t z  [2] showed that the 
denervated metanophores of hypophysectomized Fundulus are unable to expand 
over a black baekgr.ound after having contracted from the initial pigment dispersion 
concomitant with denervation. Both he [2] and K I e i n h o 1 z [17] have isolated 
a melanin dispersing substance in the pituitary which is effective when the over- 
riding nervous control is eliminated. One can conclude that in Fundulus heteroclitus 
the pituitary, presumably via a blood-borne hormone, has some subsidiary effects 
on adaptation to background (black, white). But it should be emphasized how 
subsidiary this hormonal effect is when compared, for example, to the analogous 
control by  the sinus gland o~,er pigment migration in the retina of Crustaeea [18]. 

Further consideration of the controls of pigment migration within the chromato- 
phore will be postponed until the Discussion. 

Methods I 

The  kinet ics  o[ p i g m e n t  migra t ion  wi th in  the melanophores  .o[ Fundulus 
heteroclitus were  s tudied in isolated ,scales r emoved  f r o m  the anter ior  dor,sal 
region of tha t  fish. Act ive  migra t ion  was  observed in the e x p a n d i n g ,  con- 
t ract ing,  and  pu l sa t ing  cell. E x p a n s i o n  was  induced  b y  p lac ing  the scale 
into ei ther  0.1 M. NaC1 or Ringer ' s  .solution. A d r e n a l i n  ,(10 ~ M.-10  ~ M.) or 
0.1 M. KC1 induced  cont rac t ion .  Pulsat ions ,  ,defined as the cycl ic  expan,sion 
and  ~eontraction of the m e l a n o p h o r e  every  f ew  .minutes, could  be achieved 
b y  t rea t ing  the .cell first w i t h  0.1 M. BaCI~ then  0.1 M. NaC1 (techniques of 
S p a e t h [45]. P r io r  to such expe r imen ta t ion ,  the fish were  gene ra l ly  k e p t  
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overnight in an .illuminated black n r  white tank filled with sea water. 
Photomieregraphs  were made of the expanded ,  contracted, and pulsating 
cell showing the .different stages of migration (Figs. i a, i b, and 2). 

Fig. 2. Light micrograph of a horizontal section through contracted melanophore. 
Note the emp(y process (P) radiating into the dermis. Other structures of the 
dermis, such as capillaries (Cp) and xanthophores (Xp), the yellow pigment bearing 
chromatophore, can be seen. The basement membrane (BM) separating dermis from 

epidermis (Ep) is also contained in this plane of section. Magnification X865. 

Observations 

The melanophore  when maximal ly  expanded  has a pa r t i a l l y  clear 
central  region with most of the pigment  found in the long, branching pro- 
cesses of ten extending from the central  reg.ion as far  as s ixty microns. 
These processes are neither straight nor of uniform ,diameter and when 
filled with pigment  they have a spindly appearance  (Fig. 1 a). In the .eon- 
tract,e,d cell state the pigment  f,orms a s,pherical or ,etlip,soidat b,a~l ranging 

24* 
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between twenty to forty microns in diameter and fitl.ing the central region 
(Fig. 1 b). Under phase contrast the processes, now almost ,devoid of pig- 
ment granule,s, can be resolved as clear channels within the dermis (see 
Fig. 2). Intermediate positions of pigraent displacement can be attained by 

Fig. 3. Light micrograph of a horizontal section through expanded metanophore. 
A clear zone (CZ) can be seen in the central region from which the pigment is 
dispersed. Note the linear arrangement of the granules in the arms or processes. 

Magnification X2,2~0. 

the appropriate adjustment of adaptation time and/or badaground colora- 
tion. 

When the scales are placed into solution's which induce migration, the 
pigment granules, especially those peripheral to the main ,body of pigment, 
begin a rapid vibratory movement which .seems to be directed predom.i- 
nanfly along the longitudinal axis of the cell process. Fotlowirrg this initi,al 
activity the pigment begin's to move en masse. M, igration proceeds at a uni- 
form rate until the pigment 'has achieved its eventual displacement--be this 
eom0plete .dispersion, concentration, or an intermediary position--after which 
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the activity ceases. The onset of migration begins in ,most of the cells on the 
scale at the same time. Even when the melanophores have been pulsating 
over a period .of hours this synchrony is still evident. 

