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Abstract
Cells of Paramecium caudatum were shock-fro-
zen without pretreatment for cryoultramicrotomy

and freeze-dried for subsequent X-ray microanaly-
sis. Na, Mg, P, S, Cl, K, and Ca were detected in
different amounts in several subcellular compart-
ments. In particular, calcium was Tocalized below
the cell surface (pellicle). Trichocysts were
found to contain significant amounts of Na in
their base but not in the tip. Na, Mg, P, S, C1,
K, Ca were found in electron dense deposits within
the lumen of the contractile vacuole. A small
K concentration was found in the cytoplasm and in
the mitochondria. X-ray microanalysis of the
element distribution in different subcellular
compartments provides information for the under-
standing of cellular functions such as exocytosis,
locomotion, and ion regulation.
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Introduction

Ions, their transport and storage have become
more and more important for the understanding of
biological processes. Because of the relatively
small size of ions and their ability of fast
dislocation, they play an essential role in
regulation at the cellular level. Just these
characteristics, however, make the experimental
approaches and the interpretation of the results
difficult. Since energy dispersive X-ray microana-
lysis (EDS) in the electron microscope provides a
lateral resolution on a subcellular level in
combination with a satisfactory sensitivity for
the explanation of biological phenomena, this
technique 1is increasingly applied (reviewed by
Moreton, 1981; Sumner, 1983). Unfortunately,
chemical fixations even in combination with
histochemical preparations cannot avoid artificial
translocation of the highly mobile ions (Morgan,

1979). In order to maintain elemental distribu-
tions resembling the in vivo state, biological
tissue is fixed physically by shock-freezing
without pretreatment (reviewed by Plattner and
Bachmann, 1982). We used the ciliate Paramecium
caudatum, since its relatively small volume and

thickness (volume below 10-6 m1 and smaller than

50,um in diameter) is advantageous for cryofixa-
tion. We studied the ion-gradients between differ-
ent subcellular compartments by means of EDS of
cryosections. These results are discussed with
regard to the involvement of ions in cellular
processes in ciliates.

Materials and Methods

Cell material

Paramecium caudatum was raised in hay infu-
sion at room temperature. The cells were enriched
by light or centrifugation, and collected with a
pipette before fixation (reviewed by Wichtermann,
1953).

Chemical fixation

CelTls of Paramecium caudatum were fixed in a
solution of 2% 0s04 and 1% KyCrp07 (Wohlfarth-
Bottermann, 1957), dehydrated in ethanol and
embedded in a modified Spurr's medium (Spurr,
1969; modification: Mascorro et al., 1976).
Physical fixation

Shock-freezing of the cells was performed by
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either spraying droplets of suspensions on a
polished metal surface cooled by liquid nitrogen
below 83 K or by shooting small droplets contain-
ing two to five cells and as Tlittle medium
as possible into liquid propane below 83 K. The
cells were frozen on concave platelets of polyme-
rized embedding medium or Balzer's gold plan-
chettes of about 1 mm in diameter, as necessary
for cryosectioning. Jet-freezing (Miiller et
al., 1980) was given up, since the cells were shot
from the holders.

The shock-frozen cells on polymerized
plastic platelets as well as the ones frozen on a
polished metal surface were transferred into a
Leybold freeze-dryer GT 1R (Klein and Stockem,
1976) and dehydrated for 80 hrs in vacuum better
than 10-4 Torr. The sample container was slowly
warmed up from 83 K to a controlled temperature of
160 K. This corresponded to a sample temperature
of 190 K. While maintaining the low pressure
permanently, the temperature of the freeze-dried
cells was slowly raised to 263 K within 36 hrs.
The specimens were then infiltrated with modified
Spurr's medium for 48 hrs and polymerized at 343 K
for 10 hrs (Mascorro et al., 1976). Sections were
cut with glass knives and picked up after floating
on water or from dry glass knives (Masters et al.,
1979; Ingram and Ingram, 1980; Barckhaus et al.,
1980; Meyer et al., 1982).

