PROCEEDINGS OF THE SOCIETY ¥OR EXPERIMENTAL BIOLOGY AND MEDICINE, 146 433-457 (1974)

Contraction and Volume Changes of Glycerol Treated Rabbit
Polymorphonuclear Leukocytes Induced by ATP and Ca2+1
(38124)

Loneg S. Hsu anp ErmMer L. BECKER
(Introduced by 1. H. Lepow)

The Department of Pathology, University of Connecticut Health Center,
Farmington, Connecticut 06032

Hoffman-Berling proposed that cells move
due to the contraction of actomyosin-like pro-
teins contained in them. This hypothesis was
originally based on the observations that ex-
ogenous ATP and Mg?+ are able to induce a
microscopically observable contraction of glyc-
erinated fibroblasts, sarcoma cells and amoe-
bae and that this phenomenon shares many
common features with the contraction of glyc-
erinated muscle fibers by ATP and Mg2+ as
first observed by Szent-Gyodrgyi (1). The hy-
pothesis has received considerable support
based on the findings that actomyosin-like
proteins can be isolated from many cells vary-
ing from amoebae to animal cells (2-8) and

actin-like filaments are identifiable in many of -

these cells (9).

In accord with the work just cited concern-
ing other systems, we have postulated that
the activation of the cellular contractile mech-
anism is one of the necessary processes in the
movement of neutrophils induced in response
to a chemotactic stimulus (10). Our initial
approach to obtaining evidence for this hy-
pothesis has been directed to seeing whether
glycerinated rabbit peritoneal polymorphonu-
clear leukocytes (heterophils, neutrophils) will
contract when stimulated by exogenous ATP.
As the report will show, we have succeeded in
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demonstrating this contraction as well as re-
laxation under appropriate circumstances. As
in other studies, these phenomena were dem-
onstrated by microscopic observation of single
cells. Because this method of observation does
not readily lend itself to measurement of the
extent of the responses obtained, we have also
determined the cell volume. We have demon-
strated that associated with the contraction
and relaxation observed microscopically there
are measurable changes in cell volume. Fur-
thermore, we have obtained evidence that
Ca2* is required for the contraction, as ob-
served microscopically, as well as the volume
response of glycerinated neutrophils.
Materials and Methods. The rabbit perito-
neal neutrophils were obtained as described
before (11). The Ca-glycerol buffer used
throughout was 0.19M glycerol, 0.04} KCl,
0.01M Tris. Cell morphology and contractile
response were observed in a perfusion cham-
ber using a Zeiss phase contrast photomicro-
scope. The construction of perfusion chamber
and perfusion experiments were done accord-
ing to Simard-Duquesne and Couillard (12)
except: (1) glass wool was omitted and cells
were allowed to settle and adhere to the glass
slide before starting perfusion; (%) ATP and
other test solutions were introduced from
both open ends of the perfusion chamber in
order to minimize the streaming ef perfusion
liquid. The frequency distribution of the cell
volume was determinéd on a Coulter Model

'Z particle counter. The instrumental settings

were adjusted for each cell preparation so that
the control distribution had a mean cell thresh-
old of about 45. Cell ¢ounts within a threshold
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ATP CONTRACTION OF GLYCERINATED CELLS

Fic. 1. The swelling of leucocytes in calcium-glycerol buffer (700 X); (a) leucocytes in peri-
toneal exudate, (b) 10 min after perfusion with calcium glycerol buffer, (¢) 20 min in calcium

glycerol buffer.

window of 5 division were determined sequen-
tially starting from a lower threshold setting
of 15 to an upper threshold setting of 95. To
achieve rapid counting, a 100 ul manometer
tube was used and each cell count was com-
pleted in five seconds. Cell counts obtained in
each threshold window were converted to the
percentage of the total cell count and these
were plotted against the corresponding num-
ber of the threshold window setting to give a
frequency distribution curve of cell volume.
The number of the threshold window is pro-
portional to the cell volume. All experiments
were performed at room temperature.

Results and Discussion. The neutrophils in
the peritoneal exudate appeared as rounded
and phase dense cells containing cytoplasmic
granules (Fig. 1A). After 10 min perfusion
with Ca—glycerol buffer the cells became large,
rounded and phase lucent and markedly swol-
len with lysosomal granules which were highly
prominent and showed vigorous Brownian
movement (Fig. 1B). After approximately 20
min these cells began to spread on the slide
and assume various shapes (Fig. 1C).