This togetherness is not reflected in the movements of individual gran- 
ules. Small groups of granules arranged in single file (Fig. '3) along the 
lo~gitu.dinal axis of the process are frequently o'bserved moving counter to 
the mainstream of migration. It is not surprising that the amount of inde- 
pendence i,s inversely proportional to the overall rate .of migration, In 
weaker concentrations of adrenalin (10 -~ M., 10 -5 M.) which induce a :slower 
rate of contraction than 10 '-a M., the granules show a ,greater tendency to 
move counter to the overall influx .of pigment. Most of the granules are 
limited ,primarily to a linear migration along the longitudinal axis of the 
process. However, the more distal granules, au.d, hence, those least crowded 
by other granules, also display some Brownian ,motion. 

Our general impre,ssion from such ,observations i.s that these granules 
are, in some degree, restricted to rather definite "paths" within the cyto- 
plasm of the process. These "paths" extending from ,the central region 
run paral.lel to the longitud'inal ax.i,s of ,the cell process and seem to 
orient the granules in their movements. The ,granule within such a "path" 
seems less affected by granules in adjacent "paths" than it does by a.djacent 
granules of the same "path." This impre,ssiou stems from the observation 
that small groups of ,granules (two to five) linearly arranged are seen 
migrating ahnost as separate ,units, that i.s, counter to the movement o.f 
granules in adjacent paths. These observations will be further di,seussed in 
conjunction with observations on the ultra.structure of the m.elanophor'es. 

Methods II 

To ackieve further understanding of the ,mean.s and control of pigment 
migration, we have prepared scales for observation with 'the light and 
electron microscope. 

Scales were removed from the anterior .dorsal region o,f Func[ulus, ,black 
or white adapted overnight a.s previously des.crib~d. These were immedia- 
tely fixed in 6.5% glutaraldehyde followed by 1% OsO 4, each 'buffered with 
G.1 M. s-collidine to a pH of 7A. It was observed that 'the .fixation process 
did not alter the initial pigment di.placement within the melanophores. The 
specimens were then embedde.d in araldite or epon. Sections were cut with 
a diamond knife on a Porter-Blum ultramicrotome. Those prepared for the 
light micros.cope were stained with toluidine blue and azure II. Sections 
cut for electron microscopy were s,tained with uranyl acetate and lead 
citrate. 

Observat ions 

1. L . i g h t  M i c r o s c o p y  

Ex.amirra,fion with the light microscope of .sections s,tain.ed vcith toluidine 
blue and azure II confirmed observations made of the chromatophorebs in 
oioo. When concentrated, almost al,1 the pigment with'in 'the melanophore is 
found in a ball filling the central regi,o.n (Fig. 2). The processes, now nearly 
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dewoid of pigment gr, amfl,es, are re.a.dily visualized. Th,e nucleus (nuclei) 
can often be seen ,projecting into the empty" pr.oees,ses. 

The expanded melanophore frequently is Wpified ]~dr a clear zone withitl 
the central region as most of the granules are dispersed into the processes 
(Fig. 3). The nucleus (nuelei) often is ,found to one side of the cell center. 
The granules appear to be arranged in columns :(s,ingle tile) within the 
processes, each column, aligned paralle[ to the longitudinal axis of the 
process. This orderliness within the process is not found within the central 
region where the granul:es are scattered s.omewhat randomly. 

These general observations o[ the fixect tissue at the light microscope 
level were followed by exam~ination with tt~e electron microscope. 

2. E l e c t r o n  M i c r o s c o p y  

a) General description of dermi~ 
The chromatophores examined are located in ~he der,mal la~y-er of the skin 

which overlies the scale. We .can imagine the ehromatophores to be sand- 
wiehed in the dermis between the supporting scale and the overlyirtg epi- 
derm, is. This epidermal covering is about i"ive to seven ceils thick. A ]~ase- 
meni mem~brane is found .directly'beneath the epidermis separating it from 
the dermis. Collagen fibrils (cress sectional outer diameter about 24,0A~ 
are found .directly beneath the basement mere*brahe. This collagen in 
favorable sections is ,seen to be arranged in an orthogonal pattern and in 
layers of varying thieknesses. Numerous capillaries and small arterioles 
wirh nucleated erythrocytes, bundles of myelinaied and umnyelinated 
nerve fibers, and two .kinds of chromatophores (~he melanophore ancl the 
yellow pigmenl bearing xanthophore) are ,he ,primary cell types located 
in-the dermis. 

b) Description of pigment granules and distrtbution o[ organelles 
in melanophores 

