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It has been proposed that supporting cells may be the pro- 
genitors of regenerated hair cells that contribute to recovery 
of hearing in birds, but regeneration is difficult to visualize 
in the ear, because it occurs deep in the skull. Hair cells and 
supporting cells that are comparable to those in the ear are 
present in lateral line neuromasts, and in axolotl salaman- 
ders these cells are accessible to microscopic observation 
in viva. After amputation of a segment of the tail that contains 
neuromasts, cells from the posteriormost neuromast on the 
tail stump divide rapidly and form a migratory regenerative 
placode. The cells of the regenerative placode represent a 
lineage that eventually produces both hair cells and sup- 
porting cells in replacement neuromasts. We sought to iden- 
tify the progenitors of the regenerative placode by using 
differential interference contrast microscopy combined with 
time-lapse video recording in living axolotl salamanders. In 
response to amputation, the mantle-type supporting cells at 
the posteroventral edge of the neuromast that is nearest to 
the wound increased their frequency of cell division, and 
gave rise to the first cells of the placode. The increase in 
mitotic activity of mantle-type supporting cells was accom- 
panied by an unexplained decrease in the frequency of di- 
visions in the same neuromast’s population of internal sup- 
porting cells. 

The time-lapse records suggested that the changes in the 
mitotic activity of supporting cells might have been linked 
to the presence of phagocytic leukocytes in the vicinity of 
the neuromast that was nearest to the wound. Leukocytes 
were evenly distributed around control neuromasts, but dur- 
ing regeneration leukocyte activity increased significantly in 
the vicinity of the posterior half of the posteriormost neu- 
romast. The redistribution of leukocytes occurred early in 
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the regenerative response, but a causal role for the leuko- 
cytes has not been conclusively established. It is possible 
that the leukocytes could contribute to the formation of the 
regenerative placode at that location by breaking down the 
glycocalyx that ensheaths the outermost cells of the neu- 
romast, or through the secretion of mitogenic growth factors. 

[Key words: amphibia, hair cells, hearing, macrophage, 
time-lapse microscopy, wound repair] 

In mammals, sensory hair cells of the inner ear are believed to 
be produced only during embryonic development (Ruben, 1967; 
Bredberg, 1968). Losses of hair cells resulting from exposure to 
loud sound, or from poisoning by aminoglycoside antibiotics 
and chemotherapy agents, produce deficits in hearing or balance 
that have been considered irreversible. This apparent inability 
to replace damaged hair cells in mammals contrasts with the 
continual postembryonic production of hair cells that occurs in 
the ears of fish and amphibians and in the vestibular epithelia 
in the ears of birds (Corwin, 1981, 1983, 1985; Popper and 
Hoxter, 1984; Jorgensen and Mathiesen, 1988). In birds, tri- 
tiated thymidine experiments have demonstrated that regen- 
erative replacement of hair cells also occurs (Corwin and Co- 
tanche, 1988; Ryals and Rubel, 1988). It has been proposed 
that supporting cells that survive at the sites of lesions may be 
the progenitors of the replacement hair cells. Supporting cells 
appear to be the only resident cell type in lateral line neuromasts 
after the hair cells have been selectively killed, yet those neu- 
romasts are able to regenerate hair cells (Balak et al., 1990). 
However, direct demonstrations of the cell lineages that lead to 
replacement hair cells in the ear have been difficult to accom- 
plish. For this reason, we have used the lateral line system of 
the axolotl salamander Ambystoma mexicanum as a model to 
investigate what cell lineages lead to the production of sensory 
hair cells during regeneration. 

The mechanoreceptive sensory epithelia of the lateral line are 
punctate collections of sensory hair cells and supporting cells 
called neuromasts. Neuromasts are embedded in the epidermis, 
but share many aspects of development (Landacre, 192 1; Stone, 
1922, 1933) cellular morphology (Jorgensen and Flock, 1973; 
Flock and Jorgensen, 1974; Kimura, 1975) peripheral and cen- 
tral innervation (Fritzsch and Wahnschaffe, 1987; Meredith and 
Roberts, 1987), and physiology (Flock et al., 1973; Hudspeth, 
1985) with the auditory and vestibular epithelia of the ear. In 
axolotl salamanders, the lateral line neuromasts reside in the 
epidermis along the surface of the thin, transparent tail. They 
can be observed directly with excellent resolution in living ax- 
olotl salamanders. 
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In aquatic amphibians, amputation of the tip of the tail evokes 
a series of events that lead to regeneration of the lost portion 
of the tail and replacement of approximately the same number 
of neuromasts as were removed. The replacement neuromasts 
appear to arise from the progeny of cells that originate in the 
distalmost neuromast remaining on the tail stump (Stone, 1933, 
1937; Speidel, 1947; Wright, 1947; Corwin, 1986; Corwin et 
al., 1989). A mass of undifferentiated cells, the regenerative 
placode, extends from that neuromast and migrates posteriorly, 
where it gives rise to new hair cell epithelia (Fig. 1). Limitations 
in light microscopy, vital staining, and transplantation of em- 
bryonic tissues, the techniques available in the past, have left 
doubt about the specific identity of the cell lineage that initially 
produces the regenerative placode. We report a reinvestigation 
that has employed differential interference contrast (DIC) mi- 
croscopy combined with time-lapse video recording to follow 
the early cellular events in the regeneration of lateral line sensory 
epithelia. 

Materials and Methods 

Embryonic and juvenile axolotl salamanders of the pigment-deficient 
“white” and “albino” strains were obtained from the Indiana University 
Axolotl Colony and kept in 20% (embryos) or 50% (juveniles) Holtfre- 
ter’s solution at 10°C. The low temperature was used to retard growth 
until the animals were needed for experimentation. Axolotls used in 
experiments ranged in size from 17 to 25 mm total length, and a supply 
of animals in that size range was acclimated to room temperature for 
several days prior to each experiment. After hatching, axolotls were 
placed in 50% Holtfreter’s solution and fed live brine shrimp larvae. 
For microscopic observations and amputation surgery, axolotls were 
anesthetized by immersion in 100% Holtfreter’s solution containing 
0.007% (w/v) benzocaine (ethyl-p-aminobenzoate). The distal l-2 mm 
of the tail, containing two to four neuromasts, was amputated while 
observed with a dissection microscope. After the amputation, salaman- 
ders remained anesthetized and were transferred to a chamber for long- 
term observation. Some operated axolotls were allowed to recover from 
anesthesia and were maintained in 100% Holtfreter’s solution until the 
delayed start of time-lapse observations of the later stages of regener- 
ation. 

