and those of Taylor et al. (6) could be
due to greater antigenic stimulation of
the hosts in our studies as a result of our
using highly irradiated cercariae. Other
biological or technical factors might also
account for the differences; for example,
baboon age, sex, and species, schisto-
some strain, cercarial handling, time of
shedding, water pH, or temperature.
Figure 4 shows that in the mice, two
immunizations produced greater protec-
tion than either immunization alone.
This supports the findings of Villella et
al. (1), Erickson and Caldwell (3), and
Hsu et al. (15) with other experimental
hosts. Further work is necessary to es-
tablish the optimum irradiation attenuat-
ing dose, number of immunizing cercari-
ae or schistosomules, number of immu-
nizations, and interval between immuni-
zations.
M. StTEk, JR.*
P. MiINARD
D. A. DEaN
J. E. HaLL
U.S. Naval Medical Research Institute,
Bethesda, Maryland 20014
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Motility Assay of Human Sperm by

Photon Correlation Spectroscopy

Abstract. Microscopic methods of performing motility assays of spermatozoa are
slow, subjective, and involve a small number of spermatozoa. Laser light-scattering

methods can analyze the motility of many spermatozoa within minutes.

The

swimming speed distribution of human spermatozoa was investigated by photon
correlation spectroscopy. The sperm was diluted in seminal plasma to avoid
modifying the viscosity. The swimming speed distribution was reconstructed from
the correlation data by Stock’s method of splines. When compared with a videomi-
croscopic assay, the reconstructed swimming speed distribution accurately reflects
translational motion between 0 and 80 micrometers per second, while for speeds
greater than 80 micrometers per second the distribution is distorted by the effects of

rotational motion.

Sperm motility has been recognized as
a significant factor in reproductive biolo-
gy since MacLeod and Gold (I) estab-
lished that the forward motion of sperm
is the most important single factor in
fertilization. Although sperm motility as-
says are of great importance both in
clinical investigations of human fertility
and in the practice of animal husbandry,
traditional motility assay techniques are
far from ideal. Visual microscopic assays
can only quantify the movement of a
small number of individual spermatozoa
and include uncontrollable subjective er-
rors. Microcinematography, while far
more precise, is a slow and costly proce-
dure.

Bergé et al. (2) observed that when
laser light is scattered by sperm, the
spectrum of the scattered light is dramat-
ically modified by the Doppler shifts
produced by motility. Bergé’s group sub-
sequently established an experimental
clinical program for the study of human
motility in collaboration with David and
co-workers at the Bicetre Medical Cen-

ter in Paris (3), using this technique of
‘‘light beating spectroscopy.”’’

A second approach to motility assays
based on laser scattering was initiated by
Nossal and Chen (4) in a study of Esche-
richia coli. By using photon correlation
spectroscopy, which is a fully digital
technique, they opened the way for de-
velopment of a rapid computer-based
motility assay which could, in principle,
be adapted to routine high-speed precise
motility assays.

Nossal and Chen'’s procedure suffered
from two difficulties: (i) wobbling and
rotational motion of the swimming or-
ganisms distort the data and lead to
overestimation of swimming speeds, par-
ticularly at large scattering angles, and
(ii) the analytic procedure of Fourier
inversion used to extract the swimming
speed distribution P(V) from the reduced
correlation data g'V(7) is highly sensitive
both to noise and to the limited delay
time span of the data. Subsequently,
Stock and Carlson (5) showed that diffi-
culties due to wobbling motion could be

Table 1. Results of human sperm motility assays.

Mean Motile
Reference speed, V fraction.
(nm/sec) o
This report:
Splines analysis 75 0.36
Restricted splines (0 to 150 wm/sec) 57
Videomicroscopy 46
Gamma distribution fit (Eq. 1) 65
Finsey et al. (8) (range, 0 to 250 wm/sec) 130
Jouannet et al. (3) (range, 20 to 180 wm/sec) 96 0.47
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minimized by working at sufficiently
small scattering angles that the scattered
intensity becomes essentially indepen-
dent of orientation. Photon correlation
studies of sperm motility have also been
reported by other groups (6). Shimizu
and Matsumoto (7) studied pig and aba-
lone spermatozoa by the Fourier inver-
sion procedure of Nossal and Chen. Fin-
sey et al. (8) fit data obtained with hu-
man sperm to the model distribution first
advanced by Jouannet ef al. (3)

P(V) = (4V/<V>?) exp (=2V/I<V>)
63)]

and Craig et al. (9) studied the correla-
tion data for bull sperm, taking into
account both rotational and translational
effects.

We report here a study of human
sperm motility including two major inno-
vations (10). First, we used a data analy-
sis technique based on the method of
linear splines to reconstruct P(V). This
approach was developed by Stock (11),
who successfully applied it to the motile
bacterium Salmonella. Second, we used
a new sample preparation technique that
reduces the sperm concentration suffi-
ciently to eliminate multiple scattering
while avoiding dilution with aqueous me-
dia such as Ringer solution, which modi-
fies the motility by reducing the viscosity
of the medium.