The pigment granules of the melanophore are spherical or ellipsoidal 
bodies with an a,erage .diameter Of about 0.5 microns. The melanin inside 
the granule ds quite ,dense 'both fo visible light and t'he electron beam, 
giving the pigment its characteristic ~black appearance (Fig. 4). The indivi- 
dual granule is surrounded by a unit membrane. The layer of cytoplasm 
encircling the melanin .occas:ionally contains vesi,c~:es and dense particles. 
A eonspicu,ou~s Oolgi region is n.ot found; nor is there any indication ,of an 
ordered arrangement of the metan.in within the granuSe in these adult 
mefanophores. Whether the evidence ,of strue,ture observed by some investi- 
gat.ors represents some ,aspect of :pigment synthesis or tran.sport is not yet 
determined [5, 26, 461. 

Fig. 4. Eleclron micrograph showing a small part of a melanophore process 
Each meIar~ia granule is s~rromTded .t~y a unit membrane. In what appears to be 
an early stage of grarmfe development, ves{c[es (Fe} and dense particles (Dp) can 
he seen insMe the unit membranes. Note the large amount of smo.oth ER (SER) 
and free ribosomes. Cortical pits (Pt) are present along the plasma membrane. The 

process is surrounded by collagen (Co). Magnification X35,000. 
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In the contracted melanophore many  of the mitochon,dria are located 
distal to the mas,s of pigment granules concentrated in the central region 
(Fig. 5). Presumably  they are located close to an active site of ATP hydro-  

Fig. 5. Electron inicrograph of a nearly horizontal section (i.e. cut in the plane in 
which the melanophore is extended) of a contracted melannphore. The mitoehondria 
(M) are located predominantly distal to the bulk of the pigment as though not 
moved with the melanin. Two chromatophore-nenral junctions (CNJ) are included 
within the small square and reproduced in 5 a at a higher magnification. Cortical 
pits (Pt) are numerous in the vicinity of the nerve ending. Magnifieation X9,600, 

insert X40,O00. 
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lysis. When  the melanophore  is expanded ,  the dis t r ibut ion of mitochondria 
seems to be more ,generalized (Fig. 7, 9), Free  ribosomes and p redominan t ly  

Fig. 6. This shows a section .of a process belonging to the same melanophore 
depicted in Fig. 5. The mitochondrion (M) again is seen jus t  distal to the pigment. 
The small insert, 6 a, reproduces a part of the cytoplasm at higher magnification. 
It shows microtubules (Mr) remaining in the melanin-free process after contraction 
together with fine filaments (Fi), some smooth ER (SER), aad glycogen. Magni- 
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smoo th  e n d o p l a s m i e  r e t i c u l u m  (SER) a re  found  t h r o u g h o u t  the  cen t r a l  
reg ion  a n d  processes .  

Fig, 7, Section includes a process of an expanded melanophore. There is a general 
distribution of mitoehondria (M) among the melanin granules. The numerous 
microtubules present are oriented paral lel  to the long axis of the process. The 
insert, ? a, shows distr ibution of mierotubules relati~,e to the pigment. Magnifi- 

eat~onxg;600, insert X32,000. 

c) Cortical pits 
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(850 A by 1000 ~) are just within the plasma membrane bordering the cell 
and often are found attached to fhis membrane by narrow necks 
(Fig. 4). The plasma membrane surrounding the central region seems fo 

Fig. 8. Nearly longitudinal section through a chromatophore process. Granules 
appear ordered into linear columns or files. Microtnbules (Mr) are present mostly 
near the surface of the process but they give some indication of aligning the 

granules. Magnification X20,000. 
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have more pits per unit area than does the membrane around the processes, 
but other than t'his no dire,et correlation between number of pits and 
distance from the center of the cell has been observed. 

Fig. 9. Horizontal section through an exp,anded melanophore. Melanin granules 
are out in arms of cell leaving central region (CZ) or centrosphere relatively clear. 
Mitoehorrdria can be identified around clear zone and elsewhere among pigment 
granules. A centriole (Ce) is present near the middle of the clear zone and great 
numbers of microtubules emanate from this region. The enclosed rectangle is 

reproduced at higher magnification in Fig. 10. Magnification )<6,000. 
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Fig. 10. Here the clear zone or centrosphere area of Fig. 9 is enlarged. The micro- 
tubules are numerous and apparent ly  random in orientation. The mater ial  of the 
centriole is very finely filamentous, and mater ial  of similar texture can be recognized 
at points marked X as well as elsewhere. Profiles of vesicles, presumably  par t  of 
the endoplasmic reticnlum, are common. Mitoehondria (M) mingqe with pigment 

at margin of clear zone. Magnification X55,000. 
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d) Nerves and nerve endings 
Nerves contain,ing both myel inated and un,myelinated fibers traverse 

the dermal  layer.  These pr imar i ly  autonomic nerve processes f requent ly  
are found adjacent  to the ehromatophores. Structures morphological ly simi- 
lar to nerve endings found in nerve-nerve junctions are seen adjacent  to the 