Time-lapse observation. Prior to use in time-lapse experiments, sal- 
amanders were examined to ensure that the plane of amputation was 
more than 75 pm from the posteriormost neuromast remaining on the 
tail stump. For time-lapse observations, the salamanders were placed 
in a sealed observation chamber (Fig. 2A). The upper and lower surfaces 
of the chamber consisted of 24 x 60 mm coverglasses of no. 1.5 thick- 
ness. Two strips of adhesive-backed magnetic tape were affixed to the 
bottom coverglass where they magnetically anchored minuten pins that 
held the tail flat against the chamber bottom. Sterile Holtfreter’s solution 
containing anesthetic and 5 mM HEPES buffer (pH 7.7) was passed 
continuously through the chamber by a gravity feed at 200-250 ml/hr. 
At 24-48 hr intervals, the chamber was disassembled and cleaned, and 
the salamander was allowed to recover from anesthesia and was fed. 
The salamander was then reanesthetized and replaced in the chamber, 
usually within 2 hr of its release, so that the experiment continued. 

Time-lapse records were made with a Zeiss IM inverted microscope, 
which was modified by inserting an electronic shutter between the light 
source and the condenser (Fig. 2B). Two pairs of heat-absorbing and 
heat-reflecting filters, and a bandpass green filter (586-591 nm width) 
were in the light path. A planachromate 40 x , 0.65 N.A. objective lens, 
DIC optics, and a Newvicon video camera (Hamamatsu model C2400) 
were used. Video images were initially recorded using a time-lapse vid- 
eocassette recorder (Gyyr model TLC 2051) at a setting that gave a 
record in which events were sped up by a factor of 120 when played 
back. A DC motor, reduction gears, and a locomotive-type eccentric 
wheel were linked to the focus knob of the microscope to continuously 
vary focus through the thickness of the epithelia. Later experiments 
were improved through the use of an optical memory disk recorder 
(OMDR, Panasonic model TQ2028F). When recording to optical disks, 
a microcomputer-based image processing system (Image-l/AT, Uni- 
versal Imaging Corp.) was used for video frame summation, digital 
contrast enhancement, and mathematical sharpening of cell borders in 
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Figure I. Schematic representation of lateral line regeneration in the 
axolotl. In the top drawing, the level of amputation of the tip of the tail 
is indicated by the broken vertical line, and neuromasts of the posterior 
lateral line system by dots. The appearance of the animal’s tail as it 
regrows is shown in the drawings below. The posteriormost neuromast 
on the tail stump, with its newly forming regenerative placode, is shown 
in the insets at three stages following amputation. As the tail regrows, 
the posteriormost neuromast responds by producing the undifferentiated 
cells of the regenerative placode at its posterior edge. The data presented 
in this report conclusively identify mantle-type supporting cells as the 
cell type that seeds the regenerative placode. 

the digitized video images prior to recording. The image processing 
system also controlled the electronic shutter, the OMDR, and a mi- 
crostepper motor (Superior Electric Co. type M063-LEO9 with Centent 
model CN 1043 driver) that was linked to the focus knob of the micro- 
scope. Video images from at least three levels of focus were recorded 
sequentially on separate tracks of the optical disks. At intervals of 150 
set, the shutter opened and exposed the specimen to the light source 
for 1 set while 16 video frames were digitized and summed, and then 
the shutter closed while the digitized video image was enhanced. The 
processed image was recorded to an address on the optical disk, and 
then the microstepper motor adjusted the microscope to a new pro- 
grammed focal plane and the image capture and recording cycle was 
repeated. In that way, it was possible to produce time-lapse records 
concurrently for each level of focus through the tissue. Photographs or 
prints from video images were made with a video graphic recorder 
(Matrix Systems) or a color video printer (Sony model UPSOOO). 

Analysis of time-lapse data. Lateral line neuromasts were selected so 
that all were roughly the same size, containing approximately 15-20 
hair cells, 40-50 internal supporting cells, and 20-30 mantle-type sup- 
porting cells. For analysis of events, neuromasts were divided into four 
quadrants along anterior-posterior and dorsal-ventral axes. The number 
of cell divisions, the types of cells involved, and their locations were 
tabulated from time-lapse records of normally growing (control) and 
regenerating (experimental) lateral line sensory epithelia. The patterns 
of activity of two types of leukocytes were quantified by tabulating their 
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Figure 2. Technical approach to viewing individual neuromasts of the lateral line. A, The axolotl viewing chamber. The upper and lower halves 
of the chamber are milled from aluminum, and when fastened together with screws, compress a rubber O-ring between two coverglasses, forming 
an enclosed space. Anesthetic solution flows through two lengths of polyethylene tubing connected to hypodermic needles that pierce the O-ring. 
B, Apparatus used for visualization and time-lapse video recording of cell behaviors in lateral line epithelia. An anesthetic-saline solution flows 
continuously by gravity through a chamber placed on the microscope stage in which the axolotl is restrained (see A). DIC images obtained with 
an inverted microscope are diverted to a video camera. The analog video signal is adjusted for optimal contrast and enhanced digitally using a 
microcomputer-based image processor, and then the image is recorded using an OMDR. The computer controls an electronic shutter placed in the 
light path of the microscope, a microstepper motor linked to the fine focus adjustment knob of the microscope, and the OMDR. 

number and their locations at 1 hr intervals throughout the time-lapse 
records. Dividing cells and leukocytes that were at the boundary between 
two quadrants were scored as 0.5 per quadrant. 

Hematology and histochemistry. Hematological and histochemical 
screening methods for identification of leukocyte subtypes in amphib- 
ians were used (Hadji-Azimi et al., 1987; Turner, 1988). Blood samples 
were obtained by heart puncture from three anesthetized juvenile ax- 
olotls. Smears were treated with Wright’s stain and observed under 
bright-field illumination. Histochemical protocols that differentiate be- 
tween leukocytes were used to investigate the blood smears, so as to aid 
in the further identification of the small and large leukocytes observed 
in the time-lapse recordings. Histochemical localization of nonspecific 
esterase, chloroacetate esterase, and myeloperoxidase in leukocytes of 
the axolotl tail was carried out on tails from 25 juvenile axolotls. Tissues 
were fixed in 100% Holtfreter’s solution that contained 3% parafor- 
maldehyde, 1.25% glutaraldehyde, and 0.1 M phosphate buffer at pH 
7.4. Histochemical protocols and reagents supplied with cytochemistry 
kits for differentiation of leukocyte types were used (Sigma, CP-1 and 
18 1 -B). Substrate markers for nonspecific esterase activity primarily 
label monocytes and macrophages, whereas markers for chloroacetate 
esterase activity primarily label granulocytes (Li et al., 1973). Neutro- 
philic leukocytes contain large amounts of myeloperoxidase as part of 
their bactericidal arsenal, and can be identified on the basis of the 
content of that enzyme (Kaplow, 1965). 