The sections were transferred to 50 mesh
copper grids coated with Pioloform F® (Stockem,
1970). The dry cut sections were at least 300 nm
thick. Since they cannot be flattened completely
on the grid and to obtain better contact to pre-
vent charging, a second uncoated grid was glued
‘onto the first.

Electron microscopy was carried out at 80
kV and 459 tilt in a conventional Philips EM 300
with scanning electron microscopy-"STEM"-unit and
EDAX-microanalysis-unit (707 B).

Cryosectionin
Just 1ée sections of freeze-dried, vacuum

embedded cells, cryosections were cut dry by
glass knives (cryosectioning reviewed by Roomans
et al., 1982; Sitte, 1982). At a temperature lower
than 173 K to prevent drying and/or recrystallisa-
tion (Frederik, 1982), the sections were cut at
high speed of about 20 mm/s, since this minimizes
rolling up of cryosections and does not cause
artefacts by melting, according to theoretical
calculations (Hodson and Marshall, 1972) and to
experimental evidence (Frederik and Busing, 1981;
Karp et al., 1982).

The frozen-hydrated sections were trans-
ferred to a film-coated copper grid with an
eyelash. To prevent charging, they were either
pressed on the grid with a polished cold metal rod
(Christensen, 1971; Wendt-Gallitelli et al., 1980;
Zierold, 1982 a) putting up with the loss of
sections or, alternatively, a second film coated
grid was pressed on (Somlyo et al., 1977; Seveus,
1980) and disconnected again, thus, producing two
grids with sections for the microscope (Zierold,
1982 a). Because of the extremely low contrast of
frozen-hydrated sections in the electron micro-
scope (Gupta et al., 1977; Gupta and Hall, 1981;
Frederik, 1982; McDowall et al., 1983) and to
obtain a better peak/background ratio (P/B) for
EDS, the sections were freeze-dried in the trans-
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fer unit of a cryotransfer system or in the
microscope (Zierold, 1982 a, b, 1983). Electron
microscopy of the cryosections was performed by
scanning transmission in a Siemens ST 100 F with a
field emission gun at 100 kV and an energy dis-
persive X-ray system as described by Zierold
(1982 b). For a more detailed discussion of the
methods of cryopreparation see Meyer et al. in
this volume.

Results

In ultrathin sections chemically fixed and
plastic embedded cells of Paramecium caudatum
exhibited the usual morphology and ultrastructural
arrangement as reviewed by Vivier (1974). With
EDS no significant signals of elements within the
cells were detected except for those added during
chemical fixation. Therefore, no pictures of
morphology are presented and elemental distribu-
tion had to be studied in shock-frozen specimens
After shock-freezing without pretreatment, cells
of Paramecium caudatum generally exhibit the same
ultrastructural arrangement as those chemically
fixed (Fig. 1). Although artifacts by ice crystal
growth could not be avoided completely, they were
negligible for cells used for EDS down to approxi-
mately 30,um below the surface (for discussion
of the influence of ice crystal damage on elemen-
tal distribution detected by EDS, see Zierold,
1984, and Meyer et al., this volume). There was
no difference in the ultrastructure after spraying
droplets of cell suspensions on 1liquid nitrogen
cooled, polished metal surface, compared with
specimens shot into liquid propane. Nevertheless,
we preferred shooting into 1liquid propane,
since after spraying the cells were difficult to
find again. After cryosectioning and freeze-drying
shock-frozen cells of Paramecium caudatum with-
out pretreatment exhibit significant amounts of
Na, Mg, S, C1, K, and Ca in different subcellular
compartments (Figs. 2a - f). Peaks of Cu, Si, and
Au are artifacts caused by the method and are also
present in control measurements outside the
sections (Fig. 2). More than 2,um under the

Fig. 1: Ultrastructure of shock-frozen’Paramecium

caudatum.

a) Dark field image in STEM of a cryosection
with several paramecia. Vertical stria-
tions are caused by the noise of the field
emission gun.

b) Cryosection in STEM (brightfield/dark-
field). Subcellular compartments such as
nucleus (N), mitochondria (M), trichocysts
(T), cilia (C), and pellicle (P) can be
identified.

c) Cryosection in higher magnification, same

technique as b, shows a region below the

cell surface. Cross-section of trichocyst
body (Tb) and trichocyst tip (Tt), mito-

chondrion (M), pellicle (P).

