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Summary. Spermatozoa were observed under conditions which did not
spatially restrict their movements. They differed from each other in
pattern of movement and velocity of progression. Movement patterns
ranged from undulating, whirling or circling, to progression along
helical paths varying from near circles to straight lines. Progression
velocity varied over a wide range.
Progressing spermatozoa travelled predominantly downwards although gravity did not significantly effect velocity. A protoplasmic droplet
on the midpiece was associated with lower average velocity. Average
velocity was initially higher at high pH but the proportion of progressing
spermatozoa decreased while whirling and circling movements increased. At low pH the average velocity was less but more spermatozoa progressed along relatively straight lines. They were observed
to change from one movement pattern to another.
The range of activity patterns and the influence of physical conditions

indicate that it is unwise to define 'normal' movements without further
evidence.
INTRODUCTION

Activity of spermatozoa could influence the probability of sperm-egg collisions.
It is therefore of interest to describe spermatozoan movements in detail and
determine if, and how, they vary.
Differences between the translatory speed of spermatozoa within a semen
sample are well documented (Rothschild & Swann, 1949; Gray, 1955, 1958;

Duijn 8c Rikmenspoel, 1960; Rikmenspoel, 1962; Tampion & Gibbons,
1963a, b; Tampion, 1966; cf. Bishop, 1962; Holwill, 1966; Nelson, 1967).
Different patterns of movement have also been recognized. Some authors
maintain that most sea urchin and bull spermatozoa travelled along helical
paths, when their movements were not physically restricted (Rothschild &
Swann, 1949; Gray, 1955, 1958). Rikmenspoel (1962) recognized two types of

van

movement in diluted bull semen viewed in a chamber
movement. He considered
to be normal and circular movements without

which restricted vertical
relatively straight progression with axial rotation
(roll)
rolling to be pathological.
Erratic movements, with or without progression, have also been recognized, but
were generally ignored (Tampion & Gibbons, 1963a).
* Present
address, Department of Zoology, University of Hawaii, Honolulu.
97

Downloaded from Bioscientifica.com at 01/08/2023 04:56:02PM
via free access

98

Joseph M. Branham

Some factors known to influence spermatozoan movements are spatial
restrictions (Gray, 1955), visible radiation (Norman, Goldberg & Porterfield,
1962), cold shock (Rikmenspoel, 1962), state of maturation (Blandau & Rumery,
1964) and ageing, particularly at high pH (van Duijn & Rikmenspoel, 1960;
Tampion & Gibbons, 1963a; Nelson, 1967). It seems likely that gravity
influences spermatozoan orientation (Nelson, 1967).
This work defines the travel of free-swimming, diluted rabbit spermatozoa.
They differed widely in pattern and rate of movements. Some factors affecting
the movements were investigated.
MATERIAL AND METHODS

Semen was collected with an artificial vagina (Adams, 1962). All experimental
bucks were ejaculated every 2 or 3 days on a regular schedule. The collecting
tube was pre-warmed to 35° C and the semen allowed to cool slowly to room
temperature (20 to 23° C) in an insulated box. Semen was obtained from
Edinburgh AS stock rabbits, heterozygous at one locus, and two unrelated bucks
of unknown heritage (32P and 36P). Examination was begun within 5 to 15
min of collection.
The semen was diluted to 106 spermatozoa/ml in Beatty's (1964) phosphatebuffered glucose-saline (pH 7-6), or in a similar buffer with equimolar sodium
citrate replacing the sodium chloride. The pH of the medium was altered in
some experiments with 0-2 N-HC1 or NaOH.
Observations were made in deep microchambers mounted on a vertical stage
viewed along a horizontal optical axis. The microchambers consisted of per¬
forated or slotted polymethylmethacrylate sheets attached on one side with
Canada balsam to a slide and, on the other side, closed with a cover slip and
sealed with petroleum jelly. Rectangular chambers, 4-8 mm wide 4-8 mm
thick 16 mm deep, and open at the top, were used for direct observations.
Circular chambers, 1-8 mm thick 15 mm in diameter (vertical), were used for
cinematography. These circular chambers were closed with a cover slip so as to
include an air space occupying about one quarter of the chamber volume. All
observations were made at least 300 µ from any surface of the microchamber.
Direct observations were made at a magnification of 170, minimum intensity
light, minimum condenser aperture with a red filter and a 1-cm copper sulphate
solution heat absorption chamber in the light path. Cinematographs (16 mm)
50 /¿sec duration) synchronized to
were made with dark field electronic flash (
the camera, either at five frames/sec ( 10
objective) or ten frames/sec (40 x
objective). The microscope was allowed to equilibrate in a temperature control
box to 23-0+0-5° C.
Convection currents were usually excessive immediately after the chamber was
loaded but subsided and ceased after 2 or 3 min when observations were made
in dim 'cool' light. The currents frequently persisted during cinematography,
but bits of detritus served as reference points during analysis (cf. Rikmenspoel,
~

1965).