Fig. 11. Transverse section through the process of a melanophore. Cross sections 
of mierotubules (Mt) are seen in the cortical region of the cell just beneath the 

limiting plasma membrane. Magnification )<41,600. 

plasma membrane of the chromato.phores (Figs. 5, 5 a). These "chromato- 
neural  junctions" contain typica l  synapt ic  vesicles ranging in diameter  from 
35.0 • to 6503,. Sometimes a mitocJaondrion is observed within the nerve 
ending. Other  presumed neural  endings are f.ound not in contact with the 
ehromatophores but  instead compl,etelv surr.ounde,d by  collagen. 

e) Micro.tubules 
M.icrotubules are com~mon ill the melanophores. These long, slender, 

seem~ingly hollow cylind,er, s have an average cross ,seeti.onal ,diameter of 225 A. 
Their  .length i:s une,ert,ain, b,ut in favorable sect.ions they can be :traced 

for ~several mi.erons. It  is conceivable, but  not yet  shown, 'that ,one micro- 
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tubule extends the entire length of a cell process. The microtnbules, as a 
rule, are straight, unbranching ,structures, b u, t they ~eem to be able to bend 
slightly around granules and conform to the curves of the processes. This 
suggests a flexibility in a structure which tends elastically to be straight. 

Microtubules can b,e found ~throughout the mel.an.o,phore whether the cell 
is contracted or expanded (Figs. 6, 6 a, 7, 7 a). They are arranged parallel 
to the longitudinal axis of the cell process and are found in higher numbers 
nearer the plasma membrane than nearer the central axis of the process 
as r,evea~ed by tangential and cross sect i,ons (Fig!s. 8 and 11). 

In the cell .process the microtubules seem to align the 'granules into 
rather well defined columns parallel to the longitudinal axis of the ,process 
(Fig. 8). Within the central region where their number per ,unit volume is 
higher than in the processes, large groups of microtubules are seen pass,ing 
in between the granules. Their influence in aligning the granules seems 
less obvious in this region than in the processes. 

f) Centriole 

The ,microtubules of t'he melanophore emanate into the processes from 
a point within the central region ,of the cell. At ~his point is a centriole 
(Figs. 9, 10). Attachment o.f the microtubules directly t,o the centri,ole has 
not been demonstra'ted. Rather they seem excluded from a regi,on with a 
radius of about 0.25microns, ,devoid of S~E]~ vesicles and pigment, which 
surrounds the centriole. Finely filamentous mat.eria~ comprising .a centr:iolar 
matrix is .observed radiating from the centriole 'into this z,one. Other d.ens,e 
aggregations .of isimi]ar mat,erial can be ,ob'serv~dnearby (Fig. 10). Tho.ugh 
this filamentous material h,a~ no,t yet been identified, :one cann.ot help but 
inte.rpret it as also involved in the mierotubule-centrio[e relationship. 

The spherical .distribution of the pigment granules about the centriole 
indicates its central position in pigment .dispersion. In sum, the centriole 
seems to be the focal point for the emanation of microtubules and the 
migration of pigment. 

Discussion 

1. N e u r a l  a n d  H o r m o n a l  , C o n t r o l  

As noted above, control over pigment displacement within the ehromato- 
phore is exercised in the fish by the autonomic nervous system and the 
pituitary gland. Domination by the nervous system of hormone regulation 
is evident in Fundulus chromatophores, but nevertheless, t~he ,pituitary does 
have some influence. The identification of the pituitary substance has not 
been made to our knowledge, ,but presumably it functions in a fashion 
analogous to the influence of MSH .on melanophores of amphi,b,ians. The 
means by w,hSch the ~.er~ous influ,enee ~s ,trar~s~mit,t,ed .ar~e equally ~.a,gue. 
P a r k e r, for reasons briefly ,mentioned earlier, argues against the neuro- 
humors adrenalin and acetyl,choline usually associated with the autonomic 
nervous system. He favors slowly diffusing "lipohumors" that will not 
dissolve in the blood arid thus be transported quickly to the ,denervated 
chromatolJhores. Speculation on the nature of the neurohumors originates 