Freeze-dried, embedded cell in ultrathin

section, post-stained with 1lead citrate

and uranyl acetate in TEM. Cross-sectioned
trichocyst body (Tb) and trichocyst tip

(Tt), pellicle (P), ciliary base (C).

d

~




X-ray microanalysis of paramecia




M. Schmitz, R. Meyer, K. Zierold

pellicle significant amounts of phosphorus and
potassium are demonstrated in the cytoplasm (Fig.
2a). Mitochondria contain additional amounts
of sulphur varying from cell to cell, possibly
representing different physiological conditions,
but never calcium (Fig. 2b). In the cytoplasm
adjacent to the pellicle and around the ciliary
bases significant amounts of calcium and chlorine
are obtained (Fig. 2c). Calcium has the highest
peak in the spectrum besides the artifactual
silicon. Therefore, its postulated function for
the regulation of many cellular processes will be
discussed later. The body of trichocysts always
shows significant amounts of sodium, sulphur, and
potassium, whereas sodium is missing in the tips
of these organelles (compare Fig. 2d with 2e).
Therefore, an artifactual influx of extracellular
sodium can be excluded. However, it remains open
to further investigations, how sodium is accumu-
lated within the bases of trichocysts. It is also
unclear, whether this accumulation is necessary
for the storage and/or extrusion mechanism of
organelles and/or whether it is involved in
osmoregulation.

Contractile vacuoles are always in direct
contact to the extracellular medium via pores. As
an artifact of freeze-drying, sections of shock-
frozen cells possess electron dense deposits,
preferably along the inner side of the contractile
vacuoles. These deposits contain very high
concentrations of Na, Mg, P, S, Cl, K, and Ca.
However, their concentration in the deposits
varies from cell to cell. Since the cells were not
fixed at a physiologically defined state of the
contractile vacuoles it cannot be excluded that
the different concentrations of elements within
the deposits were caused by drying artifacts
instead of different physiological conditions.

Discussion

In ciliates ion gradients are thought to be
involved in different cellular functions such as
contraction, locomotion, exo- and endocytosis, and
osmoregulation. Most of the literature on element
distribution is based on histochemical methods,
biochemistry and electrophysiology. X-ray micro-
analysis of cryosections from natively frozen
cells provides additional information on jon gra-
dients between different subcellular compartments
resembling the in vivo state. These results are
discussed with regard to the present knowledge.
Contraction phenomena

Stirred up by speculations and findings of
the role of calcium ions as an initiator of
contraction in striated muscle (Heilbrunn, 1940;
Heilbrunn and Wiercinski, 1947; reviewed by

Fig. 2: X-ray spectra of different subcellular
compartments in Paramecium caudatum.

a) Cytoplasm,
b) mitochondrion,
c) pellicle,

d) trichocyst body,

e)

f)

9)

trichocyst tip,
deposit in contractile vacuole,
control outside the section.
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Wilkie, 1968), attention was focussed on the
contraction of the giant ciliate Spirostomum
ambiguum. Organisms microinjected with the free-
calcium-sensitive bioluminescent protein, aequo-
rin, emitted light when electrically stimulated
to contract. Furthermore, a filamentous peripheral
network was demonstrated by electron microscopy
and, after adding oxalate to the fixative, cyto-
plasmic vesicles contained crystalline, electron-
dense precipitates morphologically defined as
calcium oxalate. Ettienne (1970) proposed that an
increase of the calcium concentration in cyto-
plasm, regulated by the vesicles with a role
similar to the sarcoplasmic reticulum in striated
muscle, initiated contraction of these cells.

