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ABSTRACT  Two distinct types of surface membrane rearrangement occur during the differen-
tiation of Caenorhabditis elegans spermatids into amoeboid spermatozoa. The first, detected
by the behavior of latex beads attached to the surface, is a nondirected, intermittent movement
of discrete portions of the membrane. This movement starts when spermatids are stimulated
to differentiate and stops when a pseudopod is formed. The second type of movement is a
directed, continual flow of membrane components from the tip of the pseudopod to its base.
Both membrane glycoproteins and fluorescent phospholipids inserted in the membrane flow
backward at the same rate, ~4 um/min, although their lateral diffusion coefficients in the
membrane differ by at least a factor of 5. These observations suggest that pseudopodial
membrane movement is due to bulk flow of membrane components away from the tip of the

pseudopod.

Membrane components move over the surfaces of many cell
types, particularly motile cells. These movements can occur
without net membrane rearrangement as typified by the bidi-
rectional movement of surface-attached latex beads on the
flagellar membrane of Chlamydomonas (6). More often, mem-
brane movement is unidirectional resulting in net rearrange-
ment of membrane components. This is the case for capping of
externally cross-linked antigens, lectin receptors and insulin
receptors on lymphocytes (23, 24), and for “tipping” of sexual
agglutinins on adherent Chlamydomonas gametes (11). Amoe-
boid cells exhibit yet another form of directed membrane
movement in which surface markers are transported centripe-
tally from the leading edge toward the cell body (1). Neither
the mechanisms underlying these movements nor their physi-
ological significance are understood.

In this study, we have examined membrane movements
during differentiation of the amoeboid spermatozoa of the
nematode, Caenorhabditis elegans. The terminal step in differ-
entiation of these cells is the rapid conversion of spherical,
sessile spermatids into polarized, motile spermatozoa. This
event can be induced in vitro with the monovalent ion iono-
phore, monensin (18). It requires extensive cytoplasmic rear-
rangements: laminar membranes underlying plasma membrane
in spermatids accumulate at the base of the pseudopod; mem-
branous organelles (MO) fuse with the plasma membrane; and
a pseudopod, which is devoid of organelles but filled with
amorphous cytoplasm, extends 3—4 pm from the hemispherical
cell body (18, 29).

Here, we demonstrate that extensive surface membrane rear-
rangement accompanies this cytoplasmic differentiation. Com-
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parison of surface rearrangements during spermiogenesis of
wild-type and mutant sperm has revealed two independent
types of membrane rearrangement. The first is a nondirected
movement of surface markers that occurs only after spermatids
are treated with monensin and normally stops when a cell
extends its pseudopod. The second is a directed, tip-to-base
flow of the entire surface membrane of the pseudopod. In the
two following papers it is shown that this pseudopodial mem-
brane flow continues in mature spermatozoa and may propel
their amoeboid movement (19, 22).

MATERIALS AND METHODS
Nematode Strains

Worms were grown on Escherichia coli-seeded agar petri dish cultures ac-
cording to Brenner (8). Males of strain CB 1490: him-5, (el490) were used as a
source of wild-type sperm. Sperm-defective mutant strains included BAS524:
Ser-1(hclts), him-5(el490); BAS25: fer-1(hc24ts), him-5(el490); BAS40: fer-
15(hc15ts), him-5(el490), and BA548: fer-14(hc14), him-5(el490). The genetic and
phenotypic characterization of fer-/ is described in references 4, 28, and 29.

Cell-surface Labeling Reagents

Amino-containing latex beads (0.45-um Diam) were purchased from Polysci-
ences, Inc. (Warrington, Pa.). Rhodamine-labeled wheat germ agglutinin (R-
WGA, F/P = 1), a biotin conjugate of soybean agglutinin (Bio-SBA) and ferritin-
conjugated avidin (mole ratio, 1) were obtained from Vector Laboratories, Inc.
(Burlingame, Calif.). l-acyl-2-(-4-nitrobenzo-2-oxa-1, 3-diazole)-aminocaproyl
phosphatidylcholine (NBD-PC) for preparing fluorescent liposomes was kindly
provided by Dr. R. Pagano (Department of Embryology, Carnegie Institution of
Washington, Baltimore, Md.), who obtained it from Avanti Biochemical Corp.
(Birmingham, Ala.).
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Positively Charged Bead Labeling

Males of each nematode strain were isolated as juveniles and maintained as
virgins for 2-3 d at 25°C. Nearly all sperm isolated from virgin males are
spermatids (18). Cells were isolated by dissecting individual males in a drop of
sperm medium (SM, 18) between two vaseline strips on a glass slide. Covering
these preparations with a glass slip allowed perfusion of solutions through the
ends of the chambers.

To examine the behavior of inert particles on the surface of spermatids during
differentiation, cells were treated with SM containing positively charged latex
beads (0.25% solids). After 2-5 min, unbound beads were removed by washing
with SM. Differentiation of spermatids into spermatozoa was induced by treating
the cells with 5 X 107" M mc in (18). Mo ts of beads on differentiating
cells were recorded on videotape (Panasonic VTR NV8030).using Nomarski
differential interference contrast optics.

