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ABSTRACT
S-180 ascites tumor cells were treated with various
reagents which induce polymerization of intracellular actin
in other cell types.

S-180 cells were used because they

have short actin microfilaments, no long actin bundles and
weakly-structured surface microvilli as compared with
normal fibroblasts which have an extensive actin microfilament network, long actin bundles and microfilamentstructured microvilli (Pollock, 1978}.

In vitro and in

vivo experiments have shown a relationship between pH
and polymerized actin with the lower threshold for actin
polymerization being about 6.8 (Monroe and Pollock, 1979}.
S-180 cells have an intracellular pH of approximately 6.5
compared with a normal cell pH of 7.2, and this difference
suggests a possible regulatory role for pH in actin polymerization (Leung and Pollock, unpublished}.

This study

examines the hypothesis that the low intracellular pH of
S-180 cells accounts for the disorganized microfilament
status of these cells.
S-180 cells were treated with various concentrations of
NH 4+, Mn++, ca++, K+ and Mg++ ions in culture media at a
pH of 7.8.

The fixative for the treated cells included

tannic acid and saponin to facilitate positional resolution of polymerized actin.

Exposure of the cells to 0.020

v

M NH 4 + resulted in a rapid conversion of the neoplastic,
flaccid, microvilli into an erect or extended conformation.
These extended microvilli contained 60

A diameter

micro-

filaments in bundles, the cytosol showed microfilament net0

works, short filaments connected to ribosomes, and 100 A
diameter intermediate fibers were observed in the perinuclear region.

The number of the extended microvilli

decreased with time in culture, but the other results
persisted.

A 0.0875 M Mn++ concentration induced extensive exocytosis
of lipid bodies and a retraction of the flaccid microvilli
from the cell surface.

However, a 0.020 M concentration of

Mn++ combined with 0.020 M NH 4 + provided results similar
to the NH 4 + treatment alone, except that there were fewer
extended microvilli and they were less erect.

Mn++

enhanced the cell surface contrast by binding to the
plasma membrane and the glycocalyx.
Longer, but flaccid microvilli containing only short
microfilaments were observed when 10 vM ca++ was introduced to the cells by ionophore A23187.

Intermediate

fibers were more developed than in the other treatments
and fewer microfilaments were observed in the cytosol.
Fields of microtubules were seen and the polysomes were
three times as dense as compared with the NH4+ and the
NH4+ plus Mn++ treatments.
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In conclusion, Mn++ did not induce actin polymerization.
ca++ A23187 ionophore promoted microvilli extensions,
intermediate fibers and polysome elongation, but not actin
bundles within the microvilli.

However, NH 4 + had a

profound effect on microfilament formation and did produce
actin bundles in exterided microvilli, intermediate fibers
and microfilament networks.

Since NH 4 + and ca++ ionophore

exchange for intracellular H+ caused a rise in intracellular pH, the effects are interpreted as evidence that
pH, singly or in combination with other factors, regulates
actin polymerization in S-180 cells.
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INTRODUCTION
Actin is a major protein found in both muscle and nonmuscle cells.

It is found in many protozoan and in all

eucaryotic cells and may comprise up to 15% of the cell
protein (Lazarides and Revel, 1979).

It exists in both

the amorphous G-actin stage and in the polymerized F-actin
state.

F-actin filaments are composed of double helical

strands of polymerized actin in association with molecules
of troponin, tropomyosin, and other actin binding proteins
(Simpson and Spudich, 1980).

In non-muscle cells, actin

is a major component of the cytoskeleton and influences
cell shape, contraction, elongation and mitosis.
0

Actin

0

filaments are nominally 60A to BOA in diameter and usually
up to 1

~m

long but have been observed in lengths equal to

a cell diameter.

These filaments have been studied by

antibody - conjugate immunofluorescent techniques (Lazarides and Revel, 1979), by heavy meromysin decorating (Begg
and Rebhun, 1978) and by solution biochemistry (Tilney et
al., 1973; Simpson and Spudich, 1980).
In normal cells, actin is found as intermediate fibers
peripheral to the nucleus, as microfilament networks
throughout the cytoplasm, at cell junctions, as a general
reinforcement network within the cytoplasm adjacent to the
plasma

mernbr~e

and, as structural microfilament bundles

within surface microvilli.

The cytoskeletal arrangement
1

2 .

of F-actin in a microvillus has been described by Nicolson
(1976) as a fingerlike projection of the plasma membrane
with actin filaments joined internally to the "finger tip"
by shorter polymerized fragments of alpha-actinin and tied
to the cytoplasmic side of the plasma membrane by an almost
geodetic network of lateral microfilaments and microtubules.

An excellent model of this network is shown in

Figure 13 in this reference.

Electron micrographs support-

ing some aspects of this model are shown in the brush
border study of intestinal mucosal cells (Mooseker,
1976).
Lazarides and Revel (1979) showed that actin polymerization
requires nucleation sites and these sites can exist at
many locations on the cell membrane.
et al.

Subsequently, Fowler

(1981), in their work on human erythrocyte mem-

brane, found spectrin on the cytoplasmic plasma membrane
surface promotes, if not initiates, the organization of Factin.

Simpson and Spudich (1980) have shown constant

exchange between the G-actin and F-actin forms in nonmuscle cells.

