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3 The Contractile Vacuole
Complex and Cell Volume
Control in Protozoa

Richard D. Allen, Takashi Tominaga, and Yutaka Naitoh
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I. INTRODUCTION

Protozoa, or protistans as a whole, are single-celled organisms that live in water or a moist
environment. The percentage of solutes dissolved in the water varies from mere trace amounts in
freshwater streams to increasing concentrations in sewage treatment plants, in brackish water, and
in the ocean. Living in a wide range of environments, protozoa, particularly those that lack cell
walls, developed ways of coping with sudden or prolonged changes in their surroundings.

Many wall-less species such as Paramecium rely on a contractile vacuole complex (CVC)
(Figure 3.1) to maintain their water balance both under normal environmental conditions as well
as during dramatic hypoosmotic changes in their environment.*552%2 This organelle apparently
quickly accumulates much of the excess water that passes by osmosis across the plasma membrane
of the cell and stores this water briefly in a vacuole before expelling the fluid, along with any
accompanying solutes, from the cell. In this way, the CVC provides both a constant water-regulating
organelle and a fast-responding mechanism for coping with a potentially catastrophic change in
environmental osmolarity. For more long-term adaptation, however, and for adjusting the cytosolic

69
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FIGURE 3.1 (See color insert following page 208.) A contractile vacuole complex (CVC) of Paramecium
multimicronucleatum labeled with monoclonal antibodies (mAbs). Texas red-tagged mAb (red) labels the G4
antigen of the membranes of the smooth spongiome that make up the contractile vacuole (that lies at the hub
of this CVC), the radiating collecting canals of the radial arms, and the ampulli. This antibody also cross-
reacts with antigens in the membranes of the pellicle of the cell. The flourescein-tagged mAb (green) labels
the A4 antigen found only as part of the V-ATPase that is particularly abundant on the decorated tubules of
the CVC. The decorated tubules attach peripherally to each radial arm distal to the ampullus.

osmolarity level and the ionic balance to a new plateau, protozoa have other mechanisms that adapt
their internal osmolarity to their surroundings. Like other organisms (see Chapter 2), protozoa have
pathways located in their plasma membranes that regulate the overall volume of the cell, in both
regulated volume decrease (RVD)**'%" and probably also regulated volume increase (RV1).5* Trans-
port mechanisms have been identified or postulated for moving osmolytes into the cytosol and out
of the cytosol to adjust the osmolarity of the cell relative to the external osmolarity so the interior
of the cell will always remain hyperosmotic to the outside. One of the better studied osmoregulatory
mechanisms that does not rely in part on a CVC is that of the glycerol regulatory system in yeast
cells,*® which is used for regulated volume decrease (see Chapter 2). Whether such a system is
used by protozoa is not known.

Thus, the CVC is a unique, osmolarity-sensitive organelle limited primarily to single-celled
algae and protozoa. Although this organelle was eliminated as multicellular organisms evolved, it
has survived to the present time in the single-celled zoospore stage of some multicellular fungi and
in several kinds of cells (amoebocytes, pinacocytes, and choanocytes) of freshwater sponges.’
Presumably, a key role for CVCs in wall-less protists, that of ensuring against rupture of their
plasma membranes when exposed to the low osmolarities of hypoosmotic environments, was taken
over by other cellular or tissue specializations, such as the introduction of the elimination of organic
osmolytes across the plasma membrane as in yeast, or it was no longer required by cells of
multicellular organisms where individual cells or tissues were protected against large osmolality
fluctuations by the surrounding cells or by specialized nephridial organs.

Although the CVC as a separate organelle has not been passed on to higher forms of life, some
of its unique membrane structures and functions were, no doubt, retained and now form the basis
for how higher organisms deal with their own osmoregulatory challenges. Thus, further study of
how primitive cells solved problems they faced in their environments can continue to shed light
on how the essential properties of these systems changed and evolved in higher organisms.
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Recent studies on the CVC and its relevance to cellular volume regulation in protistans have
dealt with (1) the in vivo ionic contents of the contractile vacuole (CV), both in standard saline
solution and when cells were subjected to different external ionic and osmotic conditions; (2) the
regulation of cellular volume and the relative roles of possible transport systems in the plasma
membrane vs. the involvement of the CVC in volume regulation; and (3) the involvement of an
aquaporin water channel in the swelling of the CV, as well as the role played by acidocalcisomes
(accessory vesicles that contain aquaporin) in osmoregulation in some CVCs (see Section 11.G).
In addition, a number of recent studies on Dictyostelium and Paramecium have identified, by
molecular biological techniques that include forming constructs with green fluorescent protein,
several other proteins associated with their CVCs (see Section 11.G).

Our own lab has completed studies on the ionic contents of in vivo CVs of Paramecium
multimicronucleatum (see Section |1.D). These studies show that the major in vivo ions of the CVC,
at least in Paramecium, are K* and CI-. The cation presumably enters the CVC as the result of an
exchange process occurring across the CVC membrane in which K* or other cations are exchanged
for protons that have been pumped into the lumen of the CVC as a consequence of the hydrolytic
activity of the vast number of proton-translocating V-H*-ATPase enzymes located in the membranes
of the CVC. In Paramecium, the chloride anion will probably be cotransported with K* or will
follow through chloride channels attracted by the positive electrical gradient that is formed inside
the CVC lumen. Under some conditions, cations other than K* can also accumulate in the CV of
the Paramecium, such as Na* and Ca”, when these ions are present in significant amounts in the
external medium. Thus, although the principal osmolytes in the CV are K* and CI-, the CVC may
accumulate other cations if K* ions are limited or if other cations in the cytosol such as Ca?* must
be eliminated from the cell.

The amount of fluid expelled will usually follow an inverse relationship to the osmolarity of
the external medium; at higher osmolarities, less fluid will be expelled from the cell. Even in very
high external osmolarities, however, the CV will continue to eliminate fluid at a reduced rate as
the osmolarity of the cytosol will always be adjusted upward to maintain it hyperosmotic to the
external medium. The CVC is thus an osmolarity-sensitive organelle that accumulates and expels
water and (to some extent by default) osmolytes.

The relatively large size of the CVC in Paramecium has made it possible to study the functions
and contents of this organelle by electrophysiological and biophysical techniques when it has so far
not been possible to do so in many smaller protozoa. As may be true of most CVCs, the CVC of
Paramecium has a two-membrane compartment system. One compartment has proton pumps that
set up the electrochemical gradient (positive inside), and a second compartment has membranes that
undergo a cycle of spontaneous tension increase followed by relaxation apparently controlled by its
own internal molecular components and timing mechanism. Paramecium also has the unique ability
to keep the K concentration inside the CVC at a relatively constant level of 2.0- to 2.4-fold higher
than that in the cytosol over a wide range of external osmolarities and conditions that alter the K*
activity of the cytosol. How this K ratio is sensed and regulated is not currently understood. By
itself, the CVC does not set the level of osmolarity in the cytosol, as this parameter is determined
more by the ion transport mechanisms in the plasma membrane, by the free amino acid composition
of the cytosol, and by the accumulation or production of other organic osmolytes produced by the cell.

II. CYTOSOLIC OSMOLARITY AND THE
CONTRACTILE VACUOLE COMPLEX OF PROTOZOA

A. CytosoLic OSMOLARITY

Freshwater protozoa have a cytosolic osmolarity under normal growth conditions that ranges roughly
between 50 and 110 mOsmol/L and is hyperosmotic to the environment.*'2 In the ciliate Tetrahy-
mena pyriformis, the cytosolic osmolarity was reported to rise linearly as cells were adapted to
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