Fluorescent Lectin Labeling

Spermatids were treated for 10-15 min with R-WGA (20 ug/ml in SM). The
cells were washed and treated with monensin as above. At various times after the
start of pseudopod formation live cells were examined and photographed with a
Zeiss Universal microscope equipped with epi-iltumination for fluorescence. The
light source was the 531-nm line from an argon-krypton laser (Control Laser,
Inc., Orlando, Fla.) that was defocussed and attenuated for photography. Micro-
graphs were recorded on Kodak Tri-X Pan film developed in Diafine to ASA
1,600.

Biotinylated Lectin/Ferritin-Avidin for
Electron Microscopy

To obtain better resolution of the fate of lectin receptors during differentiation
we used an indirect labeling technique suitable for transmission electron micros-
copy (TEM). Spermatids were dissected onto tissue culture plastic. These cells
were treated for 10 min with Bio-SBA (100 pg/ml), washed with SM, then
incubated for 10 min in ferritin-conjugated avidin (500 pg/ml). Unbound avidin
was removed by washing and the spermatids were either fixed immediately in
1.3% glutaraldehyde in 0.95X SM or were activated with monensin and fixed at
various times afterward. These preparations were postfixed in OsO, and prepared
for TEM as described (29). Electron micrographs were taken on a JEOL 100S
microscope operated at 80 kV. Prints made at a magnification of 30,000 times
were analyzed by determining the number of ferritin grains on 2-cm lengths of
the surface membrane (actual length, 0.67 pm). For each cell, all of the periphery
that was not sectioned obliquely was scored.

Fluorescent Lipid Labeling

Small lipid vesicles were made by ethanol injection (5, 17) of the fluorescent
phospholipid analogue, NBD-PC, into sperm medium containing 10 mg/ml
polyvinyl pyrollidone (PVP). Volumes were adjusted to 180 pg lipid/ml of SM,
and the preparation of self-quenched, NBD-PC vesicles was dialyzed against SM
plus PVP overnight and diluted 1:10 in SM plus PVP for use.

Spermatids were incubated with the NBD-PC vesicles at 2°C for 2 min. Under
these conditions the lipid transfers to cell membranes via free monomers not via
vesicle fusion (20). The cells were washed with ice-cold SM plus PVP then treated
with monensin at room temperature and quickly observed in a light microscope
to locate cells forming pseudopods. Differentiating cells were photographed under
epifluorescent illumination at various times after the start of pseudopod formation
using the 478-nm line of an argon-krypton laser.

RESULTS

Movement of Latex Beads
during Spermiogenesis

Spermatids are spherical cells 3-4 um in diameter. During
activation by monensin they rotate intermittently before ex-
tending pseudopods (18). To examine surface movements that
might account for this rotation we attached latex beads to
spermatids and recorded their movements during activation.
Fig. 1 shows spermatids and spermatozoa with attached beads,
additional examples are shown in reference 22. During acti-
vation, latex beads attached to spermatids move independently
both during and between periods of cellular rotation. Several
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examples are shown in Fig. 2. No obvious pattern underlies
this movement. On cells with several attached beads, usually
one or two beads moved while others remained stationary.
Beads on the same cell moved independently, often passing
each other as they moved in opposite directions around the
edge of the cell or over the dorsal surface. Some cells with one
bead moving along the edge had another bead moving simul-
taneously over the dorsal surface. The movement of each bead
was intermittent. While moving, the velocity was usually 10-
15 pym/min. Occasionally beads moved over the surface,
stopped, and then retraced the same path. More often the paths
before and after stopping were different. Cytoplasmic organ-
elles visible under Nomarski optics did not move in concert
with beads indicating that movement of surface markers was
not correlated with general cytoplasmic flow.

o Y
; F

¢

s‘ r(

FIGURE 1 Spermatids and spermatozoa with attached latex beads.
Nomarski optics: (4) Spermatids. (b) Spermatozoa. Arrows show
beads, the beadlike dots in the center of cells are nuclei. Note that
beads are found only on the cell body not the pseudopod of
spermatozoa. Bar, 5 um.

FiGUrRe 2 Diagrams of the movements of latex beads on wild-type
spermatids treated with monensin. Open circles indicate start of
track, closed circles indicate end of track, arrowheads show direction
of movement. The movements shown are relative to internal organ-
elles to correct for whole cell rotations. (a) Path of a single bead
moving continuously for 1 min. ( b) Two beads moving counterclock-
wise around the periphery of the cell; solid line, bead that moved
over the dorsal surface, turned, and returned near to where it
started. (¢} As in b, bead marked by the broken line stopped at the
second open circle for several seconds then resumed movement
around the periphery. Movement of the other bead was continuous.
(d) Beads that crossed paths twice while moving on the surface.



Both independent bead movement and cellular rotation
ceased when activated cells started extending a pseudopod.
Beads did not accumulate in any particular pattern but stopped
moving anywhere on the hemispherical cell body. However,
beads were always excluded from the developing pseudopod.

We compared the behavior of beads on differentiating wild-
type cells with that on sperm from three different sperm-
defective mutant strains. With the first mutant, defective in
gene fer-15, only about 0.5% of the spermatids respond to
monensin. These few cells become morphologically normal
spermatozoa; the behavior of beads on their surface is like that
on wild-type. The remaining 99.5% of these mutant sperm do
not differentiate, nor do they undergo the rotary movement
characteristic of monensin-activated wild-type cells. In keeping
with this, we observed no bead movement on their surface
although beads attached normally.