Our experiments were performed with
a standard photon correlation spectrom-
eter consisting of an argon ion laser, a
temperature-controlled (37.5°C) thermo-
stat bath for the 1 by 1 cm sample
cuvette, a fast photomultiplier, and a 60-
channel digital autocorrelator (10). Each
sperm sample, freshly produced by a
single donor, was collected as two split
fractions. The first third of the parti-
tioned ejaculate, which contains 75 per-
cent of the motile spermatozoa, was used
to provide the active sample (/2). The
remainder was centrifuged at 48,000¢ for
20 minutes at 37.5°C; the clear plasma
was then removed and placed in the
sample cuvette. Finally, a small amount
of sperm was withdrawn from the active
sample with a pipette, which was then
inserted into the cuvette and agitated
slightly so that the sperm mixed with the
clear seminal plasma. This procedure
yielded a final concentration of approxi-
mately 107 spermatozoa per milliliter.
The cuvette was then placed in the ther-
mostat bath and allowed to equilibrate
for 20 minutes. The total time between
gjaculation and the first experimental run
was typically 45 to 60 minutes.

Photon correlation functions g@(r)
were obtained at a scattering angle
8 = 11.82°in about 5 minutes. Data were

26 JUNE 1981

1.0 rves s .y T T T
h

o .
& .
€ "
T 08t .o. B
= .
n 'o...
" L . 4
- 0.6 o,
-~ oo
e .."'o.
3 o4 -«.-..,»"“‘“' ]
R eveei]
<
T
~ 0.2 F E
&
]
o
— 0 1 1 L | 1

0 5 10 15 20 25 30

Delay time 7 {msec)

Fig. 1. Intensity correlation function of hu-
man spermatozoa diluted in seminal plasma;
T = 37.5°C, scattering angle 6 = 11.817°.
(Lower curve) Motile sperm 1 hour after
ejaculation; (upper curve) sperm Kkilled by
heating.

not collected at any other angles. A
typical correlation function for a fresh
sperm sample is shown in Fig. 1 (lower
curve). A second correlation function
was obtained after the sperm were Kkilled
by heating, and exhibits the expected
translational diffusion of Brownian mo-
tion (upper curve).

The measured correlation function
2P(7) is related to the electric field cor-
relation function g(t) by

g2 = 1 + algWn)? @)

where a is a geometric quantity =1
determined by the apparatus. Nossal and
Chen (4) showed that for an ensemble of
point scatterers swimming with an iso-
tropic swimming speed distribution P(V)

i sin gVt
e = [ Py I
0 qVr

where g is the scattering vector [g =
(4mn/\) sin 0/2], 0 is the scattering angle,
n is the refractive index, and \ is the
vacuum wavelength of the incident light
(488 nm in our experiments).

The effects of nonmotile cells and of
diffusion can be included in Eq. 3 in two
different ways. Either it can be assumed,

av. (3

140

100

Fig. 2. Swimming speed distri-
bution P(V) found by (x)
splines analysis of the data of 60
Fig. 1 and (O) videomicro-

SCOpic assay.

P (V)

20

as did Stock (I1), that both the motile
and nonmotile cells are diffusing with the
same diffusion constant

gV =

sin g

Vr
av+ (1 ~-w] @)

—Dg*r
e P afP(V) v

(o is the motile fraction and D is the
diffusion constant), or it can be assumed
that only the nonmotile cells are diffusing

) =

sin qVTdV fd- a)e‘qu’ )
qVt

When used in the data analysis, Eqs. 4
and 5 gave indistinguishable results.
Analysis of g®(s) for entirely nonmotile
samples (Fig. 1) by Egs. 2 and 4 gave
D =27 x 10° cm?/sec, equivalent to
the translational diffusion constant of a
3-wm-diameter sphere (the dimensions of
the sperm head are 2 by 2 by 4 um).

In Stock’s method of splines (1), the
range of swimming speeds V is divided
into N intervals and P(V) is approximat-
ed by a series of straight lines joining
successive pairs of the N + 1 “‘knots”’
P(Vy). The integral in Eq. 4 is then
evaluated to give a sum of simple func-
tions

f P(V) sin gVt
q

afP(V)

Va dv =

% PVNCMG.VaVN+ D) (6)

The N + 1 values of P(Vy) and o are
treated as parameters and are varied by a
computer program until the result Eq. 4,
converted to a theoretical g®(t) through
Eq. 2, gives the best fit to the experimen-
tal data.

We also analyzed our data by fitting
them to the one-parameter gamma distri-
bution (Eq. 1) following Jouannet ez al.
(3). Finally, we carried out a microscopic
assay with a television camera mounted
on the microscope and a videotape re-
corder. Samples were prepared exactly

IR %

60 100 140 200 300

Swimming speed V (um/sec)
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as for light-scattering éxperiments and
the assay was performed in a tempera-
ture-controlled room at 37.5°C. The vid-
eotape was later analyzed to find the
swimming speeds of 563 separate sper-
matozoa, from which a separate swim-
ming speed distribution was constructed.