In general, this exchange depends on the

presence of certain proteins, nucleotides, ATP, and metal
ions; usually Ca++ or Mg++.

Actin polymerization also re-

quires physiological concentrations of K+ and an alkaline
pH environment.

Pardee and Spudich (1982) working with

amoebae and rabbit skeletal muscle, have demonstrated K+,
frequently used in extracting actin from muscle cells, is
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instrumental in actin polymerization and that the conversion of G-actin to F-actin may proceed through successive
stages of 1) G-actin associated with ATP, 2) addition of
potassium ion and a conversion to a KCl-ATP-actin monomer,
3) an F-actin-ATP molecule, and 4) the subsequent hydrolysis to an F-actin-ADP form.
accelerated by Mg++.

This reaction sequence is

This concept was somewhat streng-

thened by Maupin and Pollard (1983) who presented electron
micrograph evidence of enhanced actin polymerization in the
presence of potassium and magnesium ions.

While these

studies provide major contributions to the kinetics of
actin polymerization, the process is not completely defined.

For example, polymerization can occur in the

presence of ADP alone or even without nucleotides.
In addition to the factors which influence actin kinetics,
the role of pH in in vivo polymerization has been demonstrated by Begg and Rebhun (1979) and by Begg et al.
(1982).

They found alkaline pH to be essential for micro-

filament formation and for structuring the microvilli in
sea urchin egg cortices.

They concluded that pH regulates

actin polymerization in sea urchin eggs.
Sarcoma 180 ascites tumor cells are characterized by
numerous flaccid microvilli.

Due to active anaerobic

glycolysis, the intracellular pH of S-180 cells is 6.5, as
determined by microprobes and nuclear magnetic resonance
spectroscopy (Leung and Pollock, unpublished).

These cells

4

also differ from normal fibroblast cells in that the nuclei
are larger and lobulated, the mitochondria are of varying
shapes, ribosomes are extensively distributed throughout
the cytoplasm and there is a paucity of microfilaments
(Pollock, 1978).

The microvilli on the S-180 cell surface

are continually being formed while others are being
retracted back to the parent plasma membrane.

This

pleomorphic feature was visualized by time phased studies
of S-180 cells in the light microscope and requires ca++
for formation of the microvilli.

The flaccid nature of

these microvilli indicates the absence of microfilament
bundles.
The role of intracellular pH in inducing, maintaining or
reversing microfilament formation in neoplastic cells has
been postulated by many investigators.

Monroe and Pollock

(1979) reported actin depolymerized in vitro at a pH less
than 6.8 and hypothesized the absence of actin microfilaments in tumor cells might be due to the attendant low
intracellular pH.

The burgeoning case for a pH influence

was further demonstrated by Shen and Steinhardt (1980) who
showed that post-fertilization K+ conductance depends on
pH, and not on ca++ levels in the sea urchin cytoplasm and
by Tilney et al.

(1973) who identified the requirement for

an external alkaline pH to polymerize actin in echinoderm
sperm.

Also, Epel (1980) showed pH regulates or initiates

the "late events" of sea urchin fertilization such as DNA
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and protein synthesis, cortical actin polymerization, etc.
Thus, it appears that pH can turn on many cell activities
besides actin polymerization and may be a regulator rather
than a passive consequence of other changes.
In our laboratory, we have considered the application of
several factors which could iLfluence the intracellular
S-180 environment ·and, thereby, induce a normalization of
cell characteristics.

Specifically, we have been engaged

in exploring the extent to which a rise in extracellular
pH, coupled to the infusion of various ions, can induce a
significant production of F-actin within S-180 cells.

As

indicators, we looked for layers of microfilament networks,
for intermediate fibers adjacent to the nuclear membrane,
for a general distribution of F-actin filaments as formed
in the cytoskeletons of normal cells, and for actin bundles
in erect surface microvilli.

The reagents which were con-

sidered include interferon, which has produced a 40%
increase in actin fibers in fibroblasts

(Pfeffer et al.,

1980); retinoids, which produce a detergent effect on
cellular membranes (Bertram et al., 1981), and polyamines,
which can stabilize membrane structures as well as ribosomes and DNA.

The remaining factors on this list included

Mn++, NH 4 +, Mg++, ca++, K+, ionophores, and pH.

This

latter group was chosen for this study and are therefore
introduced below in greater detail.

1

Manganese was selected as a candidate for increasing the

6

permeability of the plasma membrane due to prior work by
Kuppers (1976) who studied the agglutinability of S-180
cells and Jamgotchian (1982) who found extensive cell surface modifications induced by Mn++.

Griffin et al.

(1973)

also emphasized the biological role of Mn++ by noting,
while manganese occurs in cells in only minute concentrations, it is present in the cells of all bacteria,
plants, and animals.

The in vitro uptake of manganese by

mitochondria is higher than that of other cellular components and manganese can replace magnesium in metal-ATP
reactions including the conversion of ATP to cAMP (Kroll
et al., 1982).

Manganese activated enzymes include hydro-

lases, kinases, transferases, decarboxylases, and pept ~. d ases.

Moreover,

exclusively.

. '

succ~n~c

d ecar b oxy 1 ase

.

requ~res

Mn ++

In addition to this emphasis on Krebs cycle

function, manganese has also been implicated in glucose
utilization.