We also examined the behavior of beads on two strains with
different mutant alleles of gene fer-1 (hcits and hc24ts). The
morphological defects in sperm of both strains are the same:
the pseudopods are shorter than normal and MO’s do not fuse
with the surface membrane (29). Although short, these pseu-
dopods bear pseudopodial projections that undergo the same
movements as those on wild-type cells (19). Before pseudopod
extension, beads moved on the surface of monensin-activated
fer-1 mutant sperm as on wild-type cells. However, unlike wild-
type sperm, bead movement continued on the cell body after
these mutant cells extended their short pseudopods. Some of
these mobile beads remained on the cell body; others moved
onto the psendopod or were carried out as the pseudopod
extended and then were transported back to the cell body (Fig.
3). This was never observed on wild-type cells, We also saw
beads moving from side to side on the pseudopod. Thus,
although pseudopod extension on fer-/ mutant sperm creates
a morphological polarity, the movement of beads on fer-/
spermatozoa resembles the wandering bead movements ob-
served on wild-type spermatids before pseudopod extension.

Fate of Surface Lectin Receptors
during Spermiogenesis

Argon (3) found that several fluorescently labeled lectins
that bind irreversibly to sperm surface glycoproteins stain
spermatids symmetrically but stain spermatozoa asymmetri-
cally. He showed that when spermatids labeled symmetrically
with lectins are activated to spermatozoa the label becomes
confined to the cell body. We have asked how this rearrange-
ment occurs.

When spermatids were labeled with thodamine-conjugated
wheat germ agglutinin (R-WGA) they showed a ring of surface
staining with some irregular brighter areas of fluorescence.
This staining pattern was stable on each cell. We never detected
patching, capping, or other changes in distribution of WGA
receptors in spermatids after lectin treatment.

We also observed no change in the fluorescence pattern
during the rotation of monensin-activated, R-WGA-treated
spermatids. When these cells initially extended pseudopods,
the fluoresence intensity of the pseudopod membrane was
about the same as that of the cell body (Fig. 4a). Therefore,
when the pseudopod is formed its membrane must derive, at
least in part, from the preexisting surface membrane of the
spermatid. Within 30 s after pseudopod formation, however,
the fluorescence intensity on the pseudopod was greatly dimin-
ished although staining on the cell body was about as bright as
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FIGURE 3 Diagrams of the movement of beads on fer-7 mutant
sperm before and after pseudopod extension. Movement was con-
tinuous during pseudopod formation. {a) Left shows movement on
spermatid; bead was in the position indicated by the arrowhead
when pseudopod extension began; right shows movement contin-
uing on the cell body after pseudopod formation. The bead did not
move onto the pseudopod. { b) Two beads moving on the spermatid
(left) that were carried onto the extending pseudopod then moved
back on the cell body (right).

FIGURE 4 Pattern of fluorescence on live sperm treated with R-
WGA and activated with monensin. (a) Two spermatids showing
rings of fluorescence and two spermatozoa with arrow marking the
forming pseudopods photographed 15 s after beginning to extend
pseudopods. Fluorescence intensity on the pseudopod and cell
body are similar. A field of sperm photographed 1 min after pseu-
dopod extension. Arrows mark the pseudopods that are much
fainter than the cell bodies. Two spermatids with uniform rings of
fluorescence are in the lower left. Bar, 5 um.

that on spermatids (Fig. 45 and Fig. 3). We were unable to
follow the fate of labeled WGA receptors on individual cells
because exciting the fluorophore with laser illumination for
more than a few seconds killed the cell. However, we examined
many spermatozoa from 30 s to 10 min after the pseudopod
formation without finding greater than background fluores-
cence on pseudopods. This suggests that once labeled lectin
receptors were cleared from the pseudopod they did not return.

To examine the movement of a second population of surface
lectin receptors in more detail we treated spermatids with
biotin-conjugated soybean agglutinin (Bio-SBA) followed by
ferritin-avidin. This technique takes advantage of the high
affinity binding between avidin and biotin (Kp = 107"* M) and
the electron density of ferritin to visualize the location of SBA
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receptors with the electron microscope.

Populations of sperm fixed 4 min after monensin treatment
included a mixture of spermatids and spermatozoa in the
process of extending pseudopods. Activating spermatozoa were
recognized by several morphological criteria: few fused MO’s,
incomplete accumulation of cytoplasmic laminar membranes
at the pseudopod-cell-body junction and short pseudopods
without projections (18, 29). Electron micrographs of these
immature spermatozoa revealed a near uniform distribution of
ferritin on the surface of both the cell body and the pseudopod
(Fig. 54; Table I, line 1).