The movement patterns of spermatozoa were defined and categorized as in
Table 1 by tracing from cinematographs sequential positions of the heads
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(Plates 1 and 2). The proportion of spermatozoa in each category was deter¬
mined either directly or from cinematographs. For direct observations, a field
was selected and systematically scanned. The movement of each recognized
spermatozoon was scored on a digital counter. About 300 spermatozoa (three
fields) could be scored in 15 min. Alternatively, in cinematographs, each
recognizable spermatozoon was numbered and mapped on a still projection of
an index frame (180
magnification), and then its movement evaluated by
film
the
from
the index frame.
advancing
The main advantages of direct observation were rapidity and the utilization
of low light intensity (cf. Norman, Goldberg & Porterfield, 1962). The main
disadvantages were possible selection error in favour of more active types over
Table 1
patterns of movements of spermatozoa

Designation
Non-progressing
Inactive (I)
Undulating (U)

Whirling (W)

Example

Description
No autonomous movement
Slow tail movement, head not

progressing
Tail periodically bending into a
complete circle. Head moving
rapidly in a confined space 50 µ

PI.
PI.

1, Fig. 1, A1; A2 and
2, Fig. 2, A, C, D and F

PI.

1, Fig. 1,

PI.
PI.

1, Fig. 1, E to H
2, Fig. 2, and C

PI.
PI.

1, Fig. 1, I andj
2, Fig. 2, G to M

~

Circling (C)
Progressing

Helicoidal

(H)

Straight (S)

diameter
Head describing a circle ~50 µ
or greater in diameter

Head describing a helix of radius
exceeding a head width (~4 µ),
and of varying pitch
Head describing a straight line
with periodic axial rotation or
describing a helix of < 4 µ radius

C and D

less eye-catching slower ones (cf. Tampion & Gibbons, 1963a) and the difficulty
of recognizing marginal movement patterns. The cinematographic analysis
eliminated the selection error, because spermatozoa were recognized and
mapped, without knowledge of their movements, which were subsequently
evaluated. It also permitted more precise analysis ofthe movements of individual
spermatozoa, but had the disadvantages of being technically cumbersome and
slow, and requiring bright lighting which may have altered their swimming
behaviour.
Translatory velocity was calculated from measurements of the time (deter¬
mined with a stop watch) required for spermatozoa to travel along a 308 µ
optical scale (cf. Tampion & Gibbons, 1963a). In the deep chamber, sperma¬
tozoa swimming vertically downward along a straight line were most con¬
veniently timed. The elapsed time (to ^¡- sec) for each spermatozoon was
converted to velocity (µ/sec) for statistical handling. Twenty spermatozoa
could usually be timed in 10 to 15 min.
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RESULTS

Rabbit spermatozoa differed from each other in speed, direction and pattern of
movement. The various patterns of movement were, however, fairly distinctive.
For convenience, the types of movement were categorized as in Table I. In¬
active, undulating, whirling and circling spermatozoa were considered not to be
progressing because their movements limited them to a confined space. Inactive
spermatozoa had no autonomous movement. The tails of undulating ones
moved slowly while the heads did not advance perceptibly, although occasionally,
slow yawing and/or axial rotation was observed. Whirling spermatozoa turned
rapidly about in a confined space. The sequential position of their heads did
not describe simple geometric figures (PI. 1, Fig. 1, A2 and B) although they
tended to turn predominantly in one direction. The tails of whirling sperma¬
tozoa periodically curved back on themselves, to form a ring (PI. 1, Fig. 1, Ax).
Circling spermatozoa differed from whirling ones in that their heads described
circular paths (PI. 1, Fig. 1, C and D), and their tails did not bend so sharply
(cf. Rikmenspoel, 1962, 1965). The diameter of the circles varied from about a
spermatozoan length ( 50 µ) to more than half a millimetre. The number of
revolutions/sec at 23° C varied from 2 to <0-2. Rapid revolutions about smalldiameter circles were the most common. Some spermatozoa swimming in tight
circles flashed periodically as they turned (PI. 1, Fig. 1, D) indicating axial
rotation (Rikmenspoel, 1962), although others did not rotate (PI. 1, Fig. 1, C).
Free-swimming ones, describing circles >200 µ radius, invariably flashed
periodically and were therefore difficult to distinguish from straight- or heli~

