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ABSTRACT 

Rabbit  skeletal muscle actin was labeled with 5-iodoacetamidofluorescein (5- 
IAF)  and purified by gel filtration, ion-exchange chromatography, and polymeri- 
zation-depolymerization. The resultant fluorescent conjugates retained full bio- 
chemical activities. The labeled actin was incorporated into unfertilized eggs of 
Lytechinus pictus by direct microinjection and the distribution of fluorescence was 
investigated after fertilization through the first division cycle. The results were 
interpreted by comparing the images with those of control eggs injected with 
fluorescein isothiocyanate (FITC)-labeled ovalbumin. After  fertilization of eggs 
containing IAF  actin, the membrane-cortical  regions showed dramatic increases 
in fluorescence intensity which were not observed in FITC ovalbumin controls. 
During the first division, spindle regions of both IAF-actin-injected eggs and 
control eggs became distinctly fluorescent. However ,  no distinctly fluorescent 
contractile ring was detected in the cleavage furrow. After cytokinesis, the surface 
between blastomeres containing IAF  actin exhibited an increase in fluorescence 
intensity. These observations have been compared with those of previous studies 
using different methods,  and the possible implications have been discussed in 
relation to cellular functions. 
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Actin plays a fundamental role in several cellular 
processes during early development. After fertili- 
zation of sea urchin eggs, the cell cortex exhibits a 
dramatic structural transformation involving the 
assembly and reorganization of actin filaments (1, 
3). During cell division, actin is involved in the 
formation and contraction of the contractile ring 
(18, 26), and a possible role of actin in chromo- 
somal movements has also been suggested based 
on the identification of actin in the mitotic appa- 
ratus (4, 10, 25). Recent studies on sea urchin egg 
actin indicated that these possible functions are 
accomplished by a single species of actin (33, 34). 

Unfortunately, further understanding of the 
functional activities of actin has been hampered 
by technical limitations. In contrast to that in 

striated muscle, the microfilament systems in non- 
muscle cells are generally not well-organized, and 
the structures are usually transient in nature and 
sensitive to external manipulations. The static 
images obtained by most existing techniques such 
as immunofluorescence, fluorescent heavy mero- 
myosin (HMM) labeling, or electron microscopy 
yield only limited information about the dynamic 
nature of actin in living cells, Moreover, the 
interpretation of the images has been complicated 
by several possible types of artifacts. It has been 
demonstrated that actin filaments are susceptible 
to improper fixation (20), while the images can be 
further distorted by detergent or glycerol extrac- 
tions which remove soluble actin molecules. La- 
beling with fluorescent HMM or antibodies might 
impose another level of selectivity, depending on 
their interactions with different states and organi- 
zations of actin. Furthermore, the fluorescence 
intensity is affected by factors such as the total 
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path length and the distribution of  membrane-  
bound organelles which limit the accessible vol- 
ume for cytoplasmic actin. As  a result, confusing 
results have been obtained, and it has been diffi- 
cult to judge which image could best represent the 
overall distribution of actin in living nonmuscle 
cells (12). 

The introduction of in vivo molecular cytochem- 
istry suggested a possible new approach for study- 
ing the distribution and functions of specific pro- 
teins inside living cells (38). The procedure in- 
volves purifying the protein under study, labeling 
covalently with appropriate fluorophores,  testing 
the conjugates for biochemical activities in vitro, 
and incorporating the fluorescent conjugates into 
living cells using microinjection techniques. Thus, 
the artifacts of fixation, selective extraction, and 
selective labeling are totally avoided. In the pres- 
ent investigation, this method has been used to 
study the dynamic distribution of fluorescently 
labeled actin inside living eggs of the sea urchin 
Lytechinus pictus from fertilization until comple- 
tion of the first cleavage cycle. Possible artifacts 
caused by path length, distribution of organelles, 
and local ionic conditions have been identified by 
carrying out control experiments using fluorescein 
isothiocyanate (FITC)-labeled ovaibumin which 
was assumed to distribute uniformly in the acces- 
sible cytoplasm. 