When we fixed labeled cells 6 min after applying monensin
we found cells in various stages of differentiation including
several full-length pseudopods bearing projections. Because
these cells contained many unfused MO’s they must be inter-
mediates between immature and fully mature spermatozoa. On
some of these cells, the ferritin density was uniform over the
surface except at the tips of pseudopodial projections and on
membrane adjacent to MO fusion pores (Fig. 5 b; Table I, line
2). In these areas the membrane was nearly devoid of ferritin
grains. On other cells of this type, ferritin-labeled lectin recep-
tors were absent from the distal portion of the pseudopod but
still visible on the pseudopod membrane near its junction with
the cell body. On such cells the density of ferritin grains on the

membrane at the cell-body-pseudopod junction was greater
than on the cell body. The disappearance of ferritin-labeled
SBA receptors from the pseudopod was nearly complete on
mature spermatozoa obtained by fixing the cells 10 min after
monensin treatment. The density of ferritin grains at the base
of the pseudopod of the cells was 2-3 times greater than on the
cell body (Fig. 5 ¢; Table I, line 3). Many grains appear to pile
up away from the membrane. This may be due to cross-linking
of the biotin-avidin-ferritin complex.

The rearrangement of SBA receptors during spermiogenesis
is qualitatively the same as that observed using R-WGA.
Further, the ferritin labeling technique indicates that clearance
of lectin receptors from the surface of the pseudopod starts at
the tips of the pseudopodial projections and continues cen-
tripetally resulting in removal of nearly all lectin receptors
from the pseudopod with concommitant accumulation of fer-
ritin at the cell-body-pseudopod junction. We never observed
ferritin free in the cytoplasm or bound to any cytoplasmic
organelles, even though unstained sections were examined.
Thus, the probe was apparently not internalized. The density
of ferritin-labeled SBA receptors on the cell body did not
change during morphogenesis except that we found that mem-
brane adjacent to MO fusion pores was ferritin-free (Table I,
column 1).

FIGURE 5 Redistribution of SBA receptors. Spermatids labeled with Bio-SBA and ferritin-avidin were activated with monensin and
then fixed at various times. (a) 4 min, showing the initial stages of pseudopod formation. (b) 6 min, the extending pseudopod has
formed projections that have become cleared of ferritin (arrows). (c) 10 min, a mature spermatozoon showing little ferritin on the
pseudopod but a concentration of ferritin at the junction between pseudopod and cell body (arrow). Note that the membrane
over the fused membranous organelles (MO) is also clear of ferritin. Bar, 0.5 pm. X39,000.
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TaBLE |
Ferritin Grain Densities on the Surface of C. elegans
Spermatozoa
Cell body Pseudopod Cell
body-
Over Tips of pseudo-
fused Eise-  projec-  Else- pod
Class* MQO’s where tions where junctiont
immature sper- 2+ 1§ 55%13 —_ 40£16 76x22
matozoa
Intermediate 1x1 51+17 1x1 48x20 54115
spermatozoa
Mature sperma- 34 4710 1x1 64 10434

tozoa

* Stage of development scored by morphological criteria (see text).

1 Surface membrane within 1.3 um on either side of the point where the
pseudopod meets the cell body.

§ Entries indicate mean = SE ferritin grains/0.67-pm segment of surface mem-
brane. Each entry derived from measurement of entire sectioned surface
(excluding areas where sections passed obliquely through the membrane)
of 2-5 cells.

Redistribution of Membrane-integrated
Phospholipid during Differentiation

The movements of both labeled lectins and latex beads
report on the behavior of cross-linked surface components. To
determine the pattern of movement of a probe inserted directly
into sperm membrane, thereby avoiding linkage to external
reporters, we treated spermatids with vesicles of the fluorescent
phospholipid analogue, NBD-PC. These vesicles are invisible
under fluorescent illumination because the fluorophores are so
concentrated that they are self-quenched (21, 30). When NBD-
PC molecuies transfer from the vesicles to the sperm membrane
the dilution of the fluorophore in the membrane lipids results
in dequenching, a more than two-thousandfold increase in
fluorescence, revealing the location of the fluorescent phospho-
lipid in the membrane. Thus when we examined spermatids in
solutions of vesicles, we detected a uniform ring of fluorescence
around the cells but no background fluorescence.

After washing out vesicle solutions, warming to room tem-
perature and adding monensin, most spermatids extended mor-
phologically normal pseudopods, although some cells lysed. As
observed with R-WGA, within the first 20-30 sec after pseu-
dopod extension, the labeled lipid was uniformly distributed
around the entire cell including the pseudopod (Fig. 64). On
spermatozoa photographed 30 sec or longer after pseudopod
formation the fluorescent probe was barely detectable in the
pseudopod membrane (Fig. 6 b) but the cell body fluorescence
was similar to that on nearby spermatids. These cells also
contained several bright fluorescent dots in their cell bodies.
Based on their size, number, location, and timing of appear-
ance, these dots are probably fused MO’s that label by diffusion
of NBD-PC into them in the plane of the membrane.

After several minutes at room temperature much of the label
is internalized resulting in a diffuse internal fluorescence along
with labeling of the MO’s and the nucleus. Thus, except for
eventual internalization, both the pattern and timing of rear-
rangement of NBD-PC on the surface of differentiating sperm
was similar to that observed using labeled lectins.