Manganese induces extensive formation of cell

processes, ruffles, and veils (Rabinovitch and De Stefano,
1973).

They also found these perturbations were withdrawn

when post-incubated in a medium devoid of Mn++.

A manga-

nese effect on the rate of ca++ action during muscle contractions was described by Sabatini-Smith and Holland
(1969).
Ammonium ion has long been considered a good candidate for
promoting exchange of intracellular protons, thus raising
intracellular pH.

Begg et al.

(1982) found that, while a
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rise in intracellular calcium in sea urchin eggs would
induce numerous surface microvilli, they would remain
flaccid unless the cells were subsequently treated with
10 mM NH 4 Cl.

NH4+ has also been found capable of raising

the intra-lysosomal pH of mouse L cells exposed to 0.010
M NH 4Cl by Canning and Fields (1983).
Lazarides and Revel (1979) reported calcium was an important regulator of motility in non-muscle cells and Leung
and Pollock (unpublished) noted S-180 cells required Ca++
to undergo shape changes.

This would further imply a

connection with actin filament formation.

Mimura and Asano

(1977) supported this connection by reporting micromolar
concentrations of ca++ caused in vitro inhibition of actin
gelation in Ehrlich tumor cells.

Also, Durant et al.

(1980) cautioned there is probably a threshold beyond
which ca++ would become an inhibitory rather than a
stimulating influence.

Reed and Lardy (1972) have

identified ionophore A23187 as a mobile carrier of ca++ to
increase the intracellular concentration of free ca++.
Pfeiffer et al.

(1978) and Pressman (1976) subsequently

showed the calcium ionophore served to mediate the ca++
+
.
H exchange across membranes. Potassium and magnesium are
also needed for actin polymerization (Pardee and Spudich,
1982) and their role has been previously described.
In this work, photographic evidence for polymerized actin
depended upon combined methods for enhancing microfila-
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ments.

Begg et al.

(1978} had reported that tannic acid

added to a gluteraldehyde fixative and followed by a heavy
metal stain would enhance the contrast of both microfilaments and microtubules.

This fixative combination

was used in our early work.

Recently, however, Maupin and

Pollard(l983} achieved excellent success in enhancing the
contrast of actin filaments, as well as clathrin coated
membranes and other cytoplasmic structures, by adding
saponin to the initial fixative.

We therefore modified

our fixatives in the later work to follow their lead.
In these experiments, S-180 cells were exposed to various
concentrations of NH 4 +, Mn++, ca++, K+ and Mg++ in an
effort to induce an efflux of H+, thereby raising the
intracellular pH.

The cells were examined critically by

TEM micrographs as a test of the hypothesis that pH
regulates actin polymerization.

MATERIALS AND METHODS
Maintenance and preparation of S-180 cells
The ascites fluid form of S-180 was obtained from The
American Tissue Culture Collection, Rockville, MD.

The

cells were maintained at CSUN by intraperitoneal transfer
every 6 to 8 days in young, male Swiss-Webster white mice.
Tumor bearing mice, inoculated 6 to 8 days prior to each
experiment, were killed by cervical dislocation.

The

abdominal cavity was opened and the ascites fluid, with
cells, was collected in a glass beaker.

The cells were

separated from the ascites fluid by low speed centrifugation and washed three times in Eagles Medium containing
L-glutamine and 20% fetal calf serum.
The ascites fluid contains up to 20% host response cells
including eosinophils, lymphocytes and macrophages.

No

attempt was made to isolate S-180 cells from host cells.
However, nuclear characteristics, such as deep fissures
lined with dense ribonuclear protein particles as well as
cell surface microvilli were reliable criteria for
identifying S-180 cells in thin sections.
Viability Testing
Cell viability was checked before and after experiments by
using the Nigrosin dye exclusion test.

The test was per-

formed by applying one drop of a 1% aqueous Nigrosin dye
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solution to 1 drop of S-180 cell suspension.

The cells

were examined for up to five minutes with a light microscope.

Cells which absorbed the stain became dark brown in

color and were considered dead.

In all cases, cell

viability exceeded 95%.
Experimental Methods
Treatment or control media were combined with cell
suspensions and the tests were performed at room temperature in plastic centrifuge tubes.

The materials and

conditions for these investigations are summarized in
Table 1.

Various reagents, including NH +, ca++4

ionophore A23187, and Mn++, were introduced to HBSS
buffered with 0.035% NaHC0 3 for a total medium volume of
10 ml including 1% cells added at time zero.

The pH of

the culture medium varied from 7.7 to 7.9.
Extracellular pH levels for both control and culture tests
were monitored for each experiment with a Corning pH/ion
meter No. 135.

The results are shown in Figure 29.

Manganese Ion Treatments
S-180 cells were treated with either 0.020 M or 0.0875 M
Mn++ by adding Mncl 2 .4H 2 0 to the HBSS medium for culture
times ranging from 3 to 45 minutes.

A large drop in pH

immediately accompanied the addition of MnCl2.4H20 to the
culture medium.

This required an extensive increase in

alkalinity and resulted in a murky consistency at the
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higher (0.0875 M) concentration.

This necessitated a

triple wash sequence, in buffer, before the fixative could
be added to avoid the presence of a flocculent suspension
in the cell preparations.