M A T E R I A L S  A N D  M E T H O D S  

Protein Labeling 
Actin was purified from rabbit skeletal muscle by the 

method of Spudich and Watt (35). Fluorescent labeling 
using a sulfhydryl specific dye, 5-iodoacetamidofluores- 
cein (5-IAF; Molecular Probes, Piano, Texas), was 
carried out essentially as described previously (38); 
however, 50 mM borate buffer (pH 8.5) was used 
instead of Tris-HCl buffer. The labeled F-actin was 
subsequently depolymerized and passed through a G-25 
gel filtration column. Further purification was carried 
out by DEAE-cellulose ion-exchange chromatography 
(13) and one cycle of polymerization-depolymerization. 
The purified conjugate had a dye-to-protein molar ratio 
of 0.7-0.9 (using a molar extinction coefficient of 60,000 
at 495 nm, pH 8.0 for bound fluorescein). Microinjec- 
tions were carried out within 3 d of preparation. Oval- 
bumin was labeled using FITC (Sigma Chemical Co., St. 
Louis, Mo.) in carbonate-bicarbonate buffer at pH 9.5, 
and purified from unreacted FITC by G-25 gel filtration 
chromatography and repeated dialysis. The dye-to-pro- 
tein molar ratio was estimated to be 1.6 (using a molar 
extinction coefficient of 68,000 at 495 nm, pH 8.0 for 
bound fluorescein). The stability of bound fluorophores 

was tested by boiling the conjugates in 2% SDS, fol- 
lowed by gel filtration through a G-25 column which had 
been equilibrated with 2% SDS. A single fluorescent 
peak in the void volume was obtained for both labeled 
actin and ovalbumin, indicating that the fluorophores 
were covalently bound. 

Microinjection 
Eggs and sperm of the sea urchin L. pictus were 

obtained by intracoelomic injection of 0.55 M KC1. Eggs 
were treated with acidified seawater (pH 4.5) for 2 min 
to remove jelly coats, followed by repeated washes with 
normal sea water. The washed eggs were loaded into 
wedge-shaped microchambers and sealed with mineral 
oil (Fisher Scientific Co., Pittsburgh, Pa.). Microinjec- 
tions were carried out essentially as described by Hira- 
moto (16). A buffer containing 2 mM piperazine-N-N'- 
bis(2-ethane sulfonic acid) (PIPES) pH 6.9-7.0, 0.2 mM 
ATP, 0.1 mM MgClz, and 0.1 mM dithiothreitol was 
used as the carrier solution, and up to ~5% egg volume 
was injected. The results were not affected by the 
amount of IAF actin incorporated. 5-IAF actin was 
injected in monomeric form at a concentration of 3-5 
mg/ml; FITC ovalbumin was injected at a concentration 
of 3 mg/mi. The final average concentration of IAF actin 
in the cytoplasm was estimated to be <0.3 mg/ml, which 
represented - 10-15 % of the average endogenous actin 
concentration (33, 34). The microinjection sometimes 
caused the formation of a nonfluorescent vesicle in the 
cytoplasm. However, if the size of the vesicle did not 
exceed ~ 1% egg volume, neither fertilization nor the 
first cell division was affected and the egg developed 
synchronously with uninjected eggs. After the injected 
protein had dispersed through the cytoplasm, the eggs 
were fertilized by releasing a suspension of sperm in the 
vinicity of the eggs with a microneedle. Microchambers 
were maintained at 20~ throughout the period of 
observation. 

Image Observation and Recording 
Injected eggs were observed with a Zeiss photomicro- 

scope III (Carl Zeiss, Inc., New York) using both 
epifluorescence optics with 25x Neofluar objectives 
(NA 0.60) and Nomarski optics with 16 x Planachromat 
objectives (NA 0.35). A 60-W quartz-halogen lamp was 
used as the light source. Injected eggs were maintained 
with minimum exposure to the excitation light (490 nm) 
until they reached the stages under investigation. This 
procedure minimized bleaching artifacts. Fluorescent 
images were recorded on Kodak Tri-X pan film with the 
automatic camera of the photomicroscope at ASA 3,200 
or 1- to 1.5-min timed exposures. 