Results of two experiments confirm that NBD-PC was
properly integrated into the surface membrane of vesicle-
treated cells. In the first, spermatids were treated with either
NBD-PC vesicles or R-WGA and activated with monensin.
After confirming microscopically that mature spermatozoa had

redistributed the fluorescent probes creating the asymmetric
pattern described above, the cells were fixed with 1% formal-
dehyde and 1.2% glutaraldehyde in SM. Fixed, R-WGA-la-
beled spermatozoa retained their asymmetric staining pattern
(not illustrated, staining as in Fig. 4 b) indicating that aldehyde
treatment stabilized the distribution of lectin-receptor com-
plexes in the surface membrane. In contrast, this fixation did
not prevent lateral diffusion of the lipid probe in the plane of
the membrane. After fixation, NBD-PC labeled spermatozoa
exhibited near-uniform rings of fluorescence indicating return
of the probe into the pseudopod surface membrane (not illus-
trated, pattern as shown in Fig. 6a).

The second experiment compared the effects of the metabolic
inhibitor, sodium azide, on the behavior of R-WGA and NBD-
PC on mature, asymmetrically labeled spermatozoa. Perfusing
1 mM NaN; in SM plus PVP onto mature spermatozoa arrested
pseudopod movement and stopped the movement of latex
beads attached to the pseudopod (see 22 for a description of
bead movement on pseudopods). Treating asymmetrically la-
beled, R-WGA-stained spermatozoa with 1 mM NaNj resulted
in return of lectin-receptor complexes onto the pseudopod. The
intensity of fluorescence in the pseudopod membrane increased
gradually for 70-80 sec after azide treatment (Fig. 7 a-c) and
then remained stable. The return of fluorescence to the pseu-
dopod membrane of NBD-PC-labeled, azide-treated sperma-
tozoa was complete in nearly all cells within 15 sec after drug
perfusion (Fig. 84, b). Labeling patterns at shorter intervals
could not be determined because of the time needed to com-
plete azide perfusion then refocus and photograph the cells.
The effects of azide were reversible. Within a few seconds after
washing out the drug the spermatozoa began ruffling their
pseudopods and by 60 sec these cells cleared their pseudopods
of either R-WGA or NBD-PC (Fig. 74).

DISCUSSION

This study demonstrates two strikingly different patterns of
rearrangement of membrane components on differentiating C.
elegans sperm. The first is nondirected movement of mem-
brane-bound beads on the surface. It occurs after spermatids
are activated with monensin but ceases when the cell extends
a pseudopod. The second is the directed clearance of lectin
receptors and integrated fluorescent phospholipid from the
surface of the mature pseudopod.

FIGURE 6 Pattern of fluorescence on live sperm incubated in NBD-
PC vesicles. (a) Round cells are spermatids exhibiting a uniform ring
of fluorescence and no staining of cytoplasmic organelles; sperma-
tozoon photographed 15 sec after pseudopod extension. Fiuores-
cence intensity of pseudopod membrane is about the same as that
on nearby spermatids. Bright dots in the cell body are fused mem-
branous organelles. {(b) Spermatid (right) and spermatozoon (left)
photographed 1 min after extending its pseudoped. Intensity of
fluorescence in cell body membrane (arrows), visible among the
membranous organelles is about the same as on the spermatid
membrane but fluorescence is barely detectable in the pseudopod.
Bar, 5 um.
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FIGURE 7 Effect of sodium azide treatment on the pattern of R-
WGA fluorescence on live sperm. (a) Before azide treatment. Sper-
matids exhibit ring-staining pattern, spermatozoon (top) shows
typical asymmetric staining with fluorescence on the cell body much
brighter than on pseudopod; (b) same field 30 sec after adding 1
mM NaNs. Note slight increase in fluorescence intensity on sper-
matozoon pseudopod. (c) 90 sec after adding NaNs. Return of R-
WGA to spermatozoon pseudopod complete. Label remains asym-
metrically distributed but much less markedly than in (a). (d) 1 min
after washing out azide. Pseudopod has moved and cleared its
fluorescence so the cell is as asymmetric as in (a). Bar = 5 um.

The nondirected movement of beads on the surface probably
reflects the same membrane movement that produces rotation
of tethered spermatids responding to monensin (18). Beads
attached to the surface do not move before the cells are treated
with monensin. Therefore, their movement is not induced
simply by cross-linking of membrane components. It is likely
that monensin treatment induces rearrangement of the surface
of the cell that is reflected by the movement of attached beads,
but the function of this rearrangement is unknown.

The pattern of bead movement reveals four characteristics
of this surface rearrangement. First, discrete portions of the
membrane are mobile while other portions are stationary.
Thus, on a single cell some attached beads moved while others
remained stationary. Second, our observation that individual
beads were able to move, stop, and start moving again indicates
that the rearrangement of the membrane is intermittent rather
than continuous. Third, the surface is apparently randomly
rearranged because beads wandered over the surface rather
than moving in a distinct pattern and did not accumulate at a
particular region on the surface. Fourth, as evidenced by the
cessation of bead movement, this type of surface rearrangement
stops when wild-type cells start extending their pseudopod.