840 D. Bikle, L. G. Ti]ney, an.d K. R. Por~er 

from observations on the gradual adaptation of the denervated chromato., 
phores in the caudal band, an adaptation beginning with those ceils closest 
to the innervated ehromatophores and slowly spreading to the central axis 
of the eau.dal band. Such gradual spreading of tile adaptation influence 
from the innervated area to the denervated area is in direct contrast to the 
rapt, d, syn&r.onous aontracti,on ,of the denerva.ted melan.ophores induced by 
injection of adrenalin into the blood. However, to our knowledge it has not 
yet Been established that the neurohumor directly mediating the nervous 
influence over the innervated ehromatophore is the same substance that 
presunlably diffuses into the denervated region. 

Examination of the ehromatophores with the electron microscope 
revealed some structures that may play a significant role in mediating the 
influence of pituitary altd nerves over pigment migration. Nerve endings 
were found, some in junct.i,on with the melanophore a.n,d others seemingly 
isolated by  the collagen. It may turn out that these "isolated" nerve endings 
actually do form a connection with the ehromatophore, but that this junction 
was not contained within the plane of section. A less plausible explanation 
for these "isolated" nerve endings is that they form no actual junction with 
the ehromatophore, but rather transmit their influence through the intercel- 
lular matrix, say by  a "li~)ohumor." 

Cortical pits projecting into the chrmnatophore from their points of 
eo.ntinuity with the ,plasm, a membrane were found. Similar structures have 
been observed in endothelial and oth,er eell,s. Their rule in the endo- 
thel'ium h,as been int'e.rpret, ed as a submicr,o,seopie form of pin.ocyt,os.is, 
p.os.si~bly related to the transport of material from the bl, ood through the 
capillary wall [6]. Perhaps the pits within the ehromatophore .provide a 
similar function; perhaps such substances transported into the ee]l via the 
pits include neurohumor.s or pituitary hormones. Elueid.a,t~on of the r~ole ,of 
the pits in ehromatophores has not been accomplished, but their distribution 
throughout the cell and their obvious connection to the plasma membrane 
make them likely eandi.dates for the reception of substances from without 
the cell. We would suggest that this reception may be specific for certain 
hormones. 

That the chromatophores are directly innervated has been shown physio- 
logically and morphologically. But the nature of the ".diffusing neuro- 
humors" and the transport of the pituitary homnones into the ehromafo- 
phore are still uncfear. 

2. T h e  t l o l e  o f  t h e  M i c r o t u b u l e s  

When one examines the internal morphol,ogy of the meianopt~or,e f,or a 
pl.a~sible meehan'ism by whi,eh conceivably the cell could disperse ,or con- 
centrate its pigment, one's attent'ion is drawn to the mierofubules beea.use of 
their .dis,tributi.on and .o.rientatbon. Here, .as in several other types ,of cells, 
these long slender strueture.s are arranged in ~such a way as a) ~o give 
supp,ort for the asymmetries in cell form, b) to guide intraeellular movement 
of eyt.oplasmie p'arfiel,es, and e) to provide, by some device, a propulsive 
force [36]. 
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The plasma mere,brahe ,is clearly not a rigi.d form-supporfir~g surface, 
and eel.is wh,ose permanerrt sh,ape deviates as radical ly from ,the spherieal 
f, orm a.s ,does tha t  ,of the me~anopho,re are g, en, er.ally thought ~,o possess som, e 
internal ".cytoskete~on." In m a n y  instances o.f .asymm,etry such as eili,a [14J, 
t}~,e discoidal erythroegtes ,of s,ome fish [10], the caudal  ,sheath ,of d,evelo,ping 
sperm [7], ,the ex~ended arms of proto.z,oa~s [44], there ,exists ,an-as,sociated 
p,op,u,lafi,on of m~cr,o~ub, ut,es. Not only  ~h, ave n~icro~ubu~l.es ,been shown 5n 
th,ese and ,other inS• but  their ar~ang.eme, nt  relative ~o the a.s.ymmetries 
makes them 1,ogieal eandida, tes f,or the tasks of f,o,rm maintenance. Thu~ in 
cilia the wel, l-known 9-I-2 complex of micro,tubules forms the lon, g'~tu.dinaI 
axles ,of • till.am; in the slender .a~op.ods .of Aetinosphaerium .a double 
a.rr, ay  ,o{ paraItel mierotubu,}es eompr,ises the  axial  component. It seems, 
indeed, ~o be a general rule that  m.ierotubules in asymm,etrie cells and cell 
extensions are aligned paral,lel ~o the long axis of ,the .asymmetry and are 
sita,at-e.d peedominantly near or within the cell cortex. 