Intracellular calcium pools within elongate
dense bodies (EDB) were also found with EDS after
glutaraldehyde fixation in embedded cells of
Discophrya collini. This is a free living suc-
torian with tentacles able to contract. Increase
of extracellular Ca and Mg, but not Ba, stimulated
contraction. The application of external CaClj
to 10-1M did not cause a detectable increase of
Ca in the cytoplasm except for the EDB's, whereas
after the same increase of extracellular Mg or Ba,
these elements were not detected anywhere in the
cells. It was suggested that EDB acted as calcium
reservoir, controlling levels of cytoplasmic
calcium (Hackney and Butler, 1981).

Peritrichous ciliates 1like Vorticella,
Carchesium, and Zoothamnium possess contractile
stalks, which coiT heTically or fold at speeds up
to 170 lengths per second (Weis-Fogh and Amos,
1972). In these contractile organelles, called
spasmonemes, precipitates of calcium were found in
membranous tubules analogous to the sarcoplasmic
reticulum (Favard and Carasso, 1965; Carasso and
Favard, 1966). Whole spasmonemes were isolated
from Zoothamnium and dried in the presence of
solutions with different calcium concentrations.
Electron microprobe analysis demonstrated 1.7 g
more calcium per kg dry mass in the contracted
compared to the extended organelles (Routledge
et al., 1975). A spasmonemal calcium-binding
protein, called spasmin, was extracted and <harac-
terized by sodium dodecyl sulphate-"SDS"-polyacry-
lamide gel electrophoresis and differentiated from
actomyosin and tubulin (Routledge and Amos, 1977;
Routledge, 1978).

Ciliary movement

Indications of calcium involvement in ciliary
movement of the free 1iving Paramecium aurelia
were made by Plattner (1975) "and PTattner and
Fuchs (1975); using EDS they demonstrated calcium-
binding sites by adding high concentrations
of calcium to the fixative (Oschman and Wall,
1972) or after precipitation with oxalate accor-
ding to Costantin et al. (1965). The 'ciliary
granule plaques' at the ciliary base and the
membranes of cilia contained electron dense
deposits of Ca, P, and S. In Paramecium caudatum
calcium binding sites in cilia were demonstrated
accordingly (Tsuchiya, 1976). Basal bodies and
membranes around ciliary axonemes also accumulated
other divalent cations 1ike Mg, Mn, Sr, Ni, Ba,
and fn after substitution for Ca (Fisher et al.,
1976).

In shock-frozen cells of Paramecium caudatum
without pretreatment high concentrations of

calcium are present under the pellicle around the
bases of cilia, since calcium is the most signi-
ficant peak in the spectrum (Fig. 2c). Significant
amounts of phosphorus, sulphur, chlorine, and
potassium are also present, but except for chlo-
rine they are comparable to the elemental distri-
bution in the cytoplasm not adjacent to the
pellicle (Fig. 2a). By our preparation technique a
physiologically relevant presence of chlorine,
probably as CaClp, is demonstrated. Earlier find-
ings of this element were caused by high concen-
trations within the embedding media used, e.g.
Epon.

