“Bioconvection Patterns”
in Cultures of
Free-Swimming Organisms

Abstract. The moving polygonal pat-
terns in dense cultures of Tetrahymena
and other ciliates and flagellates look like
“Benard cells,” but are not due to ther-
mal convection. They seem to be due
to a similar dynamic instability that occurs
when the energy input is internal and
mechanical. The high concentration in
the patterns may be useful in fertilization.

The purpose of this report is to call
renewed attention to the physics of the
curious streaming patterns observed in
dense cultures of free-swimming or-
ganisms. Such patterns are well known
for several different kinds of ciliates
and flagellates—bull sperm (7) Eu-
glena (2), Tetrahymena (3), and Ar-
bacia larvae (4)—but there seems to
have been no theoretical analysis and
little systematic experimental analysis,
except in the work of Loefer and Mef-
ferd (3), on Tetrahymena pyriformis.

In a T. pyriformis culture 1 or 2 cm
deep and a few centimeters across, in
an open or closed vessel, the organisms
are concentrated into flowing patterns
of polygonal shape, as seen from above.
Individual organisms swim upward in
the centers of the polygons and move
outward a few millimeters to the
edges of the polygons where they fall
to the bottom in dense, almost vertical
sheets or skeins. The size of the poly-
gons and the sharpness of their bound-
aries depend on the density and age of
the culture, but the density of organ-
isms in the falling sheets may reach
the order of 100 times the density in
the centers of the polygons. Loefer and
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Mefferd showed that the liquid is in
motion in these sheets, carrying the
organisms (and inert particles as well)
faster than the individuals can swim.
They also showed that the patterns are
formed only when the depth of the
culture is several millimeters or more
and when the average density of motile
organisms is more than 150,000 per
milliliter. Loefer and Mefferd further
showed that the patterns are unaffected
by pH, temperature, osmotic pressure,
anaerobic conditions, ultraviolet, sur-
face-active chemicals, viscosity, or age,
except as these factors affect motility.
The speeds of fluid motion are enough
to carry an individual organism to the
bottom and back to the top in a time
of the order of 15 to 30 sec; the pat-
terns change completely in this time,
and after stirring they re-form in this
time or less.

A number of additional observa-
tions and experiments have now been
made on the patterns in T. pyriformis.
They show that surface-tension expla-
nations can be ruled out, because of
(i) the random angles of intersection
of the polygon edges with each other
and with the walls, (ii) the fact that
the pattern shapes are indifferent to
underfilling or overfilling of an open
glass container, and (iii) the fact that
they are indifferent to glass cover
slips covering or half-covering the so-
lution. Magnetic fields of 9000 gauss
had no effect on the shapes of the pat-
terns or on their rate of formation or
change either in an ordinary 7. pyri-
formis culture or in a conducting 1-per-
cent NaCl solution of an NaCl-adapt-
ed strain. Strong light, heat, or elec-
trodes (a-c) push the patterns “away,”
but this can be explained as the effect
of thermal - convection on already
formed patterns.

Possible explanations of the patterns
might include (i) directed motion of
individuals due to exhaustion of oxy-
gen or nutrients in the centers of the
polygons; (ii) thermal convection (sug-
gested by N. Spratt); (iii) viscous at-
tachment of individuals (suggested by
M. Sussman) or reduction of swimming
on collision (suggested by F. Child),
with the consequent formation of
dense aggregates which fall; (iv) an
essential dynamic instability in a group

of randomly free-swimming organisms
heavier than water (like the instabilities
in a group of hovering helicopters if
some get in the downdraft of others);
or (v) dynamic instability due to
density inversion when heavy organ-
isms tend to swim to the top of the
liquid (like the instability and down-
streaming patterns observed when
heavy powder is sprinkled on a water
surface) (suggested by R. Donnelly).

The first explanation seems unlikely
because of the speed of self-stirring of
the solutions and the indifference of
the patterns to anaerobic conditions.
The second explanation is supported by
the close resemblance of the polygonal
patterns to the “Benard cells” of clas-
sical thermal convection experiments;
and in fact the patterns might well be
called “bioconvection patterns.” But
this explanation is ruled out by a
crucial experiment of R. Donnelly’s, in
which he placed a culture dish of T.
pyriformis on ice and found that the
patterns re-formed as rapidly as before,
in spite of the negative (stabilizing)
thermal gradient (5). The third ex-
planation seems unlikely because there
is no evidence for it under the micro-
scope (6), and because washed cultures
in pure water (with any high-viscosity
filaments presumably removed) still
show the same patterns.