Micr.otubu~es ,a,l~so appea r  t,o be involved in ~.e imracetlular  movement 
of cyt~pla,snfic partic;es a) in .defining -the channels and ,direeti,on ,o.f move- 
merit and  b) p,assibly ,alsro in providing the me,tire f,orce. Examples of this 
apparent  invoI~ement inclu, de the stream'mg in nferv, e eel:! processes [~5] 
where mierotubules are universally pro,sen,t, the ey,fopl~rsmie movem.enis in 
pl,ant ceI[,s [i9], a,nd the migrati,on of p,a, rti.cle~ up ,and d.own the axop;o.d~ ,of 
he,~ozoarrs [441 to mention only a few. I.n ,all these cited eases, as. ,in ,the 
chr,oma~ophore, the d'ireetion .of motion and  th'e m'i.en~,at~on .of ,the mint,o- 
tubules pa r a l M each other. Likewise it is evident tha t  ,the mo,ti.on d tl~e 
melanin granules ,does not depend on a,ny withdr,awal or  ehang,e in sh:ape ,of 
the melalmph, ore arms. 

This 1-a~ter f, aet was suggested first by  M,a t t h e  w Js who reported in 
1971 lhaJt he was able t.o visualize el, ear ehannets xemaming in the dermi,s 
after the metan.ophore had app,a~ently eon.t~acted [211. Either ,the cell 
retained i40s form and ,only thee mel,anin gran.u.tes moved, or the cell in ecm- 
tr.actmg tef~t t~ehind a space which ,omlined iN uneo.n, traet,ed shape. The 
foa'mer i ,  easy t,o d,emor~s,trate. In a m.ann, e:r ,suggested by  S p .a e t h [42} we 
ph.o~ograph, ed v:arious st, ages ,of pi,gmeat mig~ati:on in a pulsating ce.lI over 
the oourse of an hour to co~rob,or, a,te M a ~ t t h e w  s' ,observati,ons and our 
own made .on preserved .m~a,teri.al with phase-con• o,ptic,s (Fig. 2). The 
successive expansi,ons .of the melanin con, tent, s,epar~ated by at  least ,one eon- 
tractio, n, ~nto :p,reci~sely the ~same- part.era ea.ch ,time, sugg.es.Ss no,t ,only t:hat the 
processes Jaol.d their form between contractions/but  also that  the granules 
~eturn to t,he ,same spaces within the process. These conclusions are 
be.me ot~t now by the electron mierographs ,of contracted melanoph, ores in 
which it is c learly evident that  tire melanin-free pseudopod persists dur ing 
"eontraet'i.on" a~d ,that i t  is richly popuSat'ed with mi.er~mubules. These ~att.er 
run para,lleI t,o th.e long axi,s ,of ,the cell extension ,and are 1,ong and 
remarkably s'tr2ight. They have been observed to curve arc.trod a melanin 
granule as th, ongh .aeeo.ramo,clai~ng to ~ts pros.once. Hence -bhey w,oul-cl seem 
to be flexible m" elastic structures sh, oMng a ,tendency to return t.o tire 
straight form afber dist,ortiou. Obvi, ou,~ly their  ,di,st,ribution and their phy- 

Protoplasms,  Bd. LXl /3~4  9,5 
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sica~ characteristics make  ,them .i.d,eaI for a ..skeletal r.o}e, tho.u,gh of oour,se 
their invol~ement in form maintenance needs supplemental  support. I t  is 
per't'inent t.o pLOi'nt OUt that  n,o other structure appears in the cy, topl,asm of 
the melan.oph, oee pr, o.cess which could as reas,onably be assig.ned this ro,le. 