Nearly all fer-15 mutant spermatids fail to respond to mo-
nensin. These cells do not rotate, rearrange their surface, or
extend pseudopods. The natural inducer of nematode sperm
morphogenesis, mimicked by monensin, is probably a secretion
from the male vas deferens which contacts male sperm during
mating (10, 15, 29). Sperm from mated fer-15 mutant males
also fail to differentiate (T. Roberts, unpublished observation).
Thus, further analysis of these mutant sperm may reveal how
nematode spermatids detect the signal to complete morphogen-
esis.

fer-1 mutant sperm fail to stop bead movement on their cell
body after extending pseudopods. We report in a following
paper (22) that beads attached to the pseudopods of mature
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wild-type sperm are transported to the base of the pseudopod
but never move onto the cell body. On fer-/ mutant sperm,
beads can move from the cell body to the pseudopod and
return. Thus, these mutant sperm are deficient in both stopping
membrane rearrangement on the cell body and in preventing
membrane movement from pseudopod to cell body. This sug-
gests that these two events may be controlled by the same
mechanism. fer-I mutant sperm fail to fuse their MO’s with
the surface (29). Perhaps MO fusion stabilizes the cell body
membrane. Without this stabilization the cell may not be able
to stop rearranging its surface or establish a barrier to mem-
brane movement between the pseudopod and the cell body.

Just after R-WGA and NBD-PC treated spermatids extend
their pseudopods both fluorescent probes were evenly distrib-
uted over the surface of the pseudopod. This shows that the
extending pseudopod derives at least part of its membrane
from the surface of the spermatid. We have not compared
quantitatively the intensity of fluoresence on spermatids to that
on immature spermatozoa. However, morphometric analyses
indicate the surface area of C. elegans spermatids and sper-
matozoa appears to be the same (S. Ward, unpublished obser-
vation). Therefore, pseudopod extension does not necessarily
require assembly of any new surface membrane. We do not
know why beads are excluded from extending pseudopods. It
may be that they clear so rapidly that they are gone by the
time a pseudopod is recognizable.

The clearance of lectin receptors and lipids from the surface
of developing pseudopods, appears to be the same as the
movement that continually transports attached beads from the
tip of the pseudopod to its base in mature spermatozoa (22). In
the present study, the pattern of removal of ferritin-labeled
lectin receptors from the pseudopod was similar to the move-
ment of beads on pseudopods. The increased resolution af-
forded by EM showed that clearance of ferritin-labeled lectin
started at the tips of the pseudopodial projections. Finding cells
with the distal portion of their pseudopod cleared but with the
proximal portion still bearing ferritin-labeled lectin receptors
indicates that, like beads, lectin receptors move toward the base
of the pseudopod. Beads stopped moving on pseudopods at the
junction with the cell body without internalization, movement
onto the cell body, or return to the pseudopod. Likewise, we
found that ferritin accumulated at the cell-body-pseudopod
junction. We never found internalized ferritin nor did we
observe an increase in grain density on the cell body after
clearance of the pseudopod.

When spermatozoa cleared WGA receptors labeled with
fluorescent lectin from their pseudopod we did not observe
formation of a bright patch of fluorescence at the cell-body-
pseuodopod junction. Possibly such patches, corresponding to
the piles of ferritin grains at the base of the pseudopod of
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FIGURE 8 Effect of sodium azide treatment on the distribution of
NBD-PC in the membrane of live sperm. (a) Before azide treatment.
Spermatozoa (arrows) show typical asymmetric staining pattern. (b)
Different field, 11 sec after adding NaNa. NBD-PC has redistributed
on the spermatozoon so that the fluorescence intensity on its
pseudopod is about the same as on nearby spermatid. Bar, 5 um.
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mature, lectin-ferritin labeled cells, cannot be resolved by
fluorescence microscopy. Alternatively, the cell may be able to
internalize lectin-receptor complexes but not larger membrane-
bound structures, such as ferritin and latex beads.

That labeled lectin receptors and fluorescent phospholipids
are cleared from the pseudopod at about the same rate is of
particular importance. Several theories seek to explain directed
movements of membrane components such as capping of an-
tigens and lectin receptors on lymphocytes or centripetal trans-
port of receptors or inert particles on amoeboid cells (discussed
in reference 14). These theories break down into two groups,
one of which attributes movement of selected membrane com-
ponents to their direct or indirect association with cytoplasmic
contractile proteins. The other proposes that directed move-
ment is a manifestation of polar assembly-disassembly of part
or all of the cell membrane. These two groups of theories
predict different fates for lipids incorporated into the plasma
membrane. As pointed out by Bretscher (9), membrane inte-
grated lipids do not span the bilayer and, therefore, cannot
associate directly with cytoplasmic proteins so directed move-
ment of membrane lipids must be due to membrane flow, or
association with membrane proteins.

Stern and Bretscher (26) demonstrated directed movement
of Forsmann glycolipid incorporated into the surface mem-
brane of several types of vertebrate cells after treatment with
anti-Forsmann antibody. The authors attributed this move-
ment to selective directed flow of membrane lipids, as originally
proposed by Bretscher (9). Likewise, Schroit and Pagano (25)
demonstrated antibody-induced capping of a trinitrophenyl-
ated derivative of NBD-phosphatidylethanolamine in the sur-
face membrane of lymphocytes. Their report included a con-
vincing demonstration that the lipid was properly integrated
into the plasma membrane.