coidally-progressing spermatozoa (cf. Tampion, 1966).
Helicoidal and straight-swimming spermatozoa progressed along an axis.
Helically-progressing spermatozoa differed from circling ones in that they
advanced at each revolution. Their paths ranged from near circles with radius
of gyration greatly exceeding pitch, to nearly straight progression with pitch
greatly exceeding radius (PI. 1, Fig. 1, E to H). Rotational frequency varied at
23° C from >2-0 to <0-2 complete gyrations/sec. Such spermatozoa flashed
periodically when the plane of the head was nearly parallel with the light path
(i.e. twice in each complete gyration). Straight-swimming spermatozoa travelled
along relatively straight lines and rotated periodically about the axis of pro¬
gression (cf. Rikmenspoel, 1962, 1965). They varied from each other in pattern
of movement and rate of progression (PI. 1, Fig. 1, I and J; PI. 2, Fig. 2, G to
M). The heads of faster ones appeared to travel smoothly along helices of great
pitch, but with a radius of gyration of about a head width ( 4 µ) describing
paths similar to twisted ribbons (PI. 1, Fig. 1, J; PI. 2, Fig. 2, G and H). Others,
usually slower, described more pronounced helices (PI. 1, Fig. 1, I) or appeared
to 'flutter' along with head periodically yawing sharply from the path of pro¬
gression. The frequency of the yawing movements varied from occasional (PI. 1,
Fig. 1, J; PI. 2, Fig. 2, I) to so frequent that the head appeared to describe a
double track (PI. 2, Fig. 2, J and K).
The proportion of spermatozoa displaying the various movement patterns
was determined in a number of
samples, within 20 min after dilution. Repre¬
sentative data are presented in Table 2. Comparison between determinations 8
~

Downloaded from Bioscientifica.com at 01/08/2023 04:56:02PM
via free access

PLATE 1

Fig. 1. Paths of free-swimming spermatozoa. Sequential positions of a spermatozoon
traced from cinematographs taken at 0-1-sec intervals. Out of focus spermatozoa
are outlined with dotted lines. Bright flashes of the head are hatched. The tail configura¬
tions of a whirling spermatozoon are represented by the series A¡ while the sequentially
numbered positions of the head are plotted in A2. Head positions only are plotted in
were

toj.

(Facing p. 100)
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PLATE 2

Fig. 2. Paths of free-swimming spermatozoa. Sequential positions of heads were traced
from cinematographs at 0-2-sec intervals. Selected positions are numbered. Flashes of
heads are hatched.

(Facing p. 101)
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and 9 or 10 and 11 indicate that the results of different determinations of the
same sample are repeatable. Determinations 13, 14, 11, 15 and 16 suggest that
pH influences movement patterns (see below) in that more straight-swimming
spermatozoa were scored at low pH (6-0 and 6-5) while more undulating,
whirling and circling ones were noted at higher pH (8-7 and 9-5). Differences
between semen samples from the same rabbit and between rabbits can also be
seen. In general straight-swimming spermatozoa were relatively rare while

helically-progressing ones predominated.
The predominance of downward-progressing spermatozoa was very noticeable

when diluted semen was viewed along a horizontal axis in a chamber which
did not limit vertical travel; the proportion was quantitatively determined by
scoring helically- and straight-progressing spermatozoa as they crossed a
Table 2
proportion of freshly diluted spermatozoa displaying the various movement
patterns

Determina¬
tion

Rabbit

1

32P
32P
36P
36P
3V
3V

2
3
4
5
6
7
8
9
10
11

12
13
14
15
16

Z54
Z54
Z54

Z54
Z54

Z54
Z54
Z54
Z54
Z54

Date

28/6/67
3/7/67
28/6/67
3/7/67
28/6/67
3/7/67
28/6/67
3/7/67
3/7/67
20/11/66
20/11/66
22/11/67
20/11/67
20/11/67
22/11/67
22/11/67

pH

Observa¬
tional

7-6
7-6
7-6
7-6
7-6
7-6
7-6
7-6
7-6
7-6
7-6
7-6
6-0
6-5
8-7
9-5

Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Cine
Cine
Cine
Cine
Cine
Cine
Cine