This problem was reduced by

first raising the medium pH to 9.0 and then adding the
manganese chloride.
Ammonium Ion Treatment
A 1% suspension of S-180 cells was treated with 0.020 M
NH4Cl in 10 ml of HBSS for 3, 13, and 40 minute durations.
Calcium Ionophore A23187 Treatment
A 1% suspension of S-180 cells was treated for 3, 13, and
40 minutes in 10 ml of HBSS medium which contained 10

~M

of the Ca++ ionophore (SIGMA Chemicals) dissolved in 0.2%
DMSO.

50 ml of a 100 ~M ca++ ionophore stock solution was

first prepared by dissolving 2.62 mg of the calcium
ionophore (523.6 g/mole) in 1.0 ml DMSO and then adding
HBSS to make 50 ml.

One ml of the stock solution added to

9 ml of the HBSS culture medium yielded a 10

~m

concen-

tration of ca++ ionophore with a 0.2% DMSO.
Ammonium plus Manganese Ion Treatment
A 1% suspension of S-180 cells was treated for 3, 13, and
40 minutes in 10 ml of HBSS medium which contained 0.020 M
NH 4 + and 0.020 M Mn++.

The sources of these ions were the

same NH 4Cl and MnC1 2 .4H 2 0 reagents used in the prior tests.
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Combined Reagents Treatment
A 1% suspension of S-180 cells was treated for 3, 13, and
40 minutes in 10 ml of HBSS medium which contained 10

~m

Ca++ - A23187 ionophore, 0.020 M NH4Cl, 0.020 M MnCl2.4H20,
0 .1 M KC 1 , and 0 . 0 0 5 M MgC 1 2 •
Transmission Electron Microscopy
The cells were fixed in 1% gluteraldehyde in 0.1 M sodium
cacodylate buffer containing 0.05% saponin and 0.2% tannic
acid at a pH of 7.4.

Table 1 identifies some variations to

this basic fixative.

For all of the experiments, tannic

acid was added to the fixative just before fixation to
provide negative staining enhancement of actin filaments as
proposed by Begg (1978} , Maupin and Pollard (1983} , and La
Fountain et al.

(1976}.

Saponin allows the tannic acid to

penetrate cells without altering membranes or affecting
the cytoplasm (Maupin and Pollard, 1983}.
room temperature for

1~

hours.

Fixation was at

The cells were then

washed three times in 0.1 M sodium cacodylate buffer at
pH 7.4, and post-fixed in 1% osmium tetroxide in distilled
water for

1~

hours.

The cells were washed three times

in buffer and stored overnight at 4°C in 10 ml of buffer.
The next morning these cells were dehydrated in a graded
acetone series and embedded in either Spurr Low Viscosity
resin or in Mascarro Ultra-Low Viscosity resin (LKB
Instruments, Inc.} according to standard procedures.
cured blocks were rotated in a medium speed desk top
• d

Pre-
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centrifuge to position the cells at the block tip.
Approximately 1 to

1~

minutes at about 2500 rpm was

required to space the cells about one cell diameter apart.
The blocks were polymerized overnight at 60°C and then
sectioned in an LKB 8800 Ultratome III.

Thin sections were

stained for 30 minutes with saturated uranyl acetate in
50% ethanol followed by lead citrate (Reynolds, 1963) for
15 minutes and then examined with a Zeiss EM 95-2 transmission electron microscope at 50 KEV.

RESULTS
Transmission electron micrographs of five different culture
experiments are presented in Figures 1 through 28.

Micro-

filaments are sparse, short, and disorganized in control
cells.

They were lengthened, increased in number, and more

organized within the cytosol and within the surface microvilli of the treated cells in four of the five experiments.
Extended microvilli (as opposed to flaccid) were seen in
three of the five treatments.

This was interpreted as a

morphological reflection of a rise in intracellular pH,
based on the known chemical properties of the ions used
and the state of actin polymerization kinetics.
Hanganese Treatment
Changes in S-180 cells exposed to 0.0875 M manganese ion
were identical for the 3, 20, and 45 minute treatments.

A

rapid and rather complete emission of lipid bodies from the
cells is shown in Figures 1, 2 and 3.

These lipid bodies

become darkly stained upon reaching the cell surface.

The

laminal folds that accompanied lipid body exocytosis were
remarkably uniform and ultimately separated from the plasma
membrane.

Mn++ bonds tightly to the cell surface,

enhancing the contrast of the plasma membrane and the
glycocalyx.

The insert in Fig. 2 demonstrates that this

bonding actually reaches both the exoplasmic and the protoplasmic surfaces of the plasma membrane, suggesting Mn++
14
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penetration into the cytosol.

Treated cells were devoid

of microvilli as contrasted with the control cells
(Fig. 4) •
Ammonium Ion Treatment
Concentrations of 0.020 M NH 4 cl promoted a rapid and
extensive production of extended microvilli within the
first 3 minutes (Fig. 5).

However, there was a tendency

for the microvilli to lose this rigid feature with time
(Figs. 6 and 7).

Thus, 40 minute exposure cells have

microvilli closely resembling the short and/or.flaccid
microvilli characteristic of controls.

The extended

microvilli of cells treated for 3 minutes are structured
by newly formed F-actin filaments
0

(Figs. 8, 9 and 11).