Here we found that NBD-PC was cleared from the surface
of the pseudopod at about the same rate as glycoprotein lectin
receptors, but not cleared from the cell body of C. elegans
spermatozoa. The cell body and the fused MO’s retained their
fluorescence and there was no increase in cytoplasmic fluores-
cence when the pseudopod membrane was cleared of NBD-PC
suggesting that removal of the lipid was in the plane of the
membrane.

Our interpretation of the results obtained using NBD-PC
depends on the lipid being integrated into the surface mem-
brane and free of association with membrane proteins. Asso-
ciation of vesicular lipids with cell membranes could occur in
three ways: sticking of vesicles to the surface of the cell,
exchange of lipid between the cell membrane and the vesicle,
or actual fusion of the vesicle with the membrane with dilution
of vesicle contents in the plane of the membrane (21). Only the
latter two of these result in incorporation of lipid into the cell
membrane. Several observations suggest that the fluorescence
we detected was due to free lipid in the membrane bilayer. The
fluorescence of intact NBD-PC vesicles was completely
quenched (i.e. solutions of vesicles alone did not fluoresce).
Therefore, adherent vesicles should not have contributed to the
fluorescence we observed on the cells. Results obtained by
fixing or metabolically disrupting asymmetrically labeled sper-
matozoa indicate that NBD-PC was in the membrane free of
restraint. If the lipid were still in vesicles or associated with
integral membrane proteins aldehyde fixation should prevent
its lateral diffusion. This was not the case because fixation
immobilized lectin-receptor complexes but allowed diffusion
of NBD-PC into the pseudopod membrane.

Determining the time required to reestablish maximum pseu-

dopod membrane fluorescence afier azide treatment of asym-
metrically labeled spermatozoa allows us to estimate the dif-
fusion coefficients, D, of either WGA-receptor complexes or
NBD-PC in the membrane bilayer. D is approximated from
the solution of the diffusion equation for intermixing of two
solutes in the surface of a sphere (16): D = 1,’/2 7 where ry is
the radius of the cell (~ 2 ym) and r is the half-time of
intermixing (~ 40 s for lectin-receptor complex and 8 s for
NBD-PC). These values estimate D = 5 x 107"° ¢cm® s7* for
lectin-receptor complex and = 2.5 X 107° cm® s™* for NBD-PC.
These estimates agree closely with values obtained by fluores-
cence recovery after photobleaching techniques applied to R-
WGA-receptor complex in the surface membrane of C. elegans
spermatozoa (2 X 107" cm® s7%; 3) and to NBD-PC in the
plasma membrane of V79 fibroblasts (2.04 + 0.47 X 107 ¢cm®
s7; 27). It should be pointed out that WGA binds to several
species of membrane glycoproteins and, therefore, our estimate
of D represents an average for several different lectin-receptor
complexes. Also, the value obtained for NBD-PC is an under-
estimate because we were unable to accurately determine 7.
Nevertheless, the marked difference in D for a protein-protein
complex and a lipid and the similarity of our values with those
reported elsewhere lead us to conclude that NBD-PC was
properly integrated into the sperm plasma membrane and was
free to diffuse.

In total, our data strongly favor membrane flow over trans-
membrane linkage to a cytoplasmic contractile system as the
mechanism driving the centripetal movement of membrane
components on the sperm pseudopod. Lipids, latex beads, and
lectin-receptor complexes are cleared from the pseudopod in
the same direction and at approximately the same velocity.
Although we cannot rule out transmembrane control of the
motion of lectins and beads, we have shown NBD-PC behaves
as a properly integrated free lipid in the sperm membrane and,
thus, must avoid transmembrane control. Our data do not
determine conclusively whether sperm membrane flow occurs
by polar assembly-disassembly of lipids alone (9) or by bulk
membrane flow (1, 2, 7, 12, 13). We demonstrate in a following
paper (22) continuous insertion of lectin receptors at the tip of
the sperm pseudopod followed by their directed movement
toward the base of the pseudopod. According to the lipid flow
theory, membrane proteins move by being trapped in the lipid
stream. Reinsertion of this class of proteins is not required (but
not precluded). By definition, the bulk membrane flow theory
requires that clearance of a class of receptors be accompanied
by their immediate reinsertion in the cleared zone. Therefore,
our data support the bulk membrane flow theory of membrane
movement.

We thank Eileen Hogan and William Duncan for their excellent
technical assistance. We have benefitted from discussions with Richard
Pagano and David Wolf on the use and interpretation of fluorescent
lipid probes. We thank R. Pagano, D. Wolf, Michael Edidin, and Dan
Burke for critical reading of the manuscript. We thank Susan Satchell
for preparation of the manuscript.

This research was supported by National Institute of Health Re-
search grant GM25243 to S. Ward and a postdoctoral fellowship to T.
Roberts as well as by the Carnegie Institution of Washington.

Reprint requests should be addressed to Dr. Samuel Ward.

Received for publication 26 May 1981, and in revised form 21 July 1981,

REFERENCES

1. Abercrombie, M. 1980, The movement of metazoan cells. Proc. R. Soc. Lond. Biol. Sci.
207:129-147.

ROBERTS AND WARD Membrane Flow On Nematode Sperm 119



&

oW

Abercrombie, M., J. E. M. Heaysman, and S. M. Pegrum. 1970. The locomotion of
fibroblasts in culture. Exp. Cell Res. 62:389-398.