The tissue-wide response of leukocytes to tail amputation was assessed 
by counting cells that stained for chloroacetate esterase and myelope- 
roxidase in a series of axolotl tails. The tips of their tails were amputated 
under anesthesia, and four animals per group were fixed at 0, 1, 3, 5, 
and 7 d following the amputation. A camera lucida drawing of the 
outline of the distal 2-3 mm of each tail was made and the positions 
of all stained leukocytes were charted. Small and large leukocytes were 
counted separately in five transverse bands that began at the amputation 
site and continued anteriorly. The bands were each 0.1 mm wide (an- 
terior-posterior) and 2 mm in height, spanning the mid-axis of the 
salamander’s dorsal-ventral plane. In cases in which tails had undergone 
regenerative growth and remodeling at the amputation site, the bands 
were drawn parallel to the contour of the posterior edge of the tail. 

Results 

Time-lapse recording allowed nearly continuous observation of 
lateral line neuromasts in vivo in healthy axolotl salamanders 

for as long as 11 d. Throughout any one recording session, the 
image of a neuromast could change either because it shifted 
from the level of focus or because the specimen moved laterally 
out of the field of view. Therefore, it was necessary to check the 
focus and positioning of the image of the neuromast at least 
every 2 hr while an experiment was in progress. A number of 
experiments were aborted because one or both of these param- 
eters were not maintained. Only those experiments in which a 
continuous record was obtained are reported below. During rest 
periods, animals normally recovered from anesthesia within 30 
min and began feeding. Experiments were usually continued 
within 2 hr. The overall shapes of cells, the detailed character- 
istics of the cytoplasm and nuclei, and the positions of cells 
relative to each other were all consistent before and after a break. 
Time-lapse recording at multiple levels of focus throughout the 
50 pm thickness ofa neuromast further contributed to the ability 
to continue observations with corresponding images before and 
after a break (Fig. 3). All cell types, including sensory hair cells, 
maintained their characteristic morphologies during these ex- 
periments. The timing of the onset of regeneration was similar 
to that in salamanders that were exposed to intermittent anes- 
thesia and microscopic observation. Vigorous blood flow was 
visible in the tissue below the neuromasts, and the branches of 
the lateral line nerve that contacted the neuromasts appeared 
normal throughout the observations. 

Neuromasts of the posterior lateral line of the axolotl consist 
of as many as 30 hair cells surrounded below and on the sides 
by supporting cells. The sensory hair cells are characterized by 
spherical nuclei, apical hair bundles, and a central location with- 
in the epithelium. Hair cells do not reach the base of the neu- 
romast, but supporting cells do. Transmission electron micro- 
scope studies have shown that two types of supporting cells can 
be reliably distinguished in these neuromasts: internal support- 
ing cells and mantle-type supporting cells (Flock, 1965; JDrgen- 
sen and Flock, 1973; Flock and Jorgensen, 1974). In the present 
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study, the distinction between supporting cell subtypes was made 
on the basis of position within the neuromasts (Fig. 4). Internal 
supporting cells are located in positions in which they could 
make physical contact with hair cells, lying either directly be- 
neath the hair cells or along side of them. Mantle-type sup- 
porting cells form a rind of cells that surrounds the outside of 
the internal supporting cells and hair cells. One to three layers 
of mantle-type supporting cells usually separate the neuromast 
from the epidermis in juvenile salamanders. Internal supporting 
cells and mantle-type supporting cells may lie at opposite ends 

Figure 3. Relocalization of a lateral 
line neuromast following a break in 
time-lapse recording. A, Video print of 
the last image taken of a neuromast pri- 
or to a break in time-lapse recording in 
which the observation chamber was 
cleaned and the animal was fed. The 
image corresponds to a level of focus at 
the basal layer of supporting cells in the 
neuromast. B, The first time-lapse im- 
age recorded of the same neuromast as 
in A, following the 3 hr break in re- 
cording. Images A and B share many 
detailed features, including the distinc- 
tive shapes of two supporting cells at 
the dorsal and ventral edges of the neu- 
romast (arrowheads), and the contour 
of the lateral line nerve (arrows). Time- 
stamp bar, 110 pm. 

of a continuum of cell types. There is no one morphological 
feature, such as a distinct type of organelle or pigmentation, 
that could be used to distinguish mantle-type supporting cells 
from internal cells. Nonetheless, these two cell types have been 
reliably distinguished by us and by a number of other authors 
on the basis of their difference in position. Data outlined below 
suggest that the internal supporting cells and the mantle-type 
supporting cells can also be distinguished on the basis ofdifferent 
responses to events that trigger regeneration. However, it should 
be noted that the light microscopic observation methods that 
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Figure 4. Relative positions and morphologies of hair cells, internal 
supporting cells, and mantle-type supporting cells in neuromast sensory 
epithelia of the lateral line system. A, DIC view of a neuromast in the 
skin of an axolotl salamander. Asterisks indicate the centrally positioned, 
nearly circular outlines of two of nine hair cell nuclei visible. Broken 
lines enclose the dorsal portion of the region of the neuromast occupied 
by mantle-type supporting cells. The lines were omitted from the ventral 
half of the neuromast for comparison. Internal supporting cells lie inside 
the mantle-type supporting cell region, and occupy positions either di- 
rectly adjacent to, or beneath, the hair cells. Inset, High-magnification 
view of a supporting cell in anaphase of mitosis. B, Transverse histolog- 
ical section through a neuromast. Internal supporting cells (s) contact 
hair cells (h) from below and on the sides. Mantle-type supporting cells 
(m) lie peripheral to the internal supporting cells and hair cells. Scale 
bar, 20 pm. 

allowed the long-term recording of cell behaviors in this inves- 
tigation left some room for doubt about whether a particular 
supporting cell should have been classified as an internal type 
or a mantle type in a very small percentage of the cases studied. 
The observed differences between cell behaviors for those two 
types of supporting cells far exceeded the small number of cells 
where there was some ambiguity as to the correct subcategory 
of supporting cell type. Figure 4 is provided and labeled with 
examples of the distinction between internal supporting cells 
and mantle-type supporting cells so that the reader can see how 
we distinguished between the two subcategories of supporting 
cells for the analysis. 

Mantle-type supporting cells were easily distinguished from 
the surrounding epidermal cells on the basis of size, shape, and 
epithelial stratification. Epidermal cells are two to three times 
larger than supporting cells and polygonal-shaped. The epi- 

dermis is composed of two layers of cells, and those cells have 
a squamous form. In contrast, mantle-type supporting cells are 
smaller and their outlines are lenticular or oval-shaped when 
viewed from the skin surface. Each mantle-type supporting cell 
reaches from the base of the neuromast to its apex (Jorgensen 
and Flock, 1973). All cell types that could potentially contribute 
progeny to lateral line regeneration were continuously moni- 
tored by the method of time-lapse recording, with images taken 
at multiple planes of focus, so we are confident that supporting 
cells were accurately distinguished from epidermal cells. 

