Either the absence of suitable hosts or
the inhibition of host-seeking by harsh
climatic conditions would make au-
togeny the only means for population
survival. In the variable and at times
severe climatic regions of the temperate
and arctic zones, both of these factors
definitely appear to be major forces
selecting for autogeny (8, 9).

The present report is the first to
describe a distribution where the ca-
pacity to produce autogenous eggs in-
creases from northern to southern
populations. Little is known concern-
ing the relative influence of specific
environmental factors on the occur-
rence of autogeny in field populations
of A. taeniorhynchus. Yet preliminary
evidence indicates that even in this
species host scarcity might be an im-
portant factor selecting for autogeny.
For example, Edman (70) recently
found that in east-central Florida 4.
taeniorhynchus feeds primarily on
mammals. More than 80 percent of the
identified blood meals were from rab-
bits and ruminants. Neither type of
mammalian host was abundant in the
immediate coastal areas of this region,
and blood engorgement rates were very
low, but 8 miles (13 km) inland suitable
hosts were more numerous and blood
engorgement rates were three times
higher (10). There is a definite need
for additional studies on mosquito-host
interrelations. Such studies would cer-
tainly improve our understanding of

the influence of host abundance on the
frequency and expression of autogeny
in A. taeniorhynchus.

GEORGE F. O’MEARA

Davip G. Evans

Entomological Research Center,
Post Office Box 520,
Vero Beach, Florida 32960
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Dynamics of Number Fluctuations: Motile Microorganisms

Abstract. The time dependence of the intensity of light scattered from motile
Escherichia coli bacteria is studied in population densities so low that the intensity
autocorrelation function reflects fluctuations in the total number of particles in
the scattering region. Measured correlation functions are analyzed by using a

random walk model of bacterial motion.

It has recently become apparent that
important information on the dynamic
properties of microscopic particles can
be obtained by study of the time de-
pendence of the fluctuating intensity of
light scattered from systems in which
the total number of particles varies
with time (/). When (N), the average
number of particles in the illuminated
scattering region, is of order unity, a
very slowly decaying mode appears in
the intensity correlation function, due
to fluctuations in the total number of
scatterers in the scattering volume (oc-
cupation number fluctuations). The
characteristic time of this mode re-
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flects the residence time of a typical
particle in the scattering region. In this
report, experimental data are presented
on the dynamics of occupation number
fluctuations for motile (swimming) mi-
croorganisms. These data are inter-
preted by using a random walk model
of particle motion.

The work reported here represents a
useful biological application of a very
general method. Although the most
promising application of this method is
in the area of chemotaxis and photo-
taxis, fluctuations due to chemical reac-
tions (2) and turbulence can be studied
by analogous techniques. In fact, these

methods apply whenever the number
of particles under study is small (say
less than 20), or their relative positions
are correlated over distances of the
order of 1 um, or both.

Although modern photon counting
techniques are employed here, the ex-
periments could in principle have been
performed by a patient observer
equipped with only a microscope. The
observer would record (at half-second
intervals) the number of bacteria ap-
pearing in a well-defined volume. In
the work reported here, the measure-
ment of scattered light intensity merely
provides a convenient way to “count”
particles.

The total field scattered at time ¢ by
a system of M identical, isotropic par-
ticles is proportional to a properly
weighted sum of the phase factors in-
troduced by each particle,

M
E(Kp) = ) Ex)exp [K-r,(1)] (1)
j=1

j=

where r; is the position of particle j,
&(r) is the amplitude of the field scat-
tered by a particle when at position r,
i is the imaginary unit, and K is the
scattering vector. For incident light of
wave vector K, K = 2K sin (6/2),
# being the scattering angle and K and
K, the magnitudes of the vectors K and
K,. In the experiments reported here,
the scattering region is defined in two
dimensions (x,y) by a focused laser
beam and in the third dimension (z)
by a narrow collection slit. For this
configuration, €(r) can be represented
by

E(r) o exp{[—(* + ¥*)/0s*]

— 2/} (2)
where o, and o, are the points where
the intensity profile of the incident
beam and the transmission profile of the
slit are 1/e2 of their initial values. Dif-
fraction at the slit produces the approxi-
mate Gaussian profile in the z direction.