Experiments described by Silvester et al
(1982) about shock-freezing of protozoa were per-
formed at cooling rates up to 660 K/s, followed
by freeze-substitution. Vitrification of cells re-
quires cooling rates higher than 10%K/s (Moor,
1964). For unambiguous morphological identifica-
tion of subcellular structures and for the detec-
tion of ion gradients by EDS a mean ice crystal
diameter smaller than 50 nm was accepted as satis-
factory. This requirement was met in our analyzed
cryosections of Paramecia. Methods including
freeze-substitution were not used for EDS, in
order to avoid the risk of ion translocation. Our
results support the hypothesis that calcium is
involved in the regulation of ciliary movement.
Calmodulin, a calcium receptor protein, was local-
ized by immunofluorescent studies in the micro-
scope within the cilia and in a rim along the oral
groove (Satir et al., 1980) and partially purified
from Paramecium and Tetrahymena (Maihle and Satir,
1980). By SDS-polyacrylamide gel electrophoresis a
molecular weight of about 17,000 was determined
for calmodulin isolated from cilia and cells of
Paramecium tetraurelia (Walter and Schultz, 1981).
CaTmoduTins from ciliates seemed to share some an-
tigenic determinants missing in higher organisms,
because antiserum for calmodulin of Tetrahymena
crossreacted with calmodulin of Paramecium but not
with all of the higher organisms. By immunof luo-
rescence microscopy the results of Satir et al.
(1980) were confirmed. Additional fluorescence was
localized at the anterior end of the cell and at
the pores of the contractile vacuoles and its
possible role for the function of the cells was
discussed (Suzuki et al., 1982). An ultrastruc-
tural Tlocalization of calmodulins isolated from
cilia, cell bodies, and whole cells of Tetrahymena
was made by immunoelectron microscopy and a Ea‘
gel electrophoresis. Calmodulin was localized mor-
phologically along the longitudinal axis of outer-
doublet microtubules at regular intervals of about
90 nm and in the ciliary axoneme. Biochemically,
calmodulin was located in the membrane plus matrix
fraction and outer-doublet microtubule fraction,
and its Caz*-dependent counterpart existed
exclusively in the Tlatter fraction. But neither
calmodulin nor its counterparts were found in the
crude dynein fraction (Ohnishi et al., 1982). This
is controversial to earlier reports of Jamieson et
al. (1980) and Blum et al. (1980), who found a
highly purified Ca-calmodulin-sensitive dynein
ATPase, isolated by affinity chromatography in
Tetrahymena cilia, and detected calmodulin in the

lynein fraction. Although progress was made by the
characterization of Ca-binding proteins in cili-
ates and their localization within the cells,
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their precise function for the regulation of in-
tracellular Ca levels remained open to discussion.

Since a controlled influx of extracellular
calcium or a release from intracellular calcium
pools was essential for the understanding of the
regulation of ciliary movements, electrophysiolo-
gical studies using voltage clamp methods were
performed by several groups. The experiments
led to the characterization of a voltage-sensitive
'fast' Ca channel with millisecond kinetics,
responsible for the brief calcium influx and
cell depolarization that precede ciliary reversal
(Naitoh and Eckert, 1968, 1969; Eckert, 1972;
Machemer and Eckert, 1973; Oertel et al., 1977;
Brehm and Eckert, 1978a, b; Satow and Kung, 1979).
Nevertheless, this channel also seemed to be
ion-dependent, because it showed different rates
of activation and deactivation for Ca, Sr, and Ba
currents (Saimi and Kung, 1982). Measurements of
intracellular pH with recessed tip ion selective
microelectrodes were also correlated to Ca cur-
rents through Ca channels monitored by voltage
clamp in membranes of Paramecium caudatum. The
normal internal pH was about 6.8. Internal acidi-
fication depressed the Ca current, while alkaliza-
tion enhanced it (Umbach, 1982). Since the elec-
trophysiology of ciliated, deciliated, and
reciliated cells was compared (Ogura and Taka-
hashi, 1976; Dunlap, 1977; Machemer and Ogura,
1979), there 1is general agreement, that this Ca
channel is located within the ciliary membrane.
Furthermore, 'slow' Ca-sensitive channels with
0.1 s kinetics were observed. The first was a K
channel activated by Ca?* entering through the
'fast' Ca channels (Brehm et al., 1978; Satow and
Kung, 1980) and the second a Ca-sensitive Na
channel triggered by internal Ca¢ (Saimi and
Kung, 1980). The at1ng of the Na channel seems to
be affected by zn¢* and NiZ* and possibly cal*
Mg2* (cited from Saimi and Kung, 1982). Vo]tage-
sensitive 'fast' channels were also reported for K
after hyperpolarization (Oertel et al., 1978) and
depolarization, responsible for delayed rectifica-
tion (Oertel et al., 1977; Brehm et al., 1978;
Satow, 1978; Satow and Kung, 1976). Antibodies
against ciliary membrane proteins of Paramecium
were able to immobilize the cells (Eisenbach et
al., 1983). Their distribution over the entire
cell surface was monitored by immunoelectron
microscopy and after antibody binding, voltage-
clamp experiments exhibited a reduction of the
Ca-induced K current as well as a reduction of Ca
current into the cells of Paramecium (Ramanathan
et al., 1983). A more detailed review of ionic
channels of Paramecium was presented by Adoutte et
al. (1981).