R E S U L T S  

I A F  actin purified by D E A E  ion-exchange chro- 
matography maintained similar polymerizability 
and activated H M M  Mg-ATPase to the same 
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extent as unlabeled actin. The fluorescence prop- 
erties of bound fluorescein moieties have been 
studied by spectrofluorimetry. No significant 
change in fluorescence intensity was observed 
upon polymerization of actin or after changing the 
ionic strength. However, the fluorescence inten- 
sity of both IAF actin and FITC ovalbumin in- 
creased to the same extent when the pH was 
increased from 6.6 to 7.4. A detailed description 
of the fluorescence and biochemical properties of 
the labeled proteins will be published elsewhere. 

The egg cytoplasm exhibited negligible autoflu- 
orescence when illuminated by the excitation light 
at 490 nm. No fluorescence image could be re- 
corded from uninjected eggs under the conditions 
used for photographing injected eggs. Images of 
injected eggs were recorded before fertilization, 
after fertilization, during mitosis, during cytoki- 
nesis, and after completion of the first cleavage 
(see Fig. 1 a - f  for Nomarski photographs of 
these stages). 

Unfertilized Eggs 
In eggs containing IAF actin, distinctly fluores- 

cent spots were observed at the sites of needle 
penetration for an extended period time (Fig. 2 a, 
arrow), suggesting the participation of actin in the 
wound healing process (17, 39). Otherwise, no 
distinctly fluorescent structure could be detected. 
The pronucleus remained about as fluorescent as 
the surrounding cytoplasm and could not be dis- 
cerned in the fluorescent images (Fig. 2a). In 
contrast, FITC ovalbumin readily entered the 
pronucleus so that distinctly fluorescent pronuclei 
were observed (Fig. 2 b, arrow). The wound heal- 

FIGURE 1 States of early development using Nomarskl 
optics. (a) Unfertilized egg; (b) fertilized egg; (c) mito- 
sis; (d) initiation of cytokinesis; (e) surface view of mid- 
cytokinesis; and (f) two-cell blastomeres. Corresponding 
fluorescent images are shown in Figs. 2-7. Bar, 50/xm. 
x 200. 

ing site, on the other hand, could not be detected 
in FITC ovalbumin controls. 

Fertilization 
Upon fertilization of eggs preloaded with IAF 

actin, dramatic increases in fluorescence intensity 
were observed in cortical regions. Within 4 min of 
fertilization, these eggs became surrounded by 
brightly fluorescent rims (Fig. 3 a). At this stage, 
the surfaces appeared to be uniformly fluorescent 
except for the sites of needle insertion. The high 
intensity of fluorescence in membrane-control re- 
gions remained for - 1 0  min and then gradually 
decreased. In FITC ovalbumin controls, no redis- 
tribution of fluorescence was observed during 
fertilization (Fig. 3 b), indicating that the forma- 
tion of fluorescent rims was not caused by direct 
effects of local ionic conditions (ie. local increase 
in pH) on the fluorophores. 

Mitosis and Cytokinesis 
The mitotic spindle could be detected by No- 

marski optics as a region free of large yolk gran- 
ules (Fig. 1 c). Similar fluorescent images were 
obtained whether the eggs were preloaded with 
IAF actin or FITC ovalbumin (Fig. 4a  and b). In 
both cases, the mitotic spindle was clearly more 
fluorescent than the surrounding cytoplasm. Dur- 
ing telophase, distinct fluorescence was also ob- 
served in interzonal regions (Fig. 5 a and b). In 
eggs containing IAF actin, the forming daughter 
nuclei appeared as two faintly fluorescent regions 
(Fig. 5 a, arrows); whereas no forming nuclei were 
seen in fluorescent images of FITC ovalbumin 
controls (Fig. 5 b). 

The surfaces of eggs injected with IAF actin 
exhibited localized increases in fluorescence inten- 
sity before the first cleavage, to form many dis- 
crete fluorescent spots (Figs. 6a, and 8a and b). 
In FITC ovalbumin controls, no fluorescent sur- 
face structures were observed (Fig. 6 b). 