Since the scattered intensity I(z) is
proportional to | E(¢)|?, the correlation
function (I(0)I(t)) of the scattered in-
tensity follows directly from Eq. 1.
If K-1 < (0y,09),

AO)I(1)) o« (NY 4

(NVIF(KD P 4 (N (0)sN (1))  (3a)
(ON(0)ON(1)) =
P ff drdr.E%(ry)
EX(r) p(rz — 133t) (3b)

where p is the number density of
scatterers and (N) = 7°?0,209p is the
average number of particles in the scat-
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tering region; p(r, — ry3t) is the prob-
ability that a particle will be observed
at r, at time ¢ if that particle was at
ry at time 0; and F(K,?) is the self-
intermediate scattering function (3).
The characteristic decay time of
| F(K,t)| is roughly the time it takes
a particle to move a distance 1/K,
typically milliseconds. Although F(K,7)
is not of central importance to this
work, the mean squared swimming
speed was determined from the initial
decay of | F(K,1)].

The final term of Eq. 3 is the occu-
pation number correlation function
(SN(0)SN(1)), the object of this study.
This function, which is a generalization
of the probability after-effect function
(4), makes a significant contribution to
(I(0)I(t)) only if ((SN)2) = (N), the
mean squared fluctuation in the number
of particles, is comparable to (N)2. The
characteristic time of (SN(0)3N(¢t)) is
the time required for a typical particle
to move distances of the order of
(o,00) (1).

Calculation of (SN (0)3N(t)) requires
the specification of a model of the par-
ticle motion. For example, if the dis-
placement of the scattering centers is
Gaussian with a zero mean (4),

o (N)Ulgm_
i w) X

oo 12 )
[ivw) @

where  w(t) = 2((r, — 1r1)?%)/3. Equa-
tion 4 would apply to a thermally dif-
fusing particle (such as nonswimming
bacteria) with w(t) =4Dt, D being
the self-diffusion constant. An expres-
sion similar to Eq. 4 has been derived
by Magde et al. (2) in connection with
fluorescence fluctuation experiments.

The opposite extreme from the dif-
fusion model is a free (collisionless)
particle model. If ¢, < ¢, and the scat-
tering centers move in random direc-
tions with uniform speed v,

(BN(0)N (1)) = -

(BN(0)SN (1)) = 5777 MUT %
exp(—vie/ o) erf[vt(o* — o) (5)

where erf is the error function. Equa-
tion 5 would apply to bacteria which
swim in straight lines with a single speed
v for distances that are long com-
pared to the dimensions of the scatter-
ing volume.

Intermediate between the diffusion
model and the free particle model is
the random walk model. If the particles
execute a random walk of step length
L, then (SN(0)3N(z)) will be sensitive
to (L), the mean free path, if (L)~
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Fig. 1. Scaled photocount correlation
function for motile (triangles and squares)
and nonmotile (circles) E. coli bacteria.
The time-independent background has
been subtracted and the data are normal-
ized to unity at r — 0. The scattering an-
gles are 15° (squares) and 90° (triangles
and circles). Solid curve, calculated curve
for a free particle. Dot-dash curve, cal-
culated curve for diffusive motion. Dashed
curve, approximate curve for random
walk motion. The parameters used for the
theoratical curves are (v¥'* = 39 um/
sec, (LY = 17 um, o, = 56 um, o =
15.5 um, and D = 4 X 10" cm?/sec.

(04,0.). An approximate result for the
intermediate case can be obtained by
interpolation between calculable limits.
For example, if the particles “walk”
with a uniform step length L and a
velocity. v, making random angles be-
tween steps, then Eq. 5 applies for
t < L/2v, whereas Eq. 4 applies for
t > 6L/v [the displacement is approxi-
mately Gaussian after six steps (4)]
with w(t) = 2vL/3. Thus, within the
assumptions of this model, (L) can
be determined by comparing the mea-
sured correlation functions with the in-
terpolated theory. This method not only
allows an approximate characterization
of bacterial motion, but also provides
the framework for a study of the re-
sponse of the bacteria to environmental
stimuli such as chemotactic agents (5).
The experimental work consisted of
measuring the correlation function of
light scattered from dilute suspensions
of Escherichia coli bacteria. The experi-
ments demonstrate that the motion of
motile bacteria is of the random walk
type in nature, whereas the motion of
nonmotile bacteria is diffusional.
Whenever (SN(0)8N(¢)) makes a
significant contribution to Eq. 3, the
amplitude distribution of E(¢) is non-
Gaussian (6). For this reason the
“scaled” rather than the more familiar

“clipped” photocount correlation func-
tion was measured. Koppel and
Schaefer (7) have demonstrated that a
properly scaled function is proportional
to {(I(0)I(t)) regardless of the field sta-
tistics.

