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Critical Point Drying for 

Scanning Electron Microscopic 
Study of Ciliary Motion 

Abstract. Scanning electron micro- 
scopic study of the pattern of ciliary 
coordination and the form of ciliary 
beat is now possible. Rapid fixation 
stops the ciliary activity instantaneously, 
and critical point drying avoids distor- 
tion of the cilia by surface tension 
forces. Such studies have been made 
on the ciliate Opalina with this new 
technique. 

The scanning electron microscope 
provides a powerful new technique for 

studying the surface structure of bio- 

logical material. However, the necessity 
of drying the specimen in air is a ma- 
jor problem in the preparation of ma- 
terial that is distorted by surface ten- 
sion forces (1). In order to use the 

scanning electron microscope to study 
ciliary activity, we have devised a new 
combination of methods that overcomes 
this difficulty. In brief, the technique is 
to stop ciliary motion instantaneously 
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The organism used in this study was 
the ciliated protozoan Opalina ranarum, 
from the rectum of the common frog 
Rana temporaria. Adjacent cilia beat 
with regular phase differences, so that 
waves of activity move over the 

organism in the same direction as the 
effective stroke of the ciliary beat 

(symplectic metachronal coordination). 
Successive stages in the cycle of one 
complete beat of a cilium are thus en- 
countered sequentially in one meta- 
chronal wave. It is possible to preserve 
the movement of metachronal waves by 
instantaneous fixation, and thus analyze 
the form of the ciliary beat (2, 3). The 

following procedure was used. 
Osmium tetroxide (2 percent solu- 

tion in water) was pipetted rapidly on 
several hundred Opalina swimming in 
a few drops of suitable Ringer (4) in a 
watch glass, which was then maintained 
at 0?C for 10 to 15 minutes. The or- 
ganisms were washed briefly and de- 
hydrated in a graded ethanol series. 

Organisms were dried by the critical 
point method of Anderson (5), thus 

avoiding distortion of the cilia by sur- 
face tension forces. The problem of 

handling during this step was overcome 
in the following way. Opalina in abso- 
lute ethanol were pipetted into a tiny 
bag of fine nylon bolting cloth (60 
mesh per centimeter). The alcohol was 
replaced by clean amyl acetate, and the 
bag was quickly placed in the bomb of 
the critical point apparatus. The bomb 
was flushed out at room temperature 
with liquid carbon dioxide to replace 
the amyl acetate. 

When it was completely filled 
with liquid carbon dioxide, the bomb 
was sealed off and the temperature 
raised to about 50?C. During this heat- 

ing the liquid carbon dioxide was taken 

past its critical point and changed into 
a gas without the formation of a phase 
boundary. The valve was then opened 
slowly to allow the gaseous carbon di- 
oxide to escape. 

Dried Opalina were sprinkled on 
metal specimen stubs made sticky with 
a thin layer of a chloroform solution 
of Cellotape. The organisms were 
coated with approximately 30 nm of 

Fig. 1. Scanning electron micrograph of 
an Opalina fixed with metachronal waves 
traveling simultaneously in different di- 
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gold-palladium by rotating the stubs at 
an angle of 45? to the evaporation 
source. They were viewed in a "Stereo- 
scan" (6) scanning electron microscope 
at a beam accelerating voltage of 20 kv 
with the stub tilted at an angle of 45? 
to the electron beam. Rotation of the 

gold-palladium by rotating the stubs at 
an angle of 45? to the evaporation 
source. They were viewed in a "Stereo- 
scan" (6) scanning electron microscope 
at a beam accelerating voltage of 20 kv 
with the stub tilted at an angle of 45? 
to the electron beam. Rotation of the 

817 817 



Fig. 2. Higher magnification of metachronal waves on a different animal, showing 
posterior side of waves. Arrows have the same meaning as in Fig. 1. RS, cilia in re- 
covery stroke; ES, cilia in effective stroke; P-A, posterior-anterior axis. 