The cleavage furrow appeared as a band of 
lower fluorescence intensity than the adjacent 
cytoplasm, probably because of the smaller path- 
length (Fig. 6a and b). No distinctly fluorescent 
contractile ring was observed throughout cytoki- 
nesis in both IAF-actin-injected eggs and controls. 
However, some eggs containing IAF actin ex- 
hibited striking banding patterns perpendicular to 
the cleavage furrows (Fig. 8 a and b). 

During cytokinesis, eggs injected with IAF actin 
became very sensitive to the excitation light. Pro- 
longed illumination delayed the completion of 
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cytokinesis or even caused relaxation of the cleav- 
age furrow, implicating the participation of IAF 
actin in the cleavage process. This effect was not 
observed in uninjected eggs or ovalbumin con- 
trols. 

Daughter Nuclei and Cell-Cell Contact 
Region 

In blastomeres containing IAF actin, the nuclei 
could be detected as two faintly fluorescent re- 
gions embedded in distinctly fluorescent perinu- 
clear cytoplasm (Fig. 7 a). On the other hand, the 
nuclei in ovaibumin controls were at least as 
fluorescent as the surrounding cytoplasm (Fig. 
7b). Toward the end of cytokinesis, the two 
blastomeres flattened against each other and a 
close contact was established (Fig. I f) .  In blasto- 
meres containing IAF actin, the surface of contact 
exhibited a gradual increase in fluorescence inten- 
sity until it became intensely fluorescent (Fig. 7 a). 
The high intensity persisted at least through the 
second division cycle. This phenomenon was 
never observed in ovalbumin controls (Fig. 7 b). 

DISCUSSION 

Interpretation of Fluorescent Images 
In interpreting the two-dimensional fluorescent 

image in terms of three-dimensional distribution 
of fluorophores, it is important to note that the 
fluorescent image represents a superposition of a 
focused image from a thin plane and defocused 
light emitted from other planes of the sample. 
Thus, the apparent distribution of fluorescence 
intensity is affected by both the plane of focus and 
the thickness (path length) of the sample. The 
light intensity is further affected by the distribu- 
tion of those membrane-bound organelles which 
exclude the labeled protein. In regions of high 
organelle density, the fluorescence intensity would 
appear lower even though the concentration of 
the fluorophore is constant throughout the acces- 
sible cytoplasm. Local ionic conditions could also 
affect the intensity by altering the absorbance and/ 
or quantum efficiency. Fluorescein, for example, 
is sensitive to pH. 

In the present study, the problems of interpre- 
tation caused by the factors described above were 
solved by performing control experiments with 
FITC ovalbumin which was assumed to be distrib- 
uted uniformly in the accessible cytoplasm. When 
recorded at the same plane of focus as that for 
eggs containing IAF actin, the images of FITC 

ovalbumin provided direct information on the 
effects of accessible cytoplasm, path length, and 
local ionic conditions on the distribution of fluo- 
rescence intensity in the eggs. Therefore, the 
differences in the distribution of fluorescence ob- 
served in eggs containing FITC ovalbumin and 
IAF actin reflected local variations in the actin 
concentration. 

A parameter which can not be identified by the 
FITC ovalbumin control is the hydrophobicity of 
the microenvironment. Local conformational 
changes could be induced as a result of interac- 
tions between IAF actin and other proteins, re- 
suiting in different fluorescence intensities. How- 
ever, this factor is not likely to alter our qualitative 
interpretation in view of the limited microenviron- 
mental sensitivity of IAF observed on other pro- 
teins (14, 44), and the small microenvironmental 
change at sulfhydryl groups of actin reported 
previously (19, 30). While our preliminary data 
indicated no significant change in fluorescence 
intensity during polymerization, effects of interac- 
tions with myosin and actin-binding proteins are 
possible and these are now under investigation in 
vitro. 