% of spermatozoa

method

8

65
10
5
4
7
7
4
5

U

W

11
4
10
3
9
1
8
15
14

4
1
6
31
4
3
9
3
4
18
16

5
5

12
12

3
17
8
3

5
15
10
35
34

7

23
8
8
11
20

in each

category*
nt

H
4
3
9

60

24

22

33
69
80
60
62
63
46
45
45
24
18
10

5

11

4

10

8
7
10
14
4
4

26
61

10
1
4
3
6
8
11
6
6

12
12
12
32
52
18
23

451
278
346
358
358
456
415

352
272
100
100
100
100
100
100
100

See Table 1 for designation and description of movement patterns.
f Number of spermatozoa observed.
*

horizontal optical line. The results of scoring 2789 spermatozoa were that
1979 (71%) were progressing downwards and 810 (29%) were travelling up¬
wards. Many of the straightest-swimming spermatozoa travelled vertically
downwards. From cinematographs, where convection was more pronounced,
twenty-seven (61%) straight-swimming spermatozoa travelled downwards, and

(39%) upwards.
velocity between individual straight down-swimming sperma¬
tozoa at pH 7-6 was considerable. In one semen sample measured at 37° C, the
average velocity (n
55) was 112-6+6-4 (S.D. 47-7) µ/sec, with individual
velocities ranging between 44 and 280 µ/sec. In another ejaculate from the
same rabbit (Z54), at 23° C, the average velocity (n
89) was 39-0 + 3-4
a
from
73-3
with
13-9
to
µ/sec.
range
(S.D. 10-8)
seventeen

Variation in

=

=
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Possible effects of gravity on swimming velocity were assayed in three semen
samples. The proportion of upward-swimming spermatozoa was artificially
increased by mixing the semen with dense medium (sp. gr. 1-07) containing
dextran (Beatty, 1964) and layering it on the bottom of the chamber beneath
glucose-saline. The velocity of spermatozoa swimming straight up from the
denser layer was determined about 2 mm above the interface. Spermatozoa
swimming straight down soon appeared in the region under observation, and
their velocity was also determined. Each sample was assayed twice, in separate
dilutions. The weighted average difference between the velocity of 147 up- and
142 down-swimming spermatozoa was calculated from three samples (six
determinations). The result was that down-swimming spermatozoa were 1-1 +
0-7 µ/sec faster but this difference was not significant (
0-2).
In most ejaculates, a proportion of the spermatozoa swimming straight down
had protoplasmic droplets adhering to the midpiece. Semen from one rabbit
(65C) routinely had enough such spermatozoa to permit an analysis of the
effect of the droplet on straight-swimming velocity. In ten determinations with
different ejaculates, the average velocity of spermatozoa with droplets (n
98)
was less than the average velocity of those without droplets (n
267). The
weighted average difference was calculated to be 10-0+2-0 (S.D. 6-5) µ/sec,
which was highly significant (P<0-001).
Hydrogen ion activity and time after dilution also affected the average
velocity of rabbit spermatozoa swimming straight down (cf. van Duijn &
Rikmenspoel, 1960; Tampion & Gibbons, 1963a). In five experiments, semen
from one rabbit (Z54) was diluted in phosphate buffered glucose-saline with its
pH adjusted with 0-1 N-NaOH or HC1. Although this procedure defeated the
buffer, the (H+) remained relatively constant ( + 0-2 pH at 23° C) in the 100-ml
samples for the 1- or 2-hr duration of the experiments. The average velocity for
each sample (n 20), determined between 5 and 20 min after dilution, in¬
creased with pH. A graphical analysis of twenty-three points obtained in the
five experiments, adjusted for mean velocity differences between ejaculates,
indicated an increase in average velocity of about 5 µ/sec for each pH unit
increase, between pH 4-9 and 10-0, and then a decrease between pH 10-0 and
11 ·0. In three of these experiments, average velocity was determined again 1
hr after dilution. It had decreased with time at pH between 6-5 and 9-5, with
the greatest decrease at the highest pH (cf. Tampion & Gibbons, 1963a).
Spermatozoa in a medium with a pH less than 6-5 were either still or undulating
slowly after 1 hr, and above pH 9-5 most spermatozoa were whirling or swim¬
ming in circles and none was seen swimming straight down.
The proportion of progressing spermatozoa decreased with time at pH values
from 7-6 to 11-0, while undulating, circling and whirling ones became more
numerous. At pH 6-0 to 6-5, however, the proportion of straight- and helicallyswimming spermatozoa increased, and circling and whirling ones became less
numerous. Text-fig. 1 presents data from one of four similar experiments in
which diluted semen at either pH 7-6 or 9-5 stood in 100-ml beakers at 22° C in
a normally-lighted room until most of the spermatozoa were whirling or
circling, and then the pH was adjusted to 6-0. Periodically, the samples were
stirred and portions scored visually for the proportion of inactive spermatozoa
102
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proportion of active ones which were progressing (i.e. helically- or
straight-swimming). The data indicated that spermatozoa could change from
relatively straight progression to circling, whirling or undulating and then,
when pH was lowered, resume relatively straight progression.
Spermatozoa were observed to change their pattern of movement. Individual
spermatozoa, observed 20 min after dilution at pH 9-5, were seen to change
from straight progression to helical progression, or whirling and circling move¬
ments. Plate 2, Fig. 2, A, B, C and D are tracks of such changing spermatozoa
traced from cinematographs. Spermatozoa were also observed to change from
whirling, circling or fine helical movements to relatively straight progression
soon after pH was changed from 9-5 to 6-0 (PI. 2, Fig. 2, E and F).
and for the