0

Microfilaments, 60 A to 80A in diameter, intermediate
0

0

filaments, 100 A to 120 A in diameter, and short filaments
associated with ribosomes were found within the cytoplasm
of the cells treated for 13 minutes (Fig. 10).

In some

cases, cortical cytoplasmic-based microfilaments penetrate
directly into a proximal microvillus stem and some microfilaments can be traced to the tip of the microvillus.
Pinocytic vesicles were observed along the plasma membrane
of most treated cells {Figs. 6, 9 and 10).

Note that

Fig. 10 shows a pinocytic vesicle in direct contact with
the end of a microtubule.

Polysomes were seen amidst the

broad ribosomal field of the cells (Figs. 6, 7 and 8).
Figure 11 is a higher magnification of Fig. 8 and provides
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an improved view of an actin filament bundle.
Manganese and Anunonium Ion Treatment
Cells cultured in medium containing 0.020 M Mn++ and 0.020
M NH 4+ formed long and straight microvilli in both the 3
minute and the 40 minute experiments (Figs. 12, 13, 14 and
17).

Figure 17 shows both axial and transverse views of

adjacent microvilli which are approximately 75
diameter.

A in

The microfilarnents in the transverse view appear

to be equally spaced.

Actin microfilaments in microvilli,

perinuclear intermediate fibers, and microfilament networks
are shown, respectively, in Figs. 14, 15, and 16.

Also

evident is a tendency of the microvilli tips to agglutinate
(Figs. 13 and 17).

The cytoplasm abounds in

rough endoplasmic reticulum.

ri~osomes

and

The plasma membrane is

sharply stained by manganese but only occasionally were
there thick streaks of deposits reminiscent of earlier
results with the 0.0875 M Mn++ (Fig. 16).

Also, the

glycocalyx is well stained in all Mn++ treated cells
(Figs. 14 and 17).
Calcium Ion Treatment
S-180 cells cultured in 10 ~M Ca++ A23187 ionophore and
0.2% DMSO developed longer and more flaccid microvilli
(Figs. 18, 19, 23, and 24).

The results were relatively

constant for the 3; 13, and 40 minute culture times.
Microfilarnents were predominantly short and wavy (Fig. 20),
but some longer filaments were occasionally found
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(Fig. 21).

Intermediate fibers seem more dense (Fig. 23)

and networks of microfilaments were observed in the
cortical region of the cytosol (Fig. 22).

There were

approximately three times as many polysomes in ca++
ionophore treated cells compared to NH 4 + and the NH4+ Mn++ experiments (Figs. 19 thru 24).

Ribosomes were

attached to short filaments (Figs. 22 and 24), and pinocytic vesicles were numerous.

Three phases of pinocytosis

were observed in one cell (Fig. 18} and other examples of
this event are shown in Figs. 20 and 23.

Coated vesicles

surrounded by clathrin protein are shown in Figs. 18
and 20.
Combined Reagents Treatment
Cells treated with 0.020 M NH4+, 0.020 M Mn++, 10 ~M Ca++
A23187 ionophore, 0.1 M K+, and 0.005 M Mg++ for 3 and 40
minute durations showed a general deterioration of cell
structure.

A 3 minute exposure to these reagents produced

blebbing and a paucity of microvilli (Fig. 25).

However,

a fortuitous case of an extended microvillus.with actin
filaments and an outlining of the clycocalyx was observed
(Figs. 25 and 27).

Cells treated for 40 minutes show a

broad disruption of the mitochondria (Fig. 26) with
laminal folds predominating on the plasma membrane (Fig.
26).

The overall result seems to represent extensive

cell damage.

There is a paucity of polysomes (Figs. 25
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and 28) and sets of annulate lamellae were found in
contact with irregularly shaped vacuoles and SER (Fig. 28).

DISCUSSION
The primary goal of this work was to enhance the formation
of microfilaments in S-180 ascites tumor cells by manipulating kinetic factors of actin polymerization.

TEM micro-

graphs, with the aid of special microfilament enhancement
techniques, provided evidence that this goal has been
achieved in several cases.

A rise in intracellular pH,

with the concurrent formation of microfilaments, was best
accomplished with 0.020 M NH 4 +, although similar results
were obtained with 0.020 M NH 4+ in combination with 0.020
M Mn++, and with 10 ~M ca++ A23187 ionophore used
separately.

It seems clear a rise in intracellular pH,

possibly in combination with other factors, can profoundly
increase the number of microfilaments and intermediate
filaments and also encourage polysome elongation for short
periods of time.
A 0.0875 M Mn++ concentration materially alters plasma
membrane properties of S-180 cells by binding directly to
the plasma membrane.

The enhanced exocytosis of lipid

bodies and the associated loss of membrane fragments can
be attributed to an increase in plasma membrane plasticity.
The lipid bodies are not membrane-bound and would have to
leave the cell via separations in the plasma membrane.
While lipid exocytosis does occur normally in S-180 cells
(Schmidt and Pollock, 1977), this process is accelerated
19
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considerably by Mn++.

The total absence of microvilli on

the treated cells can be attributed to the retraction of
plasma membrane and was first observed in SEM studies
(Jamgotchian, 1982).

Intracellular pH was, perhaps, not

increased and may even have been decreased due to the
overall binding of Mn++ within the cytoplasmic side of the
plasma membrane resulting in the inhibition of H+ efflux.
Microfilaments did not form and the over-all cytoplasmic
appearance matched that of the control cells.