In performing the splines analysis, the
optimum number of parameters [P(Vy))
was selected by minimizing the error
Xz = [g(Z)(T)exp - g(z)(T)theor]z‘ The re-
sults of the splines analysis of the data of
Fig. 1 are shown in Fig. 2 along with the
results of the videomicroscopic assay.
Figure 2 shows that for speeds in the
range 0 to 80 wm/sec, the splines and
videomicroscopic assays agree rather
well. However, the ‘‘high-speed tail”’
extending out to speeds well beyond 150
wm/sec is apparently not associated with
the translational motion. A plausible ex-
planation for this is that the rotational
_effects cannot be completely neglected,
and their contributions are evident in the
high-speed portions of the distribution
curve. Craig et al. (9) state that at a
scattering angle of 15°, the electric field
correlation function for the large disk-
shaped heads of bull spermatozoa (1 by 5
by 9 um) is dependent entirely on the
rotational motion of the head. The head
of the human sperm is less anisotropic (2
by 2 by 4 um) and its correlation data
should reflect a mixture of rotational and
translational motion. In Table 1 we give
the numerical results of our analysis,
together with the results of other investi-
gators.

In conclusion, we suggest that photon
correlation spectroscopy can provide a
fast, reasonably accurate means of es-
tablishing the swimming speed distribu-
tion of motile sperm through on-line
computer analysis utilizing the method
of splines. Samples prepared by dilution
in seminal plasma circumvent problems
associated with multiple scattering while
avoiding the reduction of viscosity due
to dilution with aqueous media that leads
to increased wobbling and distorted
swimming speed distributions.

JAMEs FROST
H. Z. CuMmMINs
Department of Physics,
City College, City University
of New York, New York 10031
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Remodeling of Multiterminal Innervation by Nerve Terminal

Sprouting in an Identifiable Lobster Motoneuron

Abstract. A single motoneuron provides multiterminal innervation to the limb
accessory flexor muscle in lobster. Its nerve terminals and synapses relocate to more
distal sites during primary development and growth beyond sexual maturity. This
remodeling of multiterminal innervation occurs by sprouting of nerve terminals and

synapses from preexisting ones.

The development of innervation oc-
curs by the sprouting of intact axons at
their peripheral fields (). Although such
sprouting has been found largely during
primary development, there is evidence
that it occurs in mature stages as well,
where it may replace old nerve terminals
(2, 3). This raises the intriguing possibili-
ty that nerve terminals in the periphery
and the central nervous system (CNS)
are in a dynamic state because of con-

Tendon

Exoskeleton

T ‘
F 1

Fig. 1. Location of five primary branches on
the exoskeletal side of the single excitor axon
to the DAFM in an adult lobster (A) and their
development as seen in a l-day-old (first
stage) larva (B), a l-year-old (twelfth stage)
juvenile (C), and a 5- to 7-year-old adult (D).
Primary branches are numbered 1 to 5, proxi-
mal to distal. Encircled areas show the typical
location of nerve terminals and neuromuscu-
lar synapses in the comparable branch 3 re-
gion of each developmental stage. Scale bars
(B) 0.01 mm; (C) 1 mm; and (D) 10 mm,
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stant growth and restructuring by the
sprouting mechanism. We have found a
remodeling of the multiterminal innerva-
tion arising from a single identifiable
lobster motoneuron during primary de-
velopment. It consists of a shift in nerve
terminals and synapses to the ever more
distal and finer branches of the axon by
sprouting from preexisting terminals and
synapses. Such sprouting also occurs in
several sizes of large and chronologically
older adult lobsters, which suggests that
the restructuring of multiterminal inner-
vation occurs throughout life.

We studied multiterminal innervation
to the accessory flexor muscle in the
walking legs of lobster (Homarus ameri-
canus) because it is supplied by a single
excitatory and inhibitory axon (¢). The
branching pattern of the excitor axon can
be easily distinguished from that of the
inhibitor in preparations stained with
methylene blue, as the excitor has a
larger diameter (5). Furthermore, the
nerve terminals of each axon have syn-
aptic vesicles that differ in shape with
aldehyde fixation: vesicles of excitatory
terminals are spherical, those of inhibi-
tory terminals, ellipsoidal (6). These fea-
tures enabled us to identify the single
excitatory neuron to the distal accessory
flexor muscle (DAFM) in the first walk-
ing leg and to reconstruct its branching
pattern by methylene blue staining in
juvenile and adult lobsters and by serial
section electron microscopy in a larval
lobster (7). The latter technique was also
used to identify and locate nerve termi-
nals and synapses in all of the lobsters
examined.

At a gross level, the development of
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