Cortical Actin 

The transient increase in actin concentration in 
plasma membrane-cortical regions during fertili- 
zation is probably directly related to the structural 
transformation of the cell surface and cortex. 
Upon fertilization, there is a transient elongation 
of surface microvilli (3, 8, 28) along with a 
transient increase in the rigidity of the cortex (21). 
Our observations are consistent with previous 
ultrastructural studies which showed dramatic in- 
creases in the number of microfilaments both 
inside microvilli and in cortical regions (1, 3). 
Whether the number of cortical microfilaments 
decreases subsequently remains to be investigated. 
A transient increase in cytoplasmic free calcium 
concentration and pH has also been detected 
during fertilization (9, 11, 31,36).  In view of the 
possible role of calcium and pH in triggering actin 
polymerization (40) and cytoplasmic contractions 
(6, 23), similar processes might occur in the cortex 
to cause dramatic changes in actin concentration 
and the transformation of cortical properties. 

The formation of membrane-associated fluores- 
cent spots before cleavage could be related to the 
second burst of microvilli elongation which in- 
volves - 1 0 - 2 5 %  of the surface microvilli (27). In 
addition, an elongation of the "attachment fibers" 
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I~GURE 8 Fluorescent banding patterns on the surface 
of cleavage furrows are observed in some eggs containing 
IAF actin during early cytokinesis (a) and late cytokine- 
sis (b). • 400. 

has also been reported in Mespilia globulus eggs 
"a few minutes before the onset of cleavage" (7). 
Future investigations using a combination of fluo- 
rescence techniques and electron microscopy on 
the same samples (22) should permit the absolute 
identification of these structures. 

Although the role of actin during cytokinesis 
has been well demonstrated (see reference 26 for 
a review), it is still controversial whether the 
concentration of actin in the contractile ring is 
significantly higher than in other regions of the 
cell. While previous observations using fluorescent 
HMM labeling (25) and immunofluorescence (4) 
demonstrated an apparent concentration of actin 
in the cleavage furrow, a more recent report using 
fluorescent HMM indicated that the distribution 
of actin is more or less uniform in dividing cells 

05) .  

The simplest interpretation of our results sug- 
gests that an extensive translocation of actin does 
not occur during the cleavage of sea urchin eggs. 
(However, a slight increase of actin concentration 
in the contractile ring might be difficult to detect 
because the path length of the cleavage furrow 
decreases during cytokinesis.) This interpretation 
is consistent with the results of Herman and 
Pollard (15), and would support a mechanism 
which involves a reorganization of actin filaments 
originally present in the equatorial cortex, proba- 
bly including those located inside microvilli (37). 
Therefore, the local concentration of actin in the 
contractile ring obviously deserves further investi- 
gation. The effects of other contractile proteins on 
IAF actin fluorescence must be investigated be- 
fore the fluorescence data can be interpreted 
unambiguously. 

The cause of the banding patterns observed 
perpendicular to the cleavage furrows (Fig. 8) 
remains unknown. They might correspond to the 
membrane folds observed previously in Aequorea 
eggs (37), or could be formed by linear arrays of 
microvilli. Alternatively, it is also possible that 
microfilament bundles exist in the cortices perpen- 
dicular to the cleavage furrows. It will be interest- 
ing to find out whether the banding pattern is 
induced passively by the tension or plays some 
active role during cytokinesis. 

The bright fluorescence on the proximal mar- 
gins of daughter blastomeres indicated that a local 

FIGURE 2 Fluorescent image of an unfertilized egg which has been microinjected with IAF actin (a), 
showing the wound healing response at the site of needle insertion (arrow). The pronucleus is invisible. 
FITC ovalbumin controls (b) do not show the wound healing site; however, the pronucleus is distinctly 
fluorescent (arrow). Bar, 50 ~m. x 400. 

FmURE 3 After fertilization, eggs preloaded with IAF actin (a) show a dramatic increase in fluorescence 
intensity near the plasma membrane; ~4 rain after fertilization. FITC ovaibumin controls (b) do not show 
redistribution of fluorescence, x 400. 

I~rURE 4 In both eggs microinjected with IAF actin (a) with FITC ovalbumin (b), the mitotic apparatus 
is more fluorescent than the surrounding cytoplasm. • 400. 

FIGURE 5 During telophase, forming daughter nuclei are visible in eggs containing IAF actin (a, 
arrows), but not in eggs containing FITC ovalbumin (b). The interzonal regions are fluorescent in both 
images, x 400. 