Mitoses. Dividing cells were recognizable from early stages 
because they separated from neighboring cells and became 
spherical (Fig. 4A, inset). Condensation of chromosomes during 
prophase was followed by the alignment of chromosomes in a 
metaphase plate that rocked back and forth through an arc of 
approximately 20”. The rocking subsided just prior to separation 
of the chromosomes in anaphase. The only cells within lateral 
line epithelia that were observed to divide were supporting cells; 
we never observed divisions of hair cells. Durations of prophase 
through cytokinesis were measured in internal supporting cells, 
mantle-type supporting cells, and placodal cells. In controls, the 
average durations of prophase through cytokinesis of internal 
supporting cells and mantle-type supporting cells were similar 
(Table 1). Following tail amputation, the average duration of 
prophase through cytokinesis of mantle-type supporting cells 
was shorter than that of internal supporting cells (p < 0.005, 
Student’s t distribution). The average duration of prophase 
through cytokinesis of newly formed placodal cells was shorter 
than that of both internal supporting cells and mantle-type sup- 
porting cells (p < 0.005). 

Control neuromasts. The pattern of mitotic activity in control 
neuromasts is illustrated in Figure 5. The numbers of mitoses 
that occurred in one neuromast during the first 24 hr of time- 
lapse observation in each of six salamanders were pooled. Twen- 
ty-three of the 26 cell divisions observed (88Oh) were in the 
internal population of supporting cells; the remaining three cell 
divisions were in the mantle-type supporting cells. The differ- 
ences in the number of mitoses among the quadrants were not 
statistically significant. A similar pattern of mitotic activity was 
recorded in another experiment in which a neuromast that was 
four neuromasts anterior to the site of a tail amputation wound 
was observed in time-lapse microscopy for a period of more 
than 50 hr (data not shown). 

Neuromasts responding to tail amputation. Following am- 
putation of the tip of the tail, the posteriormost neuromast that 
remains on the tail stump responds by giving rise to a regen- 
erative placode. The timing of the onset of placode formation 
is somewhat variable, but in most cases a regenerative placode 
is first recognizable approximately 72 hr after the amputation. 
Three trends were apparent in data pooled from six cases in 
which the regenerative placode initially formed between 72 and 
96 hr after amputation (Fig. 5). First, significantly fewer mitoses 
occurred within the internal supporting cell population in ex- 
perimental neuromasts as compared to controls (7 vs 23 cell 
divisions in 144 hr of cumulative observation; p < 0.01, Stu- 
dent’s t distribution). Second, there was a large increase in the 
mitotic activity of the mantle-type supporting cells in experi- 
mental neuromasts as compared with controls (60 vs 3 cell 
divisions in 144 hr of observation). Third, the number of man- 
tle-type supporting cell mitoses was significantly greater in the 
two posterior quadrants than in the two anterior quadrants (p 
< 0.01). There was a highly significant increase in the number 
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Table 1. Duration of prophase through cytokinesis (minutes) Control Regenerating 

Treatment 

Cell type 

Internal SC 
Mantle-type SC 
Placode 

Control 

101 -t 6.5 (n = 27) 
96 IL 8.5 (n = 8) 

NA 

Tail-tip amputation 

111 f 8.2* (n = 24) 
86 + 3.2* (n = 95) 
77 f l.l*(n = 157) 

SC, supporting cell. 
* p < 0.005. 

of mantle-type supporting cell mitoses observed in the postero- 
ventral quadrant, as compared to the other quadrants (p < 
0.00 1). 

Figure 6 illustrates three stages in the formation of a regen- 
erative placode, based on time-lapse observations of the pos- 
teriormost neuromast that remained on the tail stump after 1 
mm of the tip of the tail was amputated. One internal supporting 
cell divided 23 hr after amputation, and another divided at 3 1 
hr. One mantle-type supporting cell in the dorsal region of the 
neuromast divided at 38 hr. The first sign of placode formation 
occurred at 48 hr when a mantle-type supporting cell at the 
posteroventral edge of the neuromast divided. Over the next 3 
hr, four more mantle-type supporting cells divided at the pos- 
teroventral edge of the neuromast (Fig. 6B). Thirteen more di- 
visions of mantle-type supporting cells occurred during the next 
24 hr. Ten of the 13,cells were at the posteroventral edge of the 
neuromast. Those divisions of mantle-type supporting cells re- 
sulted in the seeding of a small placode that extended posteriorly 
from the original posteroventral edge of the neuromast. Cells 
that were outside the original boundary of the neuromast di- 
vided as early as 72 hr after the amputation (Fig. 6C). The cells 
of the placode divided frequently (Table 1) as they formed a 
longitudinally extending band that was three or four cells wide 
in the dorsoventral axis. The dorsal and ventral boundaries of 
the placode were well defined. 

Cell divisions, cell growth, and cell migrations all contributed 
to the posterior advance of the regenerative placode. The pla- 
coda1 cells migrated independently and their movements were 
generally in the posterior direction, but anteriorly directed mo- 
tility and dorsally and ventrally directed movements were also 
observed in the placodal cells (Fig. 7). The rate of locomotion 
of placodal cells ranged up to 40 pm/hr. The time-lapse images 
of motile placodal cells showed membrane ruffling that was 
reminiscent of the ruffling of motile fibroblasts in cell culture 
(Abercrombie et al., 1970). 

Leukocytes. Leukocytes were present in the vicinity of neu- 
romasts from the start of all time-lapse recordings. The presence 
of leukocytes in the fields of view was not significantly affected 
by either positive or negative phototactic responses to the 1 set 
periods of microscopic illumination employed in the time-lapse 
experiments. In each of six control salamanders, a single neu- 
romast was observed during 24 hr of time-lapse recording. The 
average number of leukocytes observed in each field of view 
during the four 6 hr periods of observation ranged from 17.1 
+ 2.7 to 20.3 rt 3.5, 20.5 + 2.9, and 16.8 k 4.5 in consecutive 
order. 