Bacterial samples consisted of wild-
type E. coli K12 grown overnight on
L-broth without aeration (3). Three
drops of the resulting suspension were
then diluted into 3 cm? of 0.01M
glycerol in 0.01M phosphate buffer at
pH 7. The solution also contained
0.0001M ethylenediaminetetraacetic
acid, 0.0001M 1-methionine, 0.001M
(NH,)., SO,, and 0.001M MgSO,. The
scattering cells were tightly stoppered
and data were taken 1 to 2 hours later.
Care was exercised to avoid subjecting
the bacteria to mechanical disturbance.

The experimental apparatus consisted
of a He-Ne laser focused on the center
of a cuvette (1 cm by 1 cm) contained
in a thermostat (= 0.01°C) at 23.9°C.
The collection optics consisted of a
lens, a slit, and a photomultiplier. The
scaled photocount correlation function
was computed on a digital correlator
similar to that described by Foord et al.
(8). The scaling circuitry preceded the
clipped-at-zero correlator, and scaling
levels were high enough that essentially
every scaled count was processed.

The parameters ¢ were measured
from the Gaussian curve which best fit
the observed (8N (0)3N(¢)) for suspen-
sions of polystyrene spheres (2 um in
diameter) under uniform translational
motion perpendicular (oy) and parallel
(o) to the incident beam (7).

Figure 1 displays the measured cor-
relation function for motile bacteria.
Data are also shown for the same solu-
tion after 36 hours, when all swimming
motion had ceased and the bacteria be-
haved as Brownian particles. In all cases
displayed, the measured time-indepen-
dent background (first term of Eq. 3)
has been subtracted and the curves are
normalized to unity at t— 0. In the
time range 0.5 to 5 seconds, the second
term of Eq. 3 is negligible.

The inset of Fig. 1 shows the mea-
sured correlation function at a scatter-
ing angle of 15° for the time range
0 to 15 msec. This curve was taken with
(N)= 50 so that the third term of Eq.
3 is negligible. The background has
been subtracted so that the resulting
curve is just | F(K,t)|2. The average
value of v2 was determined by fitting
the initial decay of this curve to (1 —
(v212K2/3) with the result (v2)% = 39
pum/sec. The entire speed distribution
could not be extracted from F(K,t) by
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the method described by Nossal et al.
(3), apparently because of a “wobble”
component to the motion in the bac-
teria.

Three theoretical curves are displayed
in Fig. 1. The upper curve is the calcu-
lated occupation number correlation
function for a Brownian particle with a
value of D appropriate for a particle
1 pm in diameter. No decay is visible
over the time range covered by Fig. 1.
The solid curve is that of a free par-
ticle. A comparison of the data with
these curves indicates that while non-
swimming bacteria behave as Brownian
particles, the motile bacteria behave as
neither diffusing nor free particles. The
broken curve in Fig. 1 is that obtained
from the interpolation procedure de-
scribed above, assuming (v%)% = 39
pm/sec and (L) =17 pm. Although
this curve falls outside the experimental
scatter at some points, it must be real-
ized that the assumed &-function dis-
tributions for speed and step length and
random angle distribution are a com-
promise with reality. Nossal et al. (3),
for example, found a strongly skewed
velocity distribution, and the data of
Berg and Brown (9) suggest an ex-
ponential step distribution. In addition,
Berg and Brown indicate that the angle
between steps is not random, but steps
are skewed toward small angles. The

inclusion of more realistic velocity,
step, and angle distributions would com-
plicate the interpretation of the data
considerably. Fortunately, however, in-
clusion of the skewed velocity distri-
bution would result in a longer mea-
sured mean free path, while more real-
istic step-length and angle distributions
would imply shorter (L). These effects
thus tend to cancel, lending validity to
the mean free path of 17 um reported
here.