Electron microscopical studies of ultrathin
sections in combination with freeze-fracture
replicas indicated that the alveolar sacs within
the pellicle of ciliates act as calcium reservoirs
for ciliary motility (Satir and Wissing, 1982).
Our data are in agreement with that, since we
obtained high concentrations of calcium in the
region where the alveolar sacs are located (Fig.
2c). Because of their small size, however, it is
uncertain, whether the calcium actually measured
is exclusively located within the alveolar sacs.
Additionally, alveolar sacs possessed a unique
population of unit membrane particles and also

frequently in their 1lumen Tlammelated inclusion
bodies probably containing phospholipids (Satir
and Wissing, 1982).

Exocytosis

First observations of the ultrastructural
organization of cytoplasmic components in Para-
mecium after fixation with 0sOg and KpCrp07 were
obtained by Wohlfarth-Bottermann (1958). The
ultrastructure of their extrusive organelles, the
trichocysts, was studied in detail by Hausmann et
al. (1972a, b). First indications of an involve-
ment of calcium in the exocytotic mechanisms of
trichocysts in Paramecium aurelia were obtained by
Plattner and Fuchs since the ionophores
X-537 A or A 23187 stimulated exocytosis. Further-
more, Ca-binding sites were demonstrated in
ultrathin sections of chemically fixed and em-
bedded cells by EDS, after adding high concentra-
tions of calcium to the fixative (Plattner and
Fuchs, 1975; Fisher et al., 1976) or using pyroan-
timonate or oxalate for precipitation (Plattner
and Fuchs, 1975; for methods see: Costantin et
al., 1965; Oschman and Wall, 1972). Electron dense
deposits containing calcium and phosphorus were
observed on the inner side of the plasma membrane,
the alveolar membrane, along the trichocyst
membrane, and within trichocysts. Most trichocysts
being in a 'resting' position were devoid of
electron dense deposits. A few 'resting' tricho-
cysts as well as most of those trichocysts just
undergoing exocytosis contained deposits at the
membrane of the trichocyst tip and of the tricho-
cyst body as well as on the inner lamellar sheath
structures. Cytoplasmic vacuoles containing high
amounts of calcium were not found after glutaral-
dehyde fixation with high calcium, but after
precipitation with oxalate. From these observa-
tions it was concluded that the deposits of the
membrane around trichocysts might demonstrate an
ATPase system for the triggering mechanism and
that an influx of calcium into the trichocysts
occurred just before exocytosis.

To test this hypothesis attention was
focused on the membrane state before and during
exocytosis. Several methods were developed to
study still functional but undischarged tricho-
cysts isolated from Paramecium cells (Steers et

al., 1969; Anderer and Hausmann, 1977; Matt et
al., 1978). A synchronized discharge of tricho-

cysts was achieved by increasing intracellular,
free calcium using ATP-blockers, Ca-ionophores,
and 1ipid solvents (Matt et al., 1978), as applied
to strains of Paramecium having different exocyto-
tic capability (Matt et al., 1980). Freeze-frac-
ture studies (Bachmann et al., 1972; Janisch,
1972; Plattner et al., 1973) exhibited at the
docking sites of trichocyst rosettes of membrane-
intercalated particles (MIP) missing in mutants
without trichocysts (Beisson et al., 1976).
Furthermore, a Ca*-ATPase was demonstrated
cytochemically in these rosettes by electron
microscopy in combination with EDS (Plattner et
al., 1980). From the trigger experiments combined
with the freeze-fracture studies and the histoche-
mical experiments with EDS it was concluded that
an increase of free, intracellular calcium esti-
mated to be somewhere between 10-6 to 10-4M
(Matt et al., 1978) was necessary for exocytosis
to occur.