The range of leukocyte phenotypes observed in axolotl sala- 
manders probably reflects the presence of various combinations 
of mononuclear phagocytes (monocytes, macrophages), granu- 
locytes (polymorphonuclear neutrophilic, eosinophilic, and ba- 
sophilic leukocytes), and lymphocytes. The variations in phe- 

Figure 5. Mitotic activity in lateral line sensory epithelia. Neuromasts 
are depicted as concentric circles. The area withm the inner circle rep- 
resents the population of internal-type supporting cells, and the area 
between the inner and outer circles represents the mantle-type supporting 
cell population. Neuromast schematics are divided into four quadrants 
based upon the anterior-posterior and dorsal-ventral axes. Control, Mi- 
toses in normally growing (control) neuromasts. Numbers represent 
pooled mitoses occurring in each region during the initial 24 hr of 
observation in six salamanders (144 hr total observation time). Regen- 
erating, Mitotic activity in neuromasts participating in lateral line re- 
generation. Pooled mitoses for the distalmost neuromast remaining on 
the tail stump following amputation of the tip of the tail at time 0 in 
six salamanders is depicted for the 24 hr time interval from 72 to 96 
hr following the amputation (144 hr total observation time). Internal 
and mantle-type supporting cell populations are represented as in con- 
trols, except that the posteroventral quadrant is shown detached for 
emphasis. *, p < 0.0 1; **, p < 0.00 1; probabilities of obtaining observed 
counts assuming a Poisson distribution for the data. 

notypes may also reflect the presence of mononuclear phagocytes 
in different states of activation. Upon entering extravascular 
tissues, mononuclear phagocytes pass through several morpho- 
logically distinct stages as they differentiate from monocytes to 
inflammatory macrophages, and ultimately to activated mac- 
rophages (Riches et al., 1988) 

Smears of axolotl blood that were treated with Wright’s stain 
demonstrated lymphocytic, monocytic, and granulocytic lin- 
eages. Cells that appeared to be lymphocytes were round in 
shape, with round nuclei and a very small amount of cytoplasm 
that stained dark blue. Cells that were identified as monocytes 
were also round in shape, with slightly indented nuclei and 
relatively more cytoplasm than lymphocytes. Granulocytes had 
bi-lobed or multi-lobed nuclei, and contained numerous gran- 

Histochemical protocols for differentiating between leuko- 

ules that stained blue to purple. No cells that had a preponder- 

cytes were modified for use in whole-mount preparations of 
axolotl tails (Fig. 8). Cells resembling the small leukocytes of 
time-lapse records stained positively for nonspecific esterase, 

ance of eosinophilic granules were observed. 

chloroacetate esterase, and myeloperoxidase to various degrees. 
By extension of criteria that have been validated for leukocytes 
in mammals, this suggests that the small leukocytes consisted 
of monocytes and neutrophilic granulocytes. Cells that were 
strongly positive for nonspecific esterase resembled the large 
motile cells in the time-lapse recordings. These cells stained 
moderately to weakly for chloroacetate esterase, and usually 
showed no staining for myeloperoxidase. The staining pattern 
suggested that the large leukocytes were macrophages. However, 
it was not possible to distinguish confidently all small leukocytes 
as one cell type and all large leukocytes as another cell type, 
because the patterns of histochemical staining overlapped be- 
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Figure 6. Early mitotic events in re- 
generative placode formation. A, The 
appearance under DIC optics of the dis- 
talmost neuromast on the left side of 
an axolotl 1.5 hr after tail-tip amputa- 
tion. Arrowheads indicate a mantle-type 
supporting cell on the posteroventral 
edge of the epithelium. B, The same 
neuromast approximately 48 hr after 
tail-tip amputation. The arrow indi- 
cates a mantle-type supporting cell in 
mitosis just prior to cytokinesis in ap- 
proximately the same position as the 
cell in A. C, The appearance of the neu- 
romast approximately 27 hr after the 
image in B was taken. The arrowheads 
mark the boundary of the newly form- 
ing regenerative placode. The arrow in- 
dicates a mitotic cell within the pla- 
code. Insets, Tracings showing the 
approximate positions of mitoses oc- 
curring during the time intervals indi- 
cated, in the same neuromast shown in 
the video images. Note the sudden on- 
set of mitotic activity that occurs in the 
mantle-type supporting cells on the 
posterior side of the neuromast, partic- 
ularly in the posteroventral region, dur- 
ing the 48-5 1 hr time interval after tail- 
tip amputation. Later mitoses occur in 
cells that lie outside of the original bor- 
ders of the neuromast. The positions of 
three of these cell divisions observed 
during the time interval from 7 1 to 75 
hr postamputation are shown. These 
cells represent the earliest members of 
the placode. The orientation of the mi- 
totic asters depicted are as they oc- 
curred in the time-lapse record. Time- 
stamp bar, 110 pm. 

tween the two size classes. It is possible to be confident that geneous, ranging from cells of 1 O-l 5 pm diameter with few 
types of cells that were positively identifiable as macrophages pseudopodia, to cells of 30-40 pm diameter that possessed nu- 
and other cells that were positively identifiable as granulocytes merous pseudopodia and refractile cytoplasmic inclusions. For 
were both intimately associated with lateral line epithelia. data analysis, leukocytes were categorized as either “small” or 

Leukocytes moved among the cells in the neuromasts and the “large,” with the size distinction arbitrarily placed at a maxi- 
surrounding tissues. The population of leukocytes was hetero- mum cell diameter of 25 pm. Both categories of leukocytes 
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Figure 7. Individual motility and paths of migration of placodal cells. 
This tracing from the video record shows the posterior half of the dis- 
talmost neuromast on the tail stump of an axolotl 5 d after a tail-tip 
amputation. The two lines extending horizontally from the neuromast 
represent the dorsal and ventral boundaries of the regenerative placode. 
The outlines of four cells within the placode, and the migratory paths 
taken by each of those cells are shown. Each dot on the lines representing 
the paths of migration corresponds to the distance migrated during 3 
hr of observation. The outlines of the remainder of the densely packed 
cells of the placode are omitted for clarity. 

showed an amoeboid type of locomotion. The small leukocytes 
were seldom stationary, and were capable of speeds in excess 
of 200 pm/hr. The appearance of small leukocytes in time-lapse 
recordings is illustrated in Figure 9. The routes of migration 
followed by small leukocytes indicated that they recognized the 
boundary between neuromasts and the surrounding epidermis. 
This can be seen in the representative examples of migratory 
paths followed by small leukocytes illustrated in Figure 10. 

Large leukocytes migrated as rapidly as small leukocytes at 
some times, but were more often stationary for long periods 
when they were near the outer edges of neuromasts. The large 
leukocytes extended and retracted pseudopodia, removing cells 
from the epithelium and phagocytizing them (Fig. 11). Internal 
supporting cells and mantle-type supporting cells, but not hair 
cells, were phagocytized in control neuromasts (Table 2). After 
tail amputation, there was an increase in the incidence of phago- 
cytosis of mantle-type supporting cells in the posteriormost neu- 
romast on the tail stump relative to the incidence of phagocytosis 
of mantle-type supporting cells in controls (p < 0.0 1; Table 2). 
Within neuromasts responding to tail amputation, there was a 
significantly greater incidence of phagocytosis of mantle-type 
supporting cells than of internal supporting cells (p < 0.01). 
Cells that were phagocytized usually were not obviously distin- 
guishable from their neighbors prior to being engulfed. Large 
leukocytes often appeared to interact with other leukocytes. When 
this occurred, the cells moved directly toward one another, ex- 
tended pseudopodia, and apparently made contact. Small leu- 
kocytes also appeared to make cell-to-cell contacts, but did not 
phagocytize other cells. 