. Argon, Y. 1979. Ph.D. Dissertation. Harvard University.
. Argon, Y., and 8. Ward. 1980. Caenorhabditis elegans fertilization-defective mutants with

abnormal sperm. Genetics. 96:413-433.

. Botzr, ., and E. D. Korn. 1973. Single bilayer liposomes prepared without sonication.

Biochim. Biophys. Acta. 298:1015-1019.

. Bloodgood, R. A. 1977. Motility occurring in association with the surface of the Chlamy-

domonas flagellum. J. Cell Biol. 75:983-989.

. Bray, D. 1973. Model for membrane movements in the neural growth cone. Nature

(Lond.). 244:93-96.

. Brenner, S. 1974. The genetics of Caenorhabditis elegans. Genetics. 77:71-94.
. Bretscher, M. 1976. Directed lipid flow in cell membranes. Nature (Lond.). 260:21-23.
. Burghardt, R. C,, and W. E. Foor. 1978. Membrane fusion during spermiogenesis in

Ascaris. J. Ultrastruct. Res. 62:190-202.

. Goodenough, U. W., and D. Jurivich. 1978. Tipping- and mating-structure activation

by flagellar membrane antisera. J. Cell Biol. 79:680-

d in Chinmvd,
in Chlam

&

693.

12. Harris, A. K. 1973. Cell surface movement related to celi locomotion. 7n: Locomotion of
Tissue Cells. M. Abercrombie, editor. Ciba Foundation Symposium 14. Associated
Scientific Publishers, Amsterdam. 3-20.

13. Harris, A. K. 1976. Recycling of dissolved plasma membrane components as an explana-
tion of the capping phenomenon. Nature (Lond.). 263:781-783.

14. Hewitt, J. A. 1979. Surf-riding model for cell capping. J. Theor. Biol. 80:115-127.

15. Hirsch, D., and R. Vanderslice. 1976. Temperature-sensitive developmental mutants of
Caenorhabditis elegans. Dev. Biol. 49:220-235.

16. Huang, H. W. 1973. Mobility and diffusion in the plane of cell membrane. J. Theor. Biol.
40:11-17.

17. Kremer, J. M. H., M. W. ]. v. d, Esker, C. Pathmamanoharan, and P. H. Wiersema. 1977.
Vesicles of variable diameter prepared by a modified injection method. Biochemistry. 16
3932-3935.

18. Nelson, G. A, and Ward, S. 1980a. Vesicle fusion, pseudopod extension, and amoeboid

120  THe JOURNAL OF CELL BIOLOGY - VOLUME 92, 1982

20.

2L

22.

23.

24,

2

26.

2

28.

29.

30.

bl

~

motility are induced in nematode spermatids by the ionophore monensin. Cell. 19:457-
464.

. Nelson, G. A, T. Roberts, and S. Ward. 1981. Caenorhabditis elegans spermatozoan

locomotion: amoeboid movement with almost no actin. J. Cell Biol, 92:121-131.

Nichols, J. W., and R. E. Pagano. 1981. Kinetics of soluble lipid monomer diffusion
between vesicles. Biochemistry. 20:2783-2789.

Pagano, R. E., A. J. Schroit, and D. K. Struck. 1981. Interactions of phospholipid vesicles
with mammalian cells in vitro. Studies of mechanism. /n: Liposomes: From Physical
Structure to Therapeutic Applications. C. G. Knight editor. Elsevier-North Holland
Publishers, Amsterdam. In press.

Roberts, T. M., and S. Ward. 1981, Centripetal flow of pseudopodial surface components
could propel the amoeboid movement of Caenorhabditis elegans spermatozoa. J. Cell Biol.
92:132-138.

Schlessinger, J., E. Van Obberghan, and C. R. Kahn. 1980. Insulin and antibodies against
insulin receptor cap on the membrane of cultured human lymphocytes. Nature (Lond.).
286:729-731.

Schriner, G. F,, and E. R. Unanue. 1976. Membrane and cytopi changes in B
lymphocytes induced by ligand-surface immunogiobulin interaction. Adv. Immunol. 24:
38-165.

Schroit, A. J., and R. E. Pagano. 1981. Capping of a phospholipid analogue in the plasma
membrane of lymphocytes. Cell. in press.

Stern, P. L., and M. Bretscher. 1979. Capping of exogenous Forssman glycolipid on cells.
J. Cell Biol. 82:829-833.

Struck, D. K., and R. E. Pagano. 1980. Insertion of fluorescent phospholipids into the
plasma membrane of a mammalian cell. J. Biol. Chem. 255:5404-5410.

Ward, S, and J. Miwa. 1978. Characterization of temperature-sensitive defective mutants
of the nematode Caenorhabditis elegans. Genetics. 88:285-303.

Ward, S. Y. Argon, and G. A. Nelson. 1981. Sperm morphogenesis in wild-type and
fertilization-defective of Caenorhabditis elegans. J. Cell Biol. 91:26-44.
Weinstein, J. N., S. Yoshikmi, P. Henkart, R. Blumenthal, and W. A. Hagins. 1977.
Liposome-cell interactions: transfer and intraceliular release of a trapped fluorescent
marker. Science (Wash. D.C.). 195:489-492.