Fig. 2. Higher magnification of metachronal waves on a different animal, showing 
posterior side of waves. Arrows have the same meaning as in Fig. 1. RS, cilia in re- 
covery stroke; ES, cilia in effective stroke; P-A, posterior-anterior axis. 

stub allowed the organism to be viewed 
at 45? from different sides. 

Opalina can change its direction of 

swimming by changing the direction of 
the effective stroke of ciliary beating, 
with corresponding changes in the di- 
rection of transmission of metachronal 
waves (7). This situation is illustrated 
in Fig. 1 in which the organism is fixed 
with waves traveling simultaneously in 
different directions. The wave pattern 
is similar to that in a living animal 

photographed while turning to the left 
by Sleigh (8). We find that the form 
of the waves is the same for waves 

moving in different directions. 
The form of the ciliary beat and pat- 

tern of coordination in Opalina has re- 

cently been described with the use of 

photography of living animals (8) and 
also by the instantaneous fixation tech- 

nique coupled with hematoxylin stain- 

ing and light microscopy (2). We con- 
firm Parducz's statement that ". .. con- 
trary to Sleigh's description, the whole 
of the beating cycle involves more than 
a single plane . .. the cilium bends out 
of the plane of the effective beat after 

performing it, and during the greater 
part of the recovery phase it rotates 
counterclockwise, parallel to the body 
surface, gradually emerging into the 

preparatory position for the next stroke" 
(2, p. 107). The counterclockwise 

bending of cilia in the recovery stroke 
can be clearly seen in Fig. 2 (RS cilia). 
Apart from this large divergence from 
one plane, the general form of the beat 
is as figured by Sleigh (8). 
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In conclusion, the combination of in- 
stantaneous fixation, critical point dry- 
ing, and scanning electron microscopy 
offers a powerful new method for the 

study of ciliary motion, not only in 
Protozoa, but in metazoan tissues as 
well. The introduction of the critical 

point drying technique greatly increases 
the usefulness of the scanning electron 

microscope for studying any material 
that suffers distortion by air drying. 
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Microspikes on the Lymphocyte 

Uropod 

Abstract. Lymphocytes have anatom- 
ic and functional characteristics remi- 
niscent of the amoeba. The capacity to 
form microspikes on the uropod sug- 
gests a high degree of specialization es- 
sential to the lymphocyte's function in 
immunologic reactions. 

The motile lymphocyte in vitro has 
a characteristic configuration (1). Loco- 
motion is essentially amoeboid, but the 
tail section of the cell is so prominent 
(2) that the cell can readily be distin- 
guished from other motile leukocytes 
which may, irregularly and briefly, dis- 
play a "tail." 

Cinephotomicrographic studies of 
human lymphocytes in immunological 
reactions in vitro indicate that the cyto- 
plasmic process forming the tail is used 
by the lymphocyte to contact and at- 
tach to debris, the surface of the culture 
vessel, and other cells in the environ- 
ment (3). In many instances, as during 
interaction with macrophages, this at- 
tachment lasts for prolonged periods, 
even hours, with the tail process form- 
ing the connecting stalk. Thus the term 
"uropod" was applied to describe a 
process which was both a tail and a 
connecting stalk (3). By means of phase 
contrast microscopy, threadlike projec- 
tions could often be seen extending 
from the uropod to contact neighboring 
objects. I have studied the uropod with 
electron microscopy to determine its 
structure in more detail. 

Leukocytes (0.5 X 106) from two un- 
related human donors were cultured in 
medium 199 containing 20 percent 
autologous plasma derived equally from 
the cell donors (4). On day 3, while 
the culture was maintained at 37?C, the 
supernate was decanted quickly, and 
2.5 percent gluteraldehyde at 4?C was 
added gently and rapidly. The cell but- 
ton was loosened with a rubber police- 
man, fixed in osmium tetroxide, and 
embedded in Epon for examination 
in an RCA EMU-4 electron micro- 

scope. 
Most lymphocytes appeared round in 

cross section, suggesting a spherical 
shape with occasional regularly spaced 
microvilli projecting from the cell's sur- 
face. In some instances, the microvilli 
were so numerous that the lymphocyte 
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had the configuration typical of the 
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