In additi,on, as su~gest,ed earli.er, the micr,otubules w,o.uld appear to bear 
some relationship to pigment migr.ation. Our observafi,o.ns on the kinet,ies 
of mi,grati,on indicate that  some organizing influ~enee ex~ists .in the eytopla.sm 
of the cell pr,~cesses t,o channel the pigment along rather fixed paths par,aL1M 
to the 1,o.ng axis .of the proce.ss. S p . a e t h  [43] n,o.ted also ,that migr,afi,on 
seems to take place along fixed axes in the cytoplasm. F,urther to this point, 
B a 11,o w i t z /31 observed that  the movement .of the firdividual granules 
seemed occasionally to be 'independent of the overall .cytoplasmic streaming, 
that  is, cytoplasmic granules were som.etimes seen to move an t ipara lM to the 
general d'ir.eefi,o,n of pigment migration. Si~il,ar erra,tic and in.d'epen, dent 
mo,cement of cyt.o.pl~asmie p.a, rticles has been n, o4ed i.n 4he tubule-.ri.eh axo- 
pods of Actinosphaerium [14]. If  ,one suppo,ses tha,t the mierotubules merely 
define channels within the cytoplasm in which the pigmen, t granules r~oll 
pas~siv,ely with tke cytoplasmic stream, then such "independen.t" movements 
as these w.ould be surpris,i~g. If, on the other hand, ,one supposes tha~ ~he 
microtubules .exert a positive ilffluence (a motive force) on pigment migra- 
tion, then one eoul,d prob,ably ,de,sign a ~mod,el which wou~d a'ecount f, or this 
erratic m" "in.dependent" anoti,on as wel,1 :as 'other phenomena ~of p,igm,en/ 
co,neentration and expansion. 

The two-directional m,o.tion of the pigment g'ranu~es along these "fixed 
channels" i,s, f~or example,  an,other a.speet ,o.f pigment behaviour tha't ~aust be 
exp.l, ained by a p,os.tulated mechani~sm controlling mi.gr;afio.n. The means by 
wl~ieh the pigment is d~speesed seems to be the same a,s the means by which 
it is ooneen.tcated, only in reverse. The same sort .of granule or.ientati,on and 
movement is eviLd,ent in b.o,th ,cases. Two ,observations ,s.hou,ld p.er]aaps be 
.emphasized in this regard: a) the mi.ca:o,tubules r.ema~i.n .in the pseudopods 
wh, ether the granules are dispersed or concentrated, ,and b) the miet~otubules 
lrave not been observed to terminate ,on the gr,anules. These facts seem to 
rule out a "push-pull"  model for pigment movement, a model a.nal,oNonLs to 
that  proposed f,or the m,o.v.ement of chromc~so.rrtes wi,thin the spir~dle during 
mitosis (.review in 16, 23). One can ,im,agine the granules miffrating al, ong 
"fixed channels" within the cytoplasm perhaps like/Joy trains ,al:o.ng ele.etri- 
ral ly char,ged It.arks. By ,adjusting the eurr.ent flowing 'through the tracks the 
opera:t.or can regulate 'the ,speed ,a~ad ,ddr,eoti.on '~;h,e iengine xa~o,v.es Mo,ng 
the 'tracks..So.meho.w ,in the an,e~anop.l~ore !a 0..1 M. NaC1 .or ,Rin~er',s ,s,o, ht- 
tio.n '"throws ,the switch" one ,way and a,dren,alin ,or 0.1 M. ,KC1 so,lu,tion 
"~throws the switch" the o.ther way. To extend this simple an, afogy one might 
say th, a{ th, e ert, atie m,ovements o;f the granules dur ing migrati)o.n in,d'ieate 
either that  the g~anules " jump the trraek" or that  the "l.raeks" are ind's 
.dually eontr,olled. That  *t~ae :pigmen~t granules show i~ittle ,or no, a.etivity ,du,r- 
in,g ;the resting ,s.ta,te implies t,h,a,t 5n,dnetio,n ,o.f tP,i,gme.nt ani,gr:ation :is .not j,us.t 
a nmtt.er 'of "~thr,o~ing the ,sw:Neh" ~froaal ",di's'peree" 'to. "eo.noentrate" ,but t.hat 
the co.ntro]s also have an ".off"' position. P,erhaps the oo,ntrols resri,de in two 
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systems of tubules, one based o.n t.he co.rtex and the other bas.ed .on structu~r.e:s 
w,ifhin the central region, each ,sy.steia regulatin,g .one .directional aspect .of 
tire m.igrai~n. 