Furthermore, it was suggested that the
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rosettes acted as Ca pumps or Ca channels and were
involved in membrane fusion (Matt et al., 1980).
The results of our experiments dealing also with
the intracellular localization of calcium within
Paramecium are often in agreement with the data
presented by Plattner and Fuchs (1975) as well as
Fisher et al. (1976), who added high concentra-
tions of calcium to the fixative according to
Oschman and Wall (1972). Both methods demonstrate
that calcium is present under the pellicle, where-
as 'resting' trichocysts also sometimes contain
calcium after chemical fixation but never in our
experiments (Figs. 2d, e). After application of
precipitating agents such as pyroantimonate or
oxalate, however, data were obtained by frequently
finding Ca-containing deposits within ‘'resting'
trichocysts or in so-called 'Ca-storing vesicles',
both never observed in cryosections. Since shock-
frozen cells represent a better model for the
distribution of ions compared with chemically
fixed cells, the risk of unspecific precipitations
seems to be higher after additional application of
precipitating agents to the fixative compared with
the method of Oschman and Wall (1972). The danger
of unspecific staining was also demonstrated for
(OsFeCN) in a variety of biological objects in-
cluding Paramecium caudatum by Schnepf et al.
(1982). Our data support the hypothesis that
calcium is involved in exocytosis by entering the
trichocyst in high concentrations just before
exocytosis. But by the demonstration of high
concentrations of sodium within the bodies of
resting trichocysts (Fig. 2d) a hitherto unknown
factor for a possible function of trichocysts
might have been added.

A possible role of calmodulin as a stimulator
of Ca pumps in Paramecium cell membrane was
discussed (Satir et al., 1980) and calmodulin was
demonstrated to be a major component in purified,
extruded trichocysts (Rauh and Nelson, 1981).
In isolated and purified surface membrane com-
plexes of Paramecium a Cal*-stimulated ATPase
was detected (Nogushi et al., 1979) differing from
those in exocytosis-incompetent strains (Bilinski
et al., 1981b). Comparing the ion content of
isolated trichocysts in condensed and in in vitro
decondensed form, only phosphorus and sulphur were
significant by EDS. Adding CaClp before prepara-
tion for EDS, both tip and base of trichocysts
accumulated the ions. It was concluded that cal-
cium entered the Tumen of the trichocyst vesicle
through the membrane from the external medium
after an exocytotic opening has been formed and
then triggered decondensation (Bilinski et al.,
1981a).

The possible role of the membrane during
exocytosis (Plattner, 198la, b), of microtubules
during the docking process (Plattner et al.,
1982), and of the alveolar sacs was discussed
(Satir and Wissing, 1982).

Endocytosis and ion accumulation

Calcium seems to be involved in endocytotic
processes of ciliates like the formation of food
vacuoles, since by light immunofluorescence micro-
scopy calmodulin was localized in the oral appara-
tus of Tetrahymena. This suggestion was supported
by the suppression of food vacuole formation by
the calmodulin inhibitor trifluoperazine (Suzuki
et al., 1982). This is consistent with observa-
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tions of Fok and Allen (1981), who found a decline
in food vacuole formation accompanied by a de-
crease in Cal*-ATPase activity during stationary
phase of culture cycle.

Food vacuole formation in Tetrahymena was
also inhibited dose-dependent by Tea ilsson,
1978, 1979) and nickel (Larsen and Nilsson, 1983),
which presumably entered the cells through the
plasma membrane and were detected by atomic ab-
sorption (AAS). Copper, however, stimulated endo-
cytosis (Nilsson, 1981). After adaptation to heavy
metals, they seemed to be accumulated in granules
and eliminated by defecation since a constant
value of nickel monitored by AAS, too, was main-
tained after some time (Larsen and Nilsson, 1983).