Leukocyte redistribution during lateral line regeneration. The 
numbers and locations of small and large leukocytes were tab- 
ulated at 1 hr intervals throughout an initial 24 hr period of 
time-lapse recording for a single neuromast in each of six control 
salamanders (144 hr cumulative observation). Time-lapse re- 
cordings of the posteriormost neuromast participating in lateral 
line regeneration during the 72 hr after tail amputation were 
made in four salamanders and analyzed similarly (288 hr cu- 
mulative observation). The locations of leukocytes were charted 
by estimating the positions of their centroids within each of the 

v , 9 

Figure 8. Histochemical localization of a leukocyte-specific enzyme: 
DIC views (100 x magnification) of a myeloperoxidase-positive leu- 
kocyte in the tail of an axolotl salamander. A, Level of focus at the 
epidermis. A histochemically labeled cell is seen out of the focal plane, 
below the epidermis. B, Same field at the level of focus containing the 
myeloperoxidase-positive leukocyte. Histochemical protocols for the 
localization of the leukocyte-specific enzymes chloroacetate esterase and 
a-naphthyl butyrate esterase (nonspecific esterase) were also carried out. 
Scale bar, 5 pm. 

four quadrants formed by visually dividing the neuromasts along 
dorsal-ventral and anterior-posterior axes. The positions were 
specified further by noting whether the leukocytes were in the 
tissue peripheral to the neuromasts, within the 170 km x 230 
pm field of view, or among the mantle-type supporting cells of 
the neuromasts, or among the internal supporting cells and hair 
cells of the neuromasts. Average numbers of each subtype of 
leukocyte counted during each 12 hr segment of time-lapse ob- 
servation were calculated (Fig. 12). In both control neuromasts 
and in neuromasts that were participating in lateral line regen- 
eration, small leukocytes were more prevalent than large leu- 
kocytes. The majority of the small leukocytes were in the tissue 
peripheral to the neuromasts. An intermediate number of small 
leukocytes were in the regions of mantle-type supporting cells. 
Small leukocytes seldom penetrated the layers of mantle-type 
supporting cells to approach internal supporting cells and hair 
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Figure 9. Morphology and migratory behavior of a “small” leukocyte. A, DIC view from the time-lapse video record of a neuromast, whose 
boundary is demarcated by the broken line, and the position of one of several small leukocytes in the field of view (arrow). B, Schematic representation 
of the same neuromast, and the outlines of the same leukocyte at three subsequent time points over a 30 min period. Note the shape of the leukocyte 
and its nosition relative to the neuromast changes. During the 30 min ofobservation presented, the cell traveled approximately 80 pm, corresponding 
to a veiocity of 160 pm/hr. Time-stamp bar, 110 pm. 

cells. After amputation, more large leukocytes were observed in 
the vicinity of neuromasts participating in lateral line regener- 
ation. 

When all of the leukocyte observations within individual 

\;’ 

! 
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Figure IO. Traces of three common types of migratory paths observed 
in “small” leukocytes. The border of a neuromast that is participating 
in regeneration is indicated by the broken line. The shaded circles rep- 
resent the approximate positions of sensory hair cells. The time elapsed 
between individual points on the lines representing each path was 15 
min. A and A’, The path of a leukocyte that entered the field of view 
from the posterior side of the neuromast and contacted the mantle-type 
supporting cells at its posteroventral edge. The leukocyte lingered at 
that area before exiting the field of view. B and B’, The path of a 
leukocyte that entered the field of view and, upon contacting the mantle- 
type supporting cell region of the neuromast, followed the boundary of 
the epithelium until it reached the opposite side, then continued on in 
its original direction. It appears in these cases that the neuromast rep- 
resents an obstacle in the path of the leukocyte as it continues on to 
some other destination. C and C’, The migratory path of a leukocyte 
that penetrated the neuromast before leaving the field of view. 

quadrants were pooled, no quadrant or hemisphere contained 
a significantly larger number of leukocytes than any other quad- 
rant under control conditions (Fig. 12). In contrast, when neu- 
romasts were participating in lateral line regeneration, there was 
a statistically significant increase in the average number of leu- 
kocytes on the posterior side of the neuromast (p < 0.01; Fig. 
12). Cells that originate from that side of the neuromast give 
rise to the regenerative placode. 

We hypothesized that the increased numbers of leukocytes 
that were observed on the posterior sides of those neuromasts 
might have resulted from a general redistribution of leukocytes 
throughout the tail in response to some attraction toward the 
site of the amputation wound. Tail amputation wounds were 
created in 16 axolotls, and the distribution of histochemically 
stained leukocytes was determined relative to the locations of 
the wounds to test for such a global redistribution (Fig. 13). 
Following tail-tip amputation at time 0, there were roughly four 
large leukocytes and eight small leukocytes in each of a series 
of five 100~pm-wide bands of tail tissue that were sampled ex- 
tending anteriorly from the edge of the wound. Both types of 
leukocytes increased in numbers with time following wounding, 
with the greatest numbers of leukocytes present in all of the 
bands on the third day after amputation. In the posteriormost 
band that included the tail amputation wound, the numbers of 
large and small leukocytes had begun to increase by 24 hr. The 
more anterior bands either had little or no increases at that time. 
At 24 hr the numbers of small and large leukocytes both reached 
approximately 3.5 times the numbers that had been present at 
the time of the amputation. At the third sampling point, on the 
third day following the amputation, the posteriormost band 
contained 32 small leukocytes and 46 large leukocytes on av- 
erage. Those numbers represent four times the number of small 
leukocytes and a continuation of the dramatic increase in the 
number of large leukocytes to over 11 times the number that 
were initially present in the tissue. The numbers of leukocytes 
in the other bands generally decreased with increasing distance 
from the wound site. At the time of the fourth sampling period, 



The Journal of Neuroscience, March 1993, f3(3) 1031 

c’ 1 
I .I’ L 

L 
Figure 1 I. Morphology and phagocytic behavior of a “large” leuko- 
cyte. A-D, The appearance in the time-lapse video record of the pos- 
terior edge of a neuromast, and a large phagocytic leukocyte. The arrows 
indicate the position of the nucleus of an internal supporting cell orig- 
inally located within the neuromast. A/-D’, Profiles of the large leuko- 
cyte, the border of the neuromast, and the outline of the nucleus of the 
supporting cell targeted for phagocytosis are shown schematically for 
each of the DIC video micrographs in A-D. Over the course of ap- 
proximately 1 hr, the large leukocyte migrated into the field of view, 
extended a pseudopodium into the neuromast, and removed the sup- 
porting cell from the epithelium. 

on the fifth day after amputation, the numbers of leukocytes 
had decreased sharply so that they approached the numbers 
present at the time of amputation. Those numbers increased 
slightly at the time of the fifth and last sample point, seven days 
following amputation. 