The low

intracellular pH may have inhibited microfilament bundle
and network formation, as suggested by the report that
F-actin progressively depolymerizes at pH values less than
6.8 (Monroe and Pollock, 1979).

Moreover, Kuppers (1976)

reported increased microfilaments within the microvilli of
S-180 cells exposed to Mn++, but this effect was not seen
in this work.
The 0.020 M NH 4+ treatment promoted considerable cortical
actin polymerization, especially in microvilli.

Rigid

microvilli contained well formed microfilaments.

This

result was anticipated by NMR measurements of intracellular pH rises for S-180 cultures treated with 0.040 M
NH 4+ to 1.0 M NH4+ (Leung and Pollock, unpublished); and
by Begg et al.

(1982) who found that actin filament bundle

formation is triggered by an increase in cytoplasmic pH in
sea urchin eggs activated with 0.010 M NH 4 +.

The trans-

membrane exchange of extracellular NH 4+ for intracellular
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H+ affects the entire cytosol as shown by the post-treatment presence of perinuclear intermediate fibers, and
cytoplasmic microfilament networks.

NH 4

+

has also been

used to raise intralysosomal pH in mouse L cells (Canning
and Fields, 1983).

Active anaerobic glycolysis in S-180

cells accounts for the consistent generation of H+ which
keeps the pH at about 6.5.

NH+ temporarily offsets this

by exchanging for H+ and thereby raises the intracellular
pH.

In the 40 minute cultures, probably due to a decline

in the NH 4 + concentration in the culture media, H+ efflux
diminishes, the intracellular pH drops, and the microvilli
tend to become less structured and more flaccid.

However,

the cells remain viable for all of the NH 4 + treatments.
By combining 0.020 M NH 4+ with 0.020 M Mn++ the manganese
coating on the plasma membrane was reduced (from that seen
in the prior application of 0.0875 M Mn++) and the glycocalyx was highlighted.

The Mn++ coating, however,

probably reduced the H+ efflux to some degree.

This would

account for the slightly reduced rigidity of the microvilli
and the tendency for Mn++ coated microvilli tips to
agglutinate.
by Kuppers,

This agglutination effect was first reported
(1976) who suggested it may be caused by in-

creased activity of glutamine synthetase which pas a high
affinity for manganese (Griffin, 1973).
The S-180 cells treated with 10 ~M ca++ A23187 ionophore
generated several ca++_dependent structures.

The longer,
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but flaccid, microvilli produced by this medium relate to
a ca++ dependency for plasma membrane additions to the cell
surface.

Begg et al.

(1982) showed similar results for sea

urchin eggs treated with ca++ A23187 ionophore.

Also, when

subsequently treated with 0.010 M NH 4+ these flaccid microvilli became rigid due to internal structuring by microfilaments.

S-180 cells respond in exactly the same way.

ca++ A23187 ionophore also facilitates assembly of actin
binding proteins to actin assembly sites to form intermediate fibers surrounding the nucleus.
ca++ was noted by Tilney et al.

This property of

(1973) for acrosomal fila-

ment polymerization in sea urchin sperm.

Extensive inter-

mediate fibers in cells where there is a paucity of microfilament networks and a lack of actin bundles in the
microvilli demonstrates a role for ca++ but not, necessarily, for H+.

This is difficult to explain since iono++
phore A23187, which aids the transport of Ca
through the
plasma membrane, also carries H+ and thus facilitates the
efflux of protons from the cells (Pfeiffer et al., 1978).
Nevertheless, there may have been some pH increase since
intermediate filaments, which have actin cores, were
lengthened and more numerous.

Moreover, polysomes were

lengthened and more numerous and short filaments formed
an extensive network which was associated with ribosomes.
Cerverra et al.

{1981) noted a tight binding of ribosomes

to actin filaments in HeLa cells and suggested a role for
this network in translational protein synthesis.

Pigment
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granules in Ascidian eggs were reported to be similarly
fixed to a cytoplasmic actin network (Jeffrey and Meir,
1983).

The appearance of multiple microtubules in this

treatment is inconsistent with the findings of Weisenberg
and Deery (1981) who found that calcium depolymerized
microtubules.

However, this may be expected for the

higher concentration (2mM) they used.

It seems clear

calcium A23187 ionophore can significantly modify the
intracellular morphology of the S-180 tumor cell in a way
that tends to normalize the cells.

Long microvilli,

intermediate filaments, an enhanced microtrabecular network and additional polysomes vs. monosomes, are all
normalizing features.
When 0.10 M K+ and 0.005 M Mg++ were added to the combined
treatments of the prior two tests, S-180 cell viability
was substantially reduced.

Enhanced actin polymerization

had been expected by raising K+ to physiological levels
based on the results of Maupin and Pollard (1983) and upon
the actin polymerization model advanced by Pardee and
Spudich (1982).

Presumably, the problem arose due to the

ion concentration being too high rather than through ion
selection.
This work examined the hypothesis that intracellular pH
regulates in vivo polymerization of actin.

Our experiments

have shown that the extent of actin polymerization was
greatest when cultures included reagents known to conduct
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protons out of S-180 cells with a concomitant rise in
intracellular pH.