100-

80
100
Minutes

120

140

160

Text-fig. 1. Activity patterns of spermatozoa changing with time at various pH. The
proportion of active versus inactive spermatozoa (-) and the proportion of active
ones progressing along helical or straight paths (-) were determined periodically in
two samples. One sample (o) was initially at pH 7-6 and the other (#) was initially at pH
9-5. After 1 hr the second sample was adjusted to pH 7-6 and after 85 min both samples
were adjusted to pH 60.

DISCUSSION

A great variety of spermatozoan movements was seen in diluted rabbit semen.
The movements were categorized as in Table 1 for convenience, but the
categories were apparently superimposed on a continuous range of activities.
The rate of movements varied from very slow undulation to rapid whirling and
circling or active progression. The paths described by active spermatozoa varied
from tight knots (whirling spermatozoa) to circles, and through helices of in¬

creasing pitch to straight progression.
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The spermatozoan head is propelled by a three dimensional flagellar beat
(Rikmenspoel, 1965) which produces forward and turning force components
(cf. Hol will, 1966). Spermatozoa with no forward components but strong
yawing and/or pitching tendencies would whirl about in the same place.
Forward movement and yawing to one side would produce circular paths.
Forward movement, yaw and pitch components would move the head along a
helical path (Gray, 1955). The observed variety of movements indicated that
104

spermatozoa differed from each other in the balance of force components

produced by tail activity.
Physical conditions influenced the path described by spermatozoan heads.
Gray (1955) concluded that the proximity of a horizontal surface (i.e the slide
below, or upper surface of the chamber) prevented pitching movements and
caused helically-progressing spermatozoa to assume circular paths. Cold shock,
light, hydrogen ion activity and other factors observed to influence swimming
movements could also act by suppressing or enhancing one or other of the
force components. High pH (i.e. low hydrogen ion activity) enhanced the
average velocity of straight-swimming spermatozoa, perhaps by intensifying
forward tendencies more than turning ones. As time passed, however, sperma¬
tozoa at higher pH progressed more slowly and turning movements began to
predominate over forward progression. At low pH, turning forces were suppress¬
ed more than forward directed ones and spermatozoa swam more slowly but in
more nearly straight lines. These effects of pH were apparently reversible.
Gravity influenced the direction of spermatozoan progression. Rothschild
(1962) observed that the centre of gravity of dead spermatozoa was near the
head so that they tended to float head downwards. He postulated that active
ones should therefore tend to swim downwards and raised the question : if not,
how do they avoid swimming down ? Observations reported above suggest that
rabbit spermatozoa do tend to swim downwards. It is interesting to note that
many free-living flagellates, which presumably have the same density distribu¬
tion, swim predominantly flagellum foremost (Hoiwill, 1966) and thus should
tend to progress against the downward pull of gravity.
Spermatozoan movements were also influenced by the inherent characteris¬
tics of the spermatozoa. The presence of a protoplasmic droplet was associated
with lowered average velocity, perhaps because of increased mechanical drag.
Immature, epididymal spermatozoa tend to circle more than mature ejaculated
ones (Blandau & Rumery, 1964), perhaps because the balance of moments
necessary for straight progression is a characteristic of maturation, or because
immature spermatozoa are physically distorted in the neck region.
The observed variety of spermatozoan movements could reflect physical
differences between spermatozoa and/or differences in response to environ¬
mental stimuli. The relationship between swimming ability and fertilizing
capacity should be investigated in more detail before 'normal' swimming is

defined.
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