Discussion 
The results conclusively demonstrate that the cells of the re- 
generative placode arise from divisions of supporting cells in 
the posteriormost neuromast that remains on the tail stump 
following amputation of the tip of the tail. The divisions of 
mantle-type supporting cells were observed to produce progeny 
that formed the initial regenerative placode. Since we made 
observations over finite periods of several days in most cases, 
using light microscopic methods, we cannot completely rule out 

Control After Tall Amputation 
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Large 
Leukocytes 
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18.0 pea 18.6 LeU~b*=*29.2 p+A 19.3 
Figure 12. Leukocyte redistribution in lateral line sensory epithelia 
following tail-tip amputation. Internal and mantle-type supporting cell 
populations are depicted as in Figure 5, with the addition of data for 
the tissue peripheral to the neuromasts (region outside of the outer circle). 
Control, Data from the initial 24 hr of time-lapse observation in six 
salamanders (total of 144 hr of observation), averaged to a 12 hr period 
of observation. After Tail Amputation, Data from the initial 72 hr of 
time-lapse observation in four salamanders (total of 288 hr of obser- 
vation), averaged to a 12 hr period of observation. Numbers in the 
bottom pair of drawings represent the combined averages for small and 
large leukocytes for each of the four quadrants. Bold numbers represent 
the average number of leukocytes observed in the posterior and the 
anterior halves of the neuromasts and their immediate periphery. *, p 
c 0.0 1, Student’s t distribution. 

the possibility that some cells that enter the regenerative pla- 
codes might occasionally originate as the progeny from divisions 
of internal supporting cells, but we did not find any positive 
evidence for that during our observations. Similarly, we never 
observed any contribution to the placodes from epidermal cells 
or the progeny of epidermal cell divisions. Placodal cells con- 

Table 2. Phagocytosis by large leukocytes (average number observed 
per 12 hr time-lapse interval) 

Treatment 

Tail-tip 
Cell type Control amputation 

Internal SC 0.3 + 0.2 0.2 + 0.2 
Mantle-type SC 0.2 + 0.2 0.9 f 0.2* 
Hair cell 0 0.1 I!I 0.2 

SC, supporting cell. 
* p -C 0.0 I, Student’s 1 distribution. 
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Days Following Amputation 

cord, the caudal artery and caudal vein, the vertebral column, 
and the axial musculature. As tail regeneration proceeds, a blas- 
tema forms on the tail stump posterior and ventral to the re- 
sponding neuromasts (Fig. 1). Recent evidence indicates that 
the blastema that is formed during regeneration of the axolotl 
limb produces acidic fibroblast growth factor (aFGF, Boilly et 
al., 199 1). The production of aFGF or similar growth factors 
by cells in the blastema that forms on the tail stump after am- 
putation could contribute to development of the pattern of man- 
tle cell proliferation that we have observed. At present, however, 
the data do not allow us to make conclusive statements about 
any candidate effecters that might regulate the proliferation of 
the mantle-type supporting cells. 

During regeneration, the mantle-type supporting cells increase 
their rates of division and the internal supporting cells decrease 

l 0.0 - O.lmm 1 their rates of division. This differential response in two closely 
n 0.1 - 0.2mm I 
A 0.2 - 0.3mm Distance from tail 

Large Leukocytes 0 0.3 - 0.4mm 
amputation wound 

q 0.4 - 0.5mm 

L -r I I I 

0 
I I I 

1 3 5 7 
Days Following Amputation 

Figure 13. Tissue-wide responses of leukocytes to the wound created 
by amputating the tip of the tail. Four tails were fixed within 10 min 
after amputation and at 1,3, 5, and 7 d after amputation. Samples were 
stained sequentially for chloroacetate esterase and myeloperoxidase lo- 
calization in leukocytes. The positions of all the leukocytes were charted 
on a camera lucida drawing of each tail. Small and large leukocytes 
(granulocytes and macrophages, respectively) were counted separately 
in five vertical bands 0.1 mm wide by 2 mm long that began at the site 
of tail amputation and continued anteriorly. 

tinue to divide and migrate posteriorly where their progeny 
eventually differentiate into new hair cells and supporting cells 
in replacement neuromasts. Thus, supporting cells can function 
as the early progenitor in a lineage that gives rise not only to 
replacement supporting cells, but also to replacement hair cells. 

The proliferative response of mantle-type supporting cells is 
restricted to those cells in the posteriormost neuromast on the 
tail stump, and most noticeably affects cells at the posteroventral 
edge of that neuromast. This localized mitotic response suggests 
that the triggering mechanism is not systemically humoral. Con- 
sistent patterns of mantle-type supporting cell proliferation oc- 
cur in neuromasts that are participating in lateral line regen- 
eration. The greatest numbers of cell divisions are in the 
posteroventral quadrant of the neuromast. Intermediate num- 
bers of divisions occur in the posterodorsal quadrant, and fewer 
occur in the two anterior quadrants (Fig. 4). The consistent 
pattern of those cell divisions suggests that a source of mitogenic 
triggering activity could be located posterior and ventral to the 
neuromast. Several axial structures that are posterior and ven- 
tral to regenerating neuromasts are cut when the tip of the tail 
is amputated. These include the lateral line nerve, the spinal 

related populations of cells is unexplained. Mantle-type sup- 
porting cells and internal supporting cells may respond to two 
different regulatory signals that have opposite effects on cell 
proliferation. Alternatively, mantle-type supporting cells and 
internal supporting cells may be responding to the same regu- 
latory signal(s), but with opposite sign. For example, transform- 
ing growth factor-p (TGF-P) is known to exert both stimulatory 
and inhibitory effects on cell proliferation (Spom et al., 1986). 
The data from the lateral line system currently do not distinguish 
between these possibilities. 

Time-lapse recording and histochemical staining have dem- 
onstrated that leukocytes are numerous and intensely active in 
the epidermis and the lateral line neuromasts of the axolotl tail 
under control conditions. The small leukocytes in those tissues 
are primarily monocytes and neutrophilic granulocytes. The large 
leukocytes are mostly mature macrophages. 

Both types of leukocytes redistribute in response to tail am- 
putation wounding (Figs. 12, 13). Small granulocytes rapidly 
accumulate near the wound site. Their numbers approached a 
maximal level during the second sampling period, 24 hr after 
amputation (Fig. 13). This finding is consistent with previous 
reports of rapid granulocyte chemotaxis toward byproducts of 
tissue wounding such as complement fragments (Bjork et al., 
1983) and N-formyl peptides produced by bacteria (Colditz and 
Movat, 1984). Neutrophilic granulocytes are thus likely to serve 
in a first line of defense against bacterial infection near the site 
of a wound in the salamander as do their counterparts in other 
species (Tonnesen et al., 1988). 