DALE W. SCHAEFER*
IBM T. J. Watson Research Center,
Yorktown Heights, New York 10598
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Axonal Transport of Dopamine-5-Hydroxylase by

Human Sural Nerves in vitro

Abstract. Dopamine-B-hydroxylase activity accumulated above a ligature on
biopsy samples of normal human sural nerves incubated in vitro. The rate of
accumulation indicated that this enzyme was transported distally at a velocity
of 2 millimeters per hour. Axoplasmic transport of dopamine-B3-hydroxylase was
greatly reduced in sural nerves from a few patients with peripheral neuropathies.

For many years it has been known
that peripheral nerves can transport
proteins down their axons at rates of
a few millimeters per day (/). Recently,
it has been discovered that certain pro-
teins flow distally at much higher rates
of several millimeters per hour (2). The
question of how nerves are able to move
substances from cell body to terminal
regions has attracted much attention.
Less well explored is the role of axonal
transport in maintaining neuronal struc-
ture or function. In this study of human
sural nerves in vitro, we have examined
transport of dopamine-B-hydroxylase
(DBH), the enzyme that catalyzes the
final stage in the biosynthesis of norep-
inephrine (3). We undertook these
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experiments with the aim of character-
izing axonal transport of DBH well
enough in normal nerves to permit
meaningful analysis of the role of trans-
port in disease of peripheral neurons.
Results obtained with normal nerves
are reported here along with initial ob-
servations that point to abnormalities
of transport in certain kinds of neurop-
athy.

As part of an ongoing study of the
histology and biochemistry of periph-
eral nerves, a fascicular biopsy of sural
nerve, 3 to 5 cm in length, was ob-
tained at ankle level with informed
consent from ten healthy human volun-
teers, ages 21 to 28 (4). The biopsy
specimen was about one-third of the

thickness of the nerve and had no fas-
cicles entering or leaving. One milli-
liter of lidocaine (0.75 percent) was
instilled directly into the nerve about
2 cm above the site of transection. An
oblique cut marked the distal end of
the specimen. The nerve was moistened
with isotonic saline solution while the
epineurium was trimmed off under a
dissection microscope. The nerve was
then blotted, weighed, and transferred
to a beaker containing 200 ml of a bi-
carbonate-buffered physiological salt so-
lution (5). This solution was main-
tained at 37°C and continuously
gassed with 95 percent O,, 5 percent
CO.,; its pH was constant at 7.4. After
15 minutes of incubation in this solu-
tion, the nerve was ligated with silk
thread at the proximal end (ligature 1),
at a point about 9 mm from the distal
end (ligature 2), and at the distal end
(ligature 3). After a further incubation
for a variable period of time, the nerve
was removed and cut into 3-mm seg-
ments which were individually homog-
enized in glass homogenizers containing
0.6 ml of ice-cold buffer (0.005M tris,
pH 7.4; bovine serum albumin, 0.2 per-
cent; and Triton X-100, 0.1 percent).
Homogenates were centrifuged at 15,-
000g for 10 minutes. The supernatant
fractions were assayed for DBH activity
in 200-ul aliquots with tyramine as a
substrate, according to a previously de-
scribed method (6). Assays were run
in pairs at an optimum copper concen-
tration (13 pM). Ten microliters of
partially purified bovine adrenal DBH
was added to duplicate samples as an
internal standard to correct for possible
variations of activators or inhibitors of
DBH (7).

Figure 1 shows how DBH activity
was distributed along the sural nerve at
varying times after ligation. Most strik-
ing is the time-dependent increase in
DBH activity of the segment immedi-
ately proximal to ligature 2. This in-
crease was apparent at 1.5 hours and
was dramatic by 5 hours after ligation.
Elsewhere along the nerve, changes in
DBH activity were minor. After the
three longest incubations, there was
some increase in DBH activity in the
most proximal segment; this could cor-
respond to a small amount of retro-
grade transport. Inconsistent increases
occurred in the DBH activity of the
most distal nerve segment.

Total DBH activity per milligram
(wet weight) of nerve was unrelated
to the time of incubation (r = — .05).
Since  DBH was apparently neither
formed nor lost during incubation, the
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