Intracellular accumulation of heavy metals
such as Cd, Mn, Pb, Cu, and Zn was also detected
by AAS in the marine ciliate Eufolliculina. Addi-
tionally, Na, Mg, P, S, Cl, K, an a were found
by EDS and laser microprobe mass analysis (LAMMAR)
in air dried specimens of these protozoa (Mulisch
et al., 1982).

Accumulation of Ca and P in the form of crys-
tals and globular lithosomes was detected in air
dried specimens of the marine ciliate Euplotes
vannus by SEM and EDS (Hausmann and Walz, 1979).

n the ciliate Homalozoon vermiculare certain
membrane-bounded organelles belong to the so-
called parapharyngeal mass, which was believed
to be involved in food vacuole formation. In
isolated and air-dried material of the parapha-
ryngeal mass an enrichment of Mg, P, K, and
Ca was demonstrated by SEM and EDS. But the
function of these accumulations was not yet
explained (Kuhlmann et al., 1983).

Osmoregulation
Ee cytoplasm of fresh-water ciliates had an

osmolarity from 120 to 210 mOsm/1 (Kitching, 1938,
1951, Stoner and Dunham, 1970). Therefore, they
were thought to be hyperosmotic to their environ-
ment. Since a passive influx of water and a
passive outflux of ions resulted, the contrac-
tile vacuole was thought to maintain the osmotic
gradient by actively pumping water out of the
cells. Actually, contractile vacuole complexes
appeared to be extremely sensitive to external
osmotic changes. They increased their output if
external medium became more diluted and decreased
their output if the osmotic pressure in the
medium was raised (Kitching, 1936, 1938, 1951;
Gaw, 1936; Osanai, 196la, b; Stoner and Dunham,
1970; inter alia). The frequency of contraction
seemed to reflect the ionic balance in the
medium. This was thought to be controlled by
calcium and could be influenced separately from
the mechanism of fluid production. Fluid produc-
tion of the contractile vacuole was suggested to
be taken over by the so-called spongiome, but
little is known about its function or ion content
except the fact that Paramecium did not seem to
possess a Na/K-ATPase (Andrivon et al., 1977; for
a detailed review on contractile vacuoles see
Patterson, 1980). In freeze-dried cryosections of
shock-frozen Paramecium cells electron dense
deposits within contractile vacuoles are always
present containing very high concentrations of
Na, Mg, P, C1, K, and Ca (Fig. 2f). Since varia-
tions of elemental distribution are observed at
different yet undefined states of contraction in
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cells surrounded by the same extracellular medium,
the hypothesis is supported that the contractile
vacuole is involved in ion regulation of ciliates.
However, it cannot be excluded that different ion
concentrations within the deposits are caused by
freeze-drying. Therefore, freezing at physiologi-
cally defined states with subsequent analysis of
frozen-hydrated sections would be desirable.

Conclusions

Earlier reports about the ion content in
subcellular compartments of ciliates rely mostly
on indirect methods, such as electrophysiology
and biochemistry as well as precipitation tech-
niques for the demonstration of ion binding sites.
From experiments using these methods hypotheses
were formulated involving ion gradients in va-
rious cellular functions. X-ray microanalysis of
freeze-dried cryosections of shock-frozen Para-
mecia provides direct evidence for ion gradients
between different subcellular compartments, thus,
resembling the in vivo state. The EDS results
generally agree with the leading hypotheses on the
role of ions for cellular functions. Additionally,
unreported ion gradients were detected, such as
chlorine in cytoplasmic regions adjacent to the
pellicle as well as high amounts of sodium in the
trichocysts. The interpretation of these results,
however, requires further EDS-data of frozen-hy-
drated cryosections from cells in better defined
physiological conditions.
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