Ten min after the perfusion of cells with
Ca—glycerol buffer (Fig. 2A), a solution of
ATP (1mM) in Ca-glycerol buffer was intro-

F1c. 2. Contraction of leucocytes by ATP (1 mM) in calcium glycerol buffer (840 X); (a) 10
min after perfusion with calcium glycerol buffer without ATP, (b) 1 min after ATP perfusion,
(¢) 3 min after ATP perfusion.
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duced into the perfusion chamber. Some cells
immediately contracted but many cells con-
tracted only after a latent period varying from
seconds to over 1 min. The strong radial con-
traction of cells seen as a rapid diminution of
cell area with increasing phase density (Fig.
2B) took only 5-10 sec to complete. Most
cells remained in the contracted state for a
prolonged period of time; however, there were
cells that spontaneously relaxed after one to 2
min following their contraction by ATP (Fig.
2C). Approximately 80% of neutrophils un-
der observation showed contractile responsive-
ness to ATP as described above. Higher con-
centration of ATP (>4mM) induced a
stronger contraction but this was invariably
followed by immediate and extensive relaxa-
tion of the cells. These observations are very
similar to those reported for the contraction
of glycerinated amoebae (12). We have not
observed a formation of pseudopod-like her-
niation during the contraction as observed by
Norberg (13) in glycerinated monocytes.

Equivalent concentration of AMP and
EGTA (ethylene glycol-bis (B-aminoethyl
ether) N-N' tetraacetic acid) (1mM) were
both ineffective in causing significant cell con-
traction suggesting that ATP induced contrac-
tion of cells is not caused by nonspecific effects
such as increase in osmolarity (3 mOsm/mM
ATP), ionic strength or chelation of divalent
metal ions.

The contractile response induced by ATP
was much reduced if cells were first perfused
with glycerol buffer containing EGTA (5mM)
and Mg%+ (2mM). This suggests that the
contraction of the cells in response to ATP
requires Ca?+, If Ca2+ was not rigorously de-
pleted by using EGTA, however, ATP could
induce significant cell contraction in the pres-
ence of Mg?+ (2 mM) alone. The latter ob-
servation is essentially the same as previous
reports which showed that ATP and Mg+, in
the absence of added Ca?+, induced a contrac-
tion of glycerinated cells (1, 12, 13). We fur-
ther observed that subsequent to the addition
of ATP, introducing EGTA (5 mM) to the
perfusion chamber invariably led to immediate
relaxation of the contracted cells suggesting
that Ca®* also played a role in the relaxation
mechanism.

Similar experiments were carried out with
cells in suspension in order to see whether
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Fic. 3. Effect of ATP, AMP and EGTA on the
volume distribution of neutrophils. Cells from three
different rabbits were used in Experiments I, IT and
III. Cells at a concentration of 1 X 10°/ml were
suspended and stirred in Ca-glycerol buffer (Ia, II
& IIl.,.,) or glycerol buffer containing EGTA
(5 mM), and Mg*+ (4mM) (I,) for 20 min before
adding ATP (I, II & III,), AMP (III,) or EGTA
(III.) to a final concentration of 1 mM. O—Q, con-
trol volume distribution; @---@, 5 min after adding
ATP (Is,n, IT & II1.); M ——— M, 5 min after adding
AMP (I1I,) ; A———A, 5 min after adding EGTA;
A---A (), EGTA (01M, pH 8.1) added to a
final concentration of 5 mM five minutes after the
addition of ATP.

there was also a change in the cell volume.
Fig. 3 shows representative results using 3
cell preparations from 3 rabbits. The volume
distribution curves for neutrophils in Ca-
glycerol buffer are apparently skewed and
analysis revealed that these curves followed
the log-normal rather than the Gaussian dis-
tribution. In all of these cells, ATP (1mM)
caused a shift in the volume distribution (Fig.
3, Ia, IT and IIIa) which corresponds to a
decrease of mean cell volume of 8.0%, 11.0%,
and 5.4%, respectively. If no Ca?+ was added
and the contaminating Ca2?+ was chelated by
EGTA (5 mM) in the presence of Mg**+ (4
ml{), the effect of ATP in causing a decrease
of cell volume was markedly inhibited but not
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abolished (Fig. 3, 1b.). The residual volume
decrease induced by ATP in the presence of
EGTA, although small, was repeatedly seen.
If EGTA (5 mM) was added to Ca—glycerol
buffer after ATP, a reversal of the shift of
volume distribution, i.e. reexpansion of cell
volume was observed (Fig. 3, IT). Thus, the
ability of EGTA to inhibit and also reverse
the ATP effect on cell volume suggests that
Ca%+ plays a modulatory role in volume re-
sponse. Control experiments using AMP (1
mM) and EGTA (1 mM) in place of ATP
showed no significant volume response of neu-
trophils in Ca-glycerol buffer (Fig. 3, 1ITb,
c).