A.s of now the meciranis~l by which the microtubul,es 'exert ,a too,five force, 
if any,  ~on pigment granules is not evident. L .e d Jb e t f e r and P.o r t e r [191 
imply  that  cyf.o,plas.n~ic streaming may  be either ,a result ,o.f an undulat ing 
lno,tion of the microtubules or a product  of s,ome Idnd .of ,i,nt.e~action between 
the s ta t ionary tubules and the streaming particles. ,W e, iss  .et al. [4-5] .see 
in ~[he n.eur~on a peristaltic re, oft.on asso.ciated with .axo,pla,sm i~ow, a m,o,fi, o.n 
wirich n~ay in fact be .due to undulat ing tubules. I4owever, n.o such undula- 
ti.o,ns have been observed dn melarrophore pseu.dopods during pigment migra- 
tion. We prefer, therefore, f,or this phen, omenon, a model based on .some 
in'~raction between the surfaces of tire pigment granulJes a~d the relatively 
s ta t ionary micro:tubules. 

I f  we accept the hppo,thesis that  microtubutes exert  a motive force on 
pigment granules, then we mdght lo~ok for tire control center which turns the 
force .~n or off'. Tire centriol,e seems an ,obvi~os~s strncture t,o. cho.ose, at 
least ~o,r the system of micro,fu~bul.es emanating from it and the migrati~on 
these tubules seem to direct. H, owever, i'ts ciro.iee as tire single controlling 
facto.r .or even 'the need for a ,single controlling facto,r is n,ot at ,all clear. 
M.a t t h e  w s  [21] b~ocked off a melan,opho,re process t rapping the granules 
dLstal to the block. This in, dica'~ed to M a t t h,e w s that  the eantr,ol of migr,a- 
t,i, on is., not necessarily located solely in the central regi, on. P.ossibly the 
m.orpirologieal evidence that  micr~o,tubutes may  emanate from sites =in the cell 
e.ortex [7] as well as fr, om centri,oles and  tire sa,tellites o~f cerm~ioles should 
suggest ~irat in the melanopirore there may  be two ,segs of micr,crtubu,les, one 
b.a~sed o.n the cell center, tire other .on the pseud,op,oddal tips coinciding thus 
wi4h the .do,ub}e imaervafi,on. 'One sjss,tem would interdi,gi'tate with the o,ther 
arid wiren s,eparately activated wonM imove the gsamtles ,toward ,one .or t,he 
other of .these sites.. 

Summary 

The dermal melanopkores of Fundulus heterocliius L. Irave been inves,t:i- 
gated by ]dght and el:e,ceron microscopy with the purpose o.f revealing the 
m.echanisms controlling p~igment mi,gration. As predicted by  ea.r~i,er studies, 
tire nerve en.d~,ngs of a d,o.uble inneevati,o.n were f,ound adjacent  to..and in 
syilaptic relati,on to the me[an,o.pirore .surface. N,ot expected were the large 
number of small .pi,ts or in~ca,ginations present in the cell surface. These 
appear  i,den'tical to 'the :so-called micropinocytotic vesicles found genexal.ly in 
cells o.f the vascular endotirel:iuln and sm,o,o,th muscle. In chr0matopiro.res 
they  are more reason,ably int, erpre~ed as recepto,r sites for neuroirormo,r~es 
than as uptake a~d transport  me,charris~ns. 

Observations made on the kinetics ,of pigment migrati, on within the 
processes .of these melanophores indicate that  the ~granules move along 
relatively fixed channels arranged p a r a l M  to the long axes of the processes. 
Examined ,at fine structure levels, the zones of cytoplasm aroun.d these 
channels arc found to be populated ,by microtubules about 225 A in diameter  

25* 
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align.od p~aral~lea i.o the  di.r,ecti,on of  p igmen t  move,ment. These long ,sle,nder 
e lements  are  presen t  in the processes regardless  .of whe the r  t,he melan in  is 
concen t ra t ed  :in the  cell ee.nte.r .or ,dispersed. I t  is tease,ned from. these a.nd 
other  .ob,s,ervati,o.n,s tha t  the micro,tu,bufe.s funct.i.on as cyt,o:sk.eletal ,elements 
which help  m a i n t a i n  the ex tended  fo rm .of the  meIanoph.ore arms and  at ~'he 
sam.e "time define the channels .in which the p igmen t  re, eves. The  p.os,s,ible 
*'ole of the tubule  in geue.rat~ing the mot ive  to.roe for  p igmen t  migrat~,o.n is 
&scussed.  
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