Similar results have been reported for

sea urchin eggs and other cell types.

Since actin poly-

merization in vitro requires an alkaline pH, we suspect
that the first in vivo action of the reagents, like ca++
and NH 4 +, is to raise the intracellular pH which then
triggers actin microfilament formation.

These results

suggest that pH, singly or in combination with other
factors, may be a regulator for actin polymerization in
S-180 cells.
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Figure 1.

S-180 cells treated with 0.0875 M manganese
for 45 minutes showing Mn++ staining (S) of
the cell membrane and the lipid bodies (LB)
following exocytosis.
laminar folds

Relatively uniform

(LF) formed during exocytosis

are shown before and after separation from
the cell surface.

Mitochondrion (M) is

present in the cytoplasm and microvilli
are absent.

X 16,100.

3L

Figure 2.

S-180 cells treated with 0.0875 M manganese
for 45 minutes showing laminar folds

(LF)

and a lipid body (LB) during exocytosis;
both stained by manganese.

The insert

shows manganese on both sides of the cell
membrane (

t ).

Smooth endoplasmic

reticulum (SER) and rough endoplasmic
reticulum (RER) are present in the dense
ribosomal field characteristic of tumor
cells.

X 49,000.

is X 116,500.

Insert magnification
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Figure 3.

S-180 cells treated with 0.0875 manganese
for 45 minutes showing Mn++ staining of
the cell wall (S) , the absence of microvilli, exocytosed lipid bodies (LB),
mitochondria (M), and rough endoplasmic
reticulum (RER) in a dense ribosomal
field

Figure 4.

(R).

X 30,000.

S-180 cell cultured in control medium for 45
minutes showing extensive microvilli (MV)
which are somewhat flaccid, rough endoplasmic reticulum (RER) , annulate lamellae
(AL) and a dense ribosomal field (R) .
X 45,000.
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Figure 5.

S-180 cells cultured for 3 minutes in 0.020
M NH4+ showing a fairly uniform field of
extended microvilli (EM) and the distribution
of mitochondria (M).

X 8,300.

,•

0

.•
0

•
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-Figure 6.

S-180 cells cultured for 13 minutes in 0.020
M NH 4+ showing a combination of extended
microvilli (EM)

1

an increase of flaccid

microvilli (FM)

1

a dense mitochondrial field

(M) and pinocytic vesicles (PV).

Figure 7.

X 8 1 500.

S-180 cells cultured for 40 minutes in 0.020
M NH 4 + showing short microvilli (SM)
microvilli (FM)

1

1

flaccid

a single mitochondrion (M)

and a pinocytic vesicle (PV).

X 10 1 500.

PV

·'
'

'1

J
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Figure 8.

S-180 cell cultured in 0.020 M NH 4 + for 3
minutes showing microfilaments (

t)

in the

cytosol and within the extended microvilli
(EM) , a pinocytic vesicle (PV) and a few
polysomes (P).

. Figure 9.

X 37,800 .

S-180 cell cultured for 3 minutes in 0.020
M NH 4 + showing microfilaments (
microvilli (EM) ,

poly~omes

pinocytic vesicle (PV).

t),

extended

(P) , and a

X 39,000.
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Figure 10.

S-180 cell cultured for 13 minutes in 0.020 M
NH4+ showing microvilli (mv), microfilaments

( f )•

a thicker intermediate fiber

(if) ,

microfilament networks (ron) , short filaments
(sf) , a cortical cytoplasmic filament which
curves directly into the proximal end of a
microfilament (cf), polysomes (p), rough endoplasmic reticulum (rer) and microtubules (rot)
including one which is in direct contact with
a pinocytic vesicle (pv).

X 38,600.

....

~

mv

I'

•.

..~
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·;r
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Figure 11.

Microvilli of an S-180 cell cultured for 3
minutes in 0.020 M NH4+ showing microfilaments

(f )

within extended microvilli (EM).

The

0

microfilaments are approximately 55 A in
diameter and up to 0.3

~m

long.

X 112,000.

EM
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Figure 12.

S-180 cells cultured in 0.020 M NH 4 + and 0.020
Long microvi~li (lm)

M Mn++ for 3 minutes.

are shown with microfilaments (
pinocytic vesicle (p) •

1)

and a

There is some tendency

for the microvilli tips to agglutinate (am).
X 16,300.

Figure 13.

S-180 cells cultured for 40 minutes in 0.020
~'1 NH 4 + and 0. 020 M Mn++ showing long microvilli

(lm) in an extensive field of microvilli in
transverse section.

Pinocytic vesicles (pv)

are present and there are several cases of
agglutination of microvilli tips (am) •
X 11,400.

am

•

•

\'··
'\
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p •

Figure 14.

S-180 cell cultured for 3 minutes in 0.020 M
NH4+ and 0.020 :t-1 Mn++ with long microvilli (lm)
containing microfilaments (
glycocalyx (g) •

f)

and a fuzzy

The diameter of the filaments

0

~m.

is 60 A and the maximum length is 0.3
X 49 1 100.

Figure 15.

S-180 cell cultured for 13 minutes in 0.020 M
NH 4+ and 0.020 M Mn++ showing a field of
intermediate fibers

(IF)

1

microfilaments (

and rough endoplasmic reticulum (rer).

f)

1

The
0

diameter of the intermediate fibers is 110 A
and the maximum length is 1.0

~m.