The morphological observations of the re-
sponse of neutrophils to exogenous ATP in
Ca-glycerol buffer are similar to the reported
contraction of glycerinated amoebae (12) and
monocytes (13). As with these cells, the con-
traction of neutrophils was seen as a rapid
reduction of cell area, preceded by a latent
period, and at high ATP concentrations, fol-
lowed by extensive relaxation of the cells.
However, neutrophils were exposed to Ca—
glycerol buffer which is a hypotonic and low
ionic strength medium containing only 0,19
(1.7%) glycerol for a brief interval (10 min)
in contrast to the previously reported glycer-
inated cells (1, 12, 13) which were extracted
with up to 50% glycerol in the cold for hours
or days. The ability of exogenous ATP to in-
duce a contraction in the heavily glycerinated
cells is presumably due to the accessibility of
ATP to the contractile elements of the cells
whose surface membrane had been damaged
by glycerol extraction. In Ca-glycerol buffer
there is also damage of the surface membrane
of neutrophils as evidenced by the fact that
30%-50% of lactic dehydrogenase, a cyto-
plasmic enzyme marker, and S8-glucuronidase,
a lysosomal enzyme marker, appear in the ex-
tracellular fluid within 30 min after the neu-
trophils are incubated in Ca-glycerol buffer
(E. L. Becker, unpublished data). The neu-
trophils in Ca-glycerol buffer exhibit no spon-
taneous contraction or any form of cell move-
ment ' except when ATP is added in the
presence of Ca?t or Mg2?+, In these respects,
the neutrophils in Ca-glycerol buffer are simi-
lar to the glycerinated cells which had been
extensively used as contractile cell models.

The mechanism whereby ATP and Ca2+t

ATP CONTRACTION OF GLYCERINATED CELLS

decrease the cell volume remains to be investi-
gated. Changes in cell volume are presumably
due to changes in the flux of water and/or
electrolytes and these could have many causes.
What is of interest at this time is that the
changes of cell volume induced by ATP and
Ca?* parallel the contraction and relaxation
of individual cells observed under the micro-
scope. This parallelism is evidenced by the
fact that ATP is effective while AMP and
EGTA are ineffective in provoking a cell con-
traction and volume decrease; that EGTA in
the presence of Mg+ inhibits the effect of
ATP; that EGTA added after ATP reverses
the ATP induced cell responses in terms of
contraction and volume decrease. These ob-
servations suggest that the volume changes of
cells in response to ATP and Ca2?* result from
the same contractile mechanism that causes
cells to contract or relax. There is no direct
evidence in this study indicating that acto-
myosin-like interactions are involved in the
contractile or volume response of the neutro-
phils. Nevertheless, in view of the analogies
to the findings with glycerinated muscle fiber
and the superprecipitation of actomyosin-like
proteins isolated from horse neutrophils (5),
further investigation of the possible role of
actomyosin-like proteins is obviously war-
ranted.

Although the mechanism of the volume re-
sponse is still being investigated we have al-
ready started to study the relation of changes
in the volume of nonglycerinated neutrophils
to the activation of cell movement. We have
shown that chemotactic factors induce an ex-
pansion of the volume of living nonglycer-
inated neutrophils by as much as 12% and
this volume expansibility correlates with the
chemotactic responsiveness of the cells (14).
In work being prepared for publication we
have shown that chemotactic factor, in the
presence of cytochalasin B (1 ug/ml), which
inhibits chemotaxis (15) but enhances lysoso-
mal enzyme release (14) of neutrophils, causes
a rapid (<1 min) decrease of the volume of
neutrophils by 7%-12%. Both volume ex-
pansion and contraction induced by the chemo-
tactic factor are strongly inhibited by glyco-
Iytic poisons such as 2-deoxyglucose and
iodoacetate indicating that these are energy
dependent processes. These observations sug-
gest an intriguing relationship between volume



ATP CONTRACTION OF GLYCERINATED CELLS

change and the activation of cell movement.
The direct excitation of contraction and vol-
ume change by ATP and Ca®t in nonviable,
glycerinated neutrophils represents a simplified
system to study the mechanism underlying
this relationship.

Summary. Rabbit peritoneal polymorpho-
nuclear leucocytes treated with a hypotonic
and low ionic strength solution containing
glycerol, Ca?* and KCl are contracted by
ATP as observed microscopically. Under the
same conditions, ATP induces a decrease in
cell volume as measured by a Coulter Counter.
The measurement of cell volume response
gives parallel results to the contractile events
observed microscopically in the following re-
spects: (1) The effect of ATP requires Ca?+;
(2) AMP and EGTA both fail to elicit a cell
response; (3) Chelation of Ca?* causes a
reversal of the contractile and volume re-
sponses elicited by ATP and Ca?t. From
these parallel observations it is suggested that
the microscopically observed contraction of
glycerinated polymorphonuclear leukocytes in-
duced by ATP and Ca?* is a reflection of a
generalised decrease in cell volume.
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