Large macrophages also accumulate near the wound begin- 
ning as early as 24 hr after tail-tip amputation, but the mac- 
rophage response appears to be larger in magnitude and slower 
to reach its peak. Substantially greater numbers of macrophages 
were present near the wound on the third day following am- 
putation as compared with 24 hr after amputation (Fig. 13). 
Like granulocytes, macrophages are known to show directed 
migration in vitro in response to complement fragments (Marder 
et al., 1985), and fragments of extracellular matrix components 
such as collagen (Postlethwaite and Kang, 1976) and fibronectin 
(Norris et al., 1982). 

The concept of macrophages as simple scavengers of cellular 
debris has been modified in recent years, in part because mac- 
rophages have been found to secrete a wide variety of biologi- 
cally active compounds with effects that range from stimulating 
cell proliferation to causing cell death (Nathan, 1987). Macro- 
phages appear to play a pivotal role in other types of wound 
healing (Leibovich and Ross, 1975; Hunt et al., 1984; Riches, 
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1988). By the third day following tail amputation wounding, 
macrophages are present at more than 11 times the numbers at 
the time of amputation (Fig. 13). The increase in the occurrence 
of macrophages in the tissues around the neuromast that is 
nearest to the site of the amputation wound immediately pre- 
cedes the onset of placode-forming mitotic activity in the mantle 
cells that are in the posterior half of the neuromast, nearest to 
the site of the wound. The ability of macrophages to secrete 
mitogenic growth factors is of interest because of the possibility 
that the proliferation of supporting cells might be influenced by 
those secretions during lateral line regeneration. The specific 
mitogenic growth factors that have been shown to be produced 
by macrophages in other systems include basic fibroblast growth 
factor (Baird et al., 1985) platelet-derived growth factor (Shi- 
mokado et al., 1985) and a heparin-binding form of epidermal 
growth factor (HB-EGF, Higashiyama et al., 1991). Macro- 
phages isolated from wounds also have been found to contain 
mRNA transcripts for TGF-a and TGF-P (Rappolee et al., 1988). 
The potential secretion of mitogens that influence cells of ecto- 
dermal origin (HB-EGF and TGF-LY) is of particular interest 
because of the ectodermal origin of hair cell epithelia. EGF has 
been shown to stimulate the proliferation of multipotent cells 
isolated from the adult mouse brain, and the progeny of those 
divisions can differentiate to separately express markers of neu- 
ronal and glial specialization (Reynolds and Weiss, 1992). 

Macrophages could potentially affect mantle cell proliferation 
by means that are independent of their potential secretion of 
growth factors. Ultrastructural studies have shown that the outer 
surfaces of mantle-type supporting cells in lateral line epithelia 
are covered with material that stains densely with ruthenium 
red (Hama, 1978). We presume that this glycocalyx is composed 
of proteoglycan, as evidenced by labeling with peanut agglutinin 
(J. E. Jones and J. T. Corwin, unpublished observation). An 
intact glycocalyx on the surfaces of mantle-type supporting cells 
in the axolotl might serve to restrict their proliferation by pre- 
venting the cells from migrating out of the neuromast, where 
they would be released from contact inhibition of mitosis (Hol- 
ley and Kiernan, 1968). Chondroitin sulfate proteoglycan has 
recently been shown to limit cell migration during development 
of the retina (Brittis et al., 1992), and a boundary with peanut 
agglutinin-binding activity exerts negative control over migra- 
tion of neural crest cell in the dorsolateral pathway during de- 
velopment (Lasky et al., 1991). The presence of a thick intact 
glycocalyx also might conceal the binding sites of growth factor 
receptors that could be present on the surfaces of mantle-type 
supporting cells. The extensive glycocalyx that envelopes en- 
dothelial cells has been proposed to have such a molecular siev- 
ing function (Ryan and Ryan, 1984). Macrophages secrete gly- 
cosidases that could break down the carbohydrate residues of a 
glycocalyx (Takemura and Werb, 1984; Nathan, 1987). Gly- 
cosidase secretion by the macrophages that accumulate near 
neuromasts participating in lateral line regeneration could break 
down a glycocalyx on mantle-type supporting cells, and that 
could release the cells from mechanical inhibition of migration 
and growth or expose covert receptors for growth factors. 

Once the mantle-type supporting cells divide, their progeny 
rapidly move to the site ofthe future regenerative placode, where 
they begin to divide more rapidly. The dramatic increase in the 
number of growing cells within the well-defined dorsal and ven- 
tral boundaries of the regenerative placode accounts for a sig- 
nificant portion of its posteriorward advance, but individual 
placodal cells are also motile. Placodal cells migrate indepen- 

dently of one another, similar in that sense to the independent 
motility of neural crest cells and leukocytes in vivo (Trinkaus, 
1984). The mode of locomotion of placodal cells differs from 
the amoeboid locomotion of leukocytes in this tissue, and the 
tractor-like locomotion that has been described in studies of the 
lead cells of advancing epithelial sheets during the healing of 
epidermal wounds in epidermis. Placodal cell locomotion ob- 
served in our recordings may differ from the lamellipodia-based 
locomotion of fibroblasts and nerve growth cones in vitro, be- 
cause expansive lamellae were not visible. The placodal cells 
appear to maintain relatively stable overall shapes while un- 
dergoing membrane “ruffling” (cf. Abercrombie et al., 1970). 

The cells of the regenerative placode appear to follow a re- 
stricted path of migration over the basal lamina, similar to the 
migratory path of the embryonic lateral line primordia observed 
in axolotl salamanders (Smith et al., 1990) and in zebrafish 
(Metcalfe, 1985). In other systems, the molecular makeup of the 
extracellular matrix influences patterns of cell migration. For 
example, the pathways of neural crest migration during devel- 
opment are at least partially determined by the distribution of 
the extracellular matrix glycoproteins fibronectin, laminin, and 
tenascin (Bronner-Fraser, 1986; Mackie et al., 1988). It is pos- 
sible that placodal cells are similarly inhibited and guided in 
their migration by the molecular makeup of the extracellular 
matrix and basal lamina of the newly regenerating tail, but that 
was not investigated in this study. 

The time-lapse video recording technique described in this 
report has advantages over some previous means of time-lapse 
microscopy. Recording ofmicroscopic images onto optical disks 
rather than videotape allows a drastic reduction in the duty 
cycle of microscopic illumination. This proved to be a crucial 
step for having lateral line regeneration proceed normally under 
time-lapse conditions. Optical disk recording allowed a random 
access to the images, a feature that greatly facilitated the analysis 
of the results. Finally, the use of a computer controlled motor 
to change to several levels of focus repeatedly, combined with 
time-lapse recording at each of those levels of focus, allowed 
concurrent recording of the behavior of all the cells in the three- 
dimensional epithelia that were the subject of the study, and 
greater confidence in the results. 
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