The
0

diameter of the microfilaments is 60 A and
the length is 0.6

Figure 16.

~m.

X 36 1 000.

S-180 cell cultured for 13 minutes in 0.020 M
NH 4+ and 0.020 M Mn++ showing polysomes (p)
and a fairly uniform network of parallel
microfilaments (pm) which might be an active
bundle connected to a microvillus outside the
plane of the micrograph.

The diameter of the

0

microfilaments is 60 A and the maximum length
is 1.1

~m.

X 54 1 000.
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Figure 17.

S-180 cell cultured for 40 minutes in 0.020 M
NH4+ and 0.020 M Mn++ showing microfilaments

(l)

in longitudinal and transverse section.
0

The diameter of the microfilaments is 75 A
and the maximum observed length is 0.70 vm.
The long microvillus measures 1.9 vm.

The

microfilaments seen in the nearly circular
section are almost regularly spaced from the
plasma membrane and from each other.

Also

shown is the tendency of the microvilli tips
to adhere to each other (AM).

X 136,000.
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Figure 18.

S-180 cell cultured for 3 minutes in 10 pM
ca++ A23187 ionophore showing mitochondria
(m), a lipid body (lb), several long, but
flaccid microvilli (lfm) , and three phases of
pinocytosis (p).

X 8,590.
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Figure 19.

S-180 cell cultured for 13 minutes in 10

ll

M

ca++ A23187 ionophore showing long, flaccid
microvilli (LF) , intermediate filaments (IF) ,
short filaments (sf) , a semi-structured field
of microtubules (MT), a pinocytic vesicle (P),
and nuclear pores (NP).

The frequency and

length of the long flaccid microvilli is
more extensive than was observed in prior
experiments.

The presence of microtubules

is consistent with a low concentration of
free calcium.

X 30,000.

.,

•
,

LFM
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Figure 20.

S-180 cell cultured for 3 minutes in 10 ~M ca++

1) ,

A23187 ionophore showing microfilaments (
microtubules (mt)

1

rough endoplasmic

reticulum (rer) , a pinocytic vesicle (pv) ,
polysomes (p) , nuclear pores (np) and numerous
darkly stained, small cytoplasmic vesicles
(cv) which are probably the result of extensive
pinocytosis.

Figure 21.

X 29,100.

S-180 cell cultured for 40 minutes in 10

~M

ca++ A 23187 ionophore showing microfilaments

( l ),

a microfilament network (mn)

1

short

filaments in association with free ribosomes
(sf)

1

rough endoplasmic reticulum (rer) , and

polysomes (p).

Figure 22.

X 50,300.

S-180 cell cultured for 40 minutes in 10

~M

ca++ A23187 ionophore showing short filaments
(sf) similar to those of Fig. 21, an extensive
filament network (fn), and polysomes (p).
X 55,200.
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Figure 23.

~M

S-180 cells cultured for 40 minutes in 10

ca++ A23187 ionophore showing lengthy, flaccid,
microvilli (lfm) , polysomes (p) and a dense
field of intermediate fibers

(IF) , which are

0

approximately 100 A in diameter and have a
maximum length of 1.0 ~m.

Figure 24.

X 24,000.

S-180 cell cultured for 13 minutes in 10

~M

ca++ A23187 ionophore showing an extremely long
flaccid microvillus (LFM) , a microtubule (MT) ,
and short fibers

(sf) frequently associated

with free or monosomal ribosomes, and polysomes (p) •

Some short microfilaments are seen

in the straighter sections of the microvilli.
X 42,900.
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Figure 25.

S-180 cells cultured for 3 minutes in 10 pM
Ca++ A23187 ionophore, 0.020 M NH4+, 0.020 M
Mn++, 0.1 M K+, and 0.005 M Mg++ showing an
isolated extended microvillus (EM) , and
laminar folds

(LF) •

Also seen are blebs

(B) , many small vacuoles (v) , a large vacuole
(LV) and disintegrating mitochondria (m).
cell is in the process of lysis.

X 11,800.

The

EM

LV

/•

..

. l

.,
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Figure 26.

S-180 cells cultured for 40 minutes in 10

~M

ca++ A23187 ionophore, 0.020 M NH4+, 0.020 M
Mn++, 0.1 M K+, and 0.005 M Mg++ showing
laminar folds
blebs (B).

(LF) , a glycocalyx (G) and

Many vacuoles are present and the

mitochondria (M) are disrupted as a consequence of cell lysis.

X 8,790.

magnification is X 24,500.

Insert

·.·

LF
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Figure 27.

Higher magnification of the extended microvillus shown in Fig. 25 with microfilaments

(f), a fuzzy glycocalyx (G) and a plasma
membrane well stained with Mn++.

The micro0

filament diameters are approximately 70 A
and the microvillus length is 0.75llm.
X 176,000.
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Figure 28.

S-180 cell cultured for 3 minutes in 10 pM
Ca++ A23187 ionophore, 0.020 M NH4+, 0.020 M
Mn++, 0.1 K+, and 0.005 M Mg++ showing
annulate lamellae (AL) in contact with
irregularly shaped vacuoles or cisternae
and what may be a section of smooth endoplasmic reticulum (SER).

X 19,500.
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