FIeURE 6 During mid-cytokinesis, numerous fluorescent spots are visible on the the surfaces of eggs 
microinjected with IAF actin (a), but the furrow regions are not distinctly fluorescent. No distinct surface 
structure is visible in FITC ovalbumin controls (b). x 400. 

FIGURE 7 In blastomeres containing IAF actin (a), the nuclei are less fluorescent than the surrounding 
cytoplasm. However, the proximal margins of daughter blastomeres become brightly fluorescent. In FITC 
ovalbumin controls (b), both nuclei and cell-cell junctions are not discernable, x 400. 
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concentration of actin is involved in the establish- 
ment and maintenance of cell-cell junctions. Pre- 
vious observations have shown large numbers of 
interdigitating microvilli or filopodia between flat- 
tening blastomeres of sea urchin embryos (41). 
Scanning electron microscopy has also demon- 
strated numerous long microvilli between reaggre- 
gating sea urchin blastomeres (32). It is possible 
that the proximity of blastomeres triggers the 
formation or elongation of actin-containing micro- 
villi. Subsequent associations between the micro- 
villi followed by contractions would not only es- 
tablish a close apposition but also generate force 
to flatten the blastomeres (42). 

Mitotic Apparatus  and Nuclear  Ac t in  

The fluorescent images of mitotic eggs indicated 
that actin is present in the mitotic apparatus. 
However, in view of the similar results with FITC 
ovalbumin, this observation must be interpreted 
with great caution. The apparent high intensity of 
FITC ovalbumin fluorescence is probably caused 
by the exclusion of large membrane-bound organ- 
elles from the mitotic apparatus, resulting in a 
large "accessible volume" for FITC ovalbumin. 
The pattern of distribution during telophase and 
in blastomeres is also consistent with this interpre- 
tation. Without further information, it is impossi- 
ble to decide whether actin is playing an active 
role in the chromosomal movements, or is just 
passively present in the mitotic apparatus like 
ovalbumin. Because most soluble proteins, includ- 
ing myosin, could be present in the mitotic appa- 
ratus, the actual role of actin-myosin interactions 
during mitosis would depend on the organization 
and the ionic environment of the spindle. These 
results emphasize that the mere presence of a 
component does not necessarily imply function. 

It has been previously demonstrated that mi- 
croinjected ovalbumin enters the nucleus of frog 
oocytes and reaches a relatively uniform distribu- 
tion between the nucleus and the accessible cyto- 
plasm (2). The high fluorescence intensity ob- 
served in our experiment could be caused by 
either high pH of the nucleoplasm (5) or large 
accessible space inside the nucleus (2). If the 
images of FITC ovalbumin represent a relatively 
uniform distribution, the images of IAF actin 
would suggest a lower intranuclear actin concen- 
tration than the actin concentration in the accessi- 
ble cytoplasm. The results could be explained if 
part of the injected actin was not in a freely 
diffusible form (ie. gel or F-actin) while the re- 

maining actin would be unbound and capable of 
diffusing into nuclei. 

Our results indicate that, using the technique of 
in vivo molecular cytochemistry, it is possible to 
study the dynamic distribution of specific biologi- 
cal molecules inside living cells. This technique 
not only allows direct verification of previous 
observations on fixed cells, but also yields impor- 
tant dynamic information otherwise difficult to 
obtain. The flexibility of the technique also points 
out new experimental approaches applicable to 
cell biological problems. For example, electron 
microscopy can be performed on microinjected 
cells to yield more detailed information about the 
fluorescent structures. The fluorescent images can 
be recorded using TV image intensification to 
minimize photobleaching (24, 29, 39, 43; Wang 
and Taylor, manuscript in preparation), and fur- 
ther coupled with time-lapse techniques and digi- 
tal image analysis to quantitate changes in fluores- 
cence distribution. Furthermore, using microspec- 
trofluorimetry, it should be possible to study 
molecular interactions such as actin polymeriza- 
tion and actin-myosin interactions inside living 
cells. Therefore, a direct connection between in 
vitro biochemistry and in vivo cell biology could 
become a reality. 
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