The fourth or fifth explanations
seem the most probable. They are sup-
ported by the resemblance to “Benard
cells” (thermal instability), especially
in the requirement of a minimum criti-
cal depth and a minimum critical den-
sity for formation of the patterns, the
density of motile organisms being pre-
sumably the biological analogue of the
energy input in the thermal case. The
patterns can also be stabilized, like
Benard cells, by mechanical obstacles
in the solution, such as glass rods and
plates and bubbles, or strings hanging
from the top surface of the culture.
Studies of T. pyriformis in a sucrose
solution as dense as the organisms, or
denser, might permit a decision be-
tween the last two alternatives.

Dynamic instabilities leading to
channeled streaming patterns are well
known in the thunderstorm instabilities
of meteorology and in the “rip tide”
streams where ocean breakers push
onto a straight shoreline (7). It is in-
teresting to see that they may be of
major importance in determining the
aggregate and concentration behavior
of living organisms where the energy
input is from an internal metabolic
source in each individual rather than
from an external source. Possibly the
Chandrasekhar theory of thermal in-
stabilities in hydrodynamic systems can

~ be modified to explain these biocon-

vection patterns and their sizes, veloc-
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ities, and critical parameters. The in-
creased concentrations
tive streams might be important in
fertilization and in initial streaming
and schooling behavior in many small
marine organisms (8).
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Recording of Single Unit Activity
in Isolated Central Nervous Tissue

Abstract. The retina and attached seg-
ment of optic nerve isolated from the rab-
bit were maintained in a functioning state
in vitro. Microelectrodes, introduced into
the nerve, recorded unit discharges in re-
sponse to light stimuli. The characteristics
of these evoked discharges are described.

Nervous tissue that has been isolated
from the host and is being maintained
in a suitable incubation medium offers
three advantages for experimentation
not shared by the same tissue studied in
the intact animal: (i) Its chemical and
physical milieu can be precisely defined
and easily altered. (ii) Certain meta-
bolic processes can be monitored con-
tinuously during an experiment. (iii)
The tissue can be removed without
trauma at any instant for anatomical or
chemical analysis. To be maost useful,
such an in vitro preparation must have
been isolated without irreversible dam-
age, must be maintained in a nearly
physiological state, and must be amen-
able to measurement of function.

Rabbit retina has been used as an
example of central nervous gray matter
that is suited to in vitro study. It can
be isolated and maintained in an in-
cubating fluid without significant shifts
in intracellular electrolytes (I) and with
maintenance of function as recorded by
gross electrodes (2). The present report
describes measurement of single unit
activity in this isolated preparation.

Details of the methods used in isolat-
ing and incubating the tissue have been
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in bioconvec-

presented (2). In brief, an eyeball with
1 cm of optic nerve is removed from
an anesthetized, dark-adapted rabbit;
and, as rapidly as possible, the retina
and the attached segment of nerve are
separated, under cooled medium, from
the other tissues of the eye. The nerve
is mounted on two 24-gauge platinum
wires, one tied to the cut end of the
nerve and the other encircling it near
the disk. Besides their use as gross elec~
trodes, these wires serve to suspend the
preparation in the incubation medium
and to fix the nerve for the introduction
of the microelectrode. The medium re-

trolyte composition, is equilibrated with
5 percent CO: and 95 percent O, and
is maintained at 30°C.

In the experiments reported here,
the microelectrode was of tungsten,
sharpened electrolytically to a tip
diameter of less than ¥4 y and insulated
with vinyl lacquer according to the
method of Hubel (3). It was advanced
by means of a micrometer drive into
the nerve about 4 mm from the disk at
an angle of 45° from normal. One of
the gross electrodes served as electrical
reference. The signal was led through
a high-input-impedance cathode fol-

sembles cerebrospinal fluid in elec- lower to a preamplifier, having a band
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Fig. 1. (4) Spontaneous and evoked activity recorded from three fibers of different re-
sponse types. (B) Relation of response to stimulus intensity in an “on” fiber. (C) Multiple
responses following stimuli of low but not of high intensity. Durations of the longer
light stimuli are indicated by horizontal lines above traces in (4). The times of presen-
tation of the short (about 10 wsec) light stimuli are indicated by arrows in (B) and (C).
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