We describe here the application of
the ion shower milling machine to re-
move the cell membrane of the single
isolated neuron. We also measured the
content of calcium ions in the normal
neuron and that during bursting activity
induced by pentylenetetrazole (PTZ)
both for the whole cell and for the cell
with the membrane removed.

We used the D neurons of the sub-
esophageal ganglion of the Japanese land
snail, Euhadra peliomphala, in the ac-
tive season. Two groups of dissected
ganglia were prepared, one of which was
incubated in normal snail Ringer solution
and the other in snail Ringer solution
containing 5 X 1072M PTZ. After 10
minutes of incubation, both groups were
quickly frozen by being dipped in a liquid
Freon 12 pool surrounded by solid Freon
12 cooled by liquid nitrogen and freeze-
dried without passing through a liquid
phase at a temperature below —35°C. We
also made some freeze-dried specimens
at a temperature below —80°C, but the
results were the same. The D neurons
were dissected from the freeze-dried
ganglion with fine forceps under a binoc-
ular microscope. Each freeze-dried neu-
ron was cut into two hemispherical
shapes under the microscope, and half of
each group was placed on the ion shower
stage. The other half was not etched.

We used the Kaufman type ion shower
milling machine (Elionix ISM-S) and car-
ried out ion etching for 3 minutes in ar-
gon at a pressure of 6 X 107° torr. The
ion-accelerating voltage was 500 V, and
the ion current was 200 wA. In order that
the surface of the neuron be etched
evenly, the sample stage was inclined to
45° and rotated both around the vertical
axis and the stage axis during ion etch-
ing. The etched and nonetched D neu-
rons were weighed with a fish-pole bal-
ance placed in a transparent plastic box
with manipulating windows which was
located in a room kept at a constant tem-
perature (20°C) and constant humidity
(40 percent) according to the micro-
technique of Lowry and Passonneau (2).
The mean weight of a freeze-dried D
neuron was 93.6 = 9.8 ng (mean *+
standard deviation, N = 31). The weight
of an ion-etched neuron was almost the
same as that of a nonetched neuron.

Figure 1 shows the electron micro-
graph of the cell surface of a freeze-dried
normal neuron (A) and an ion-etched
neuron (B) prepared by the conventional
Epon embedding method. The ultra-
structure of the ion-etched neuron was
not as well preserved as that of the nor-
mal neuron because of freeze-drying but
the cell membrane was completely re-
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Fig. 2. Calcium content of normal and PTZ-
treated neurons. The pair of bars at the left
shows the whole cell calcium content, the
middle bars show the calcium content after re-
moval of the cell membrane area (about 100
A), and the bars at the right are calculated val-
ues of the calcium content of the cell mem-
brane area.

moved. Figure 2 shows the calcium con-
tent of normal cells and ion-etched cells
with the membranes removed measured
by a flameless atomic analyzer (JEOL
JAA-7000; sensitivity, 0.5 part per tril-
lion) for both normal and PTZ-treated
cells. The difference between the whole
cell calcium content of a neuron dipped
into normal snail Ringer and that of a
neuron dipped into calcium-free Ringer
was negligible. This demonstrates that
more than one-fifth of the whole cell cal-

cium is distributed within the membrane
area. In the case of PTZ-treated cells,
the calcium content of the cell membrane
area was considerably increased com-
pared with normal cells, as shown in Fig.
203). ‘
These findings demonstrate that the
calcium accumulates in the cell mem-
brane area during bursting activity in-
duced by PTZ. The ion shower milling
machine provides a promising technique
for cell membrane analysis.
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The Pineal Gland: A Biological Clock in vitro

Abstract. Circadian rhythmicity was studied by following the course of N-acetyl-
transferase activity in the pineal glands of chickens in vitro. The results indicate (i) a
daily change during day 1 of organ culture in constant dark that was dependent on
the time the chickens were killed, (ii) equivocal persistence of the daily change in
constant dark during 6 to 7 days of organ culture, (iii) an effect of light, (iv) inhibition
by adrenergic agents and cycloheximide, and (v) stimulation by dibutyryl adenosine
3'.5"-monophosphate and related compounds.

Serotonin N-acetyltransferase in the
pineal gland of the chicken takes part in
the conversion of the indole serotonin to
the pineal hormone melatonin (/). There
are circadian rhythms in melatonin pro-
duction, and these are believed to be reg-
ulated by a circadian rhythm in serotonin
N-acetyltransferase activity (NAT) 2, 3).

The daily rhythms seen in NAT in the
pineal gland are thought to be of special
importance for the following reasons. (i)
The pineal gland has been established as
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the source of the circadian rhythm in
sparrows by investigators using ablation,
transplant, and hormone replacement
techniques ¢); (ii) pineal gland NAT has
in vivo a circadian rhythm that is pre-
cisely timed and regulated by light and
dark (2); and (iii) the NAT rhythm has
been observed to reach a peak in the
dark time in all species of mammals and
birds so far studied, irrespective of wheth-
er the species was nocturnal or diurnal
in behavior (5).
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In seeking the source of the daily
rhythm in NAT, we began using organ
culture to investigate NAT in pineal
glands of chickens. Whole pineal glands
were obtained for these studies from
chicks (6) that had been kept on light-
dark (LD) schedules of 12 hours of light
and 12 hours of darkness from day 1 after
hatching. The pineal glands were placed
in organ culture (7), treated in various
ways during culture, harvested from cul-
ture, and assayed for NAT (8).

In early work with the organ cultures
in constant dark we observed that a peak
occurred during day 1 of organ culture
(Fig. 1a). Some difficulties with repro-
ducing this first peak were resolved
when we discovered that the occurrence
and height of the peak on day 1 depended
on the time of day that the chickens were
killed (Fig. 2). Pineal glands of chicks
killed late in their subjective light time
show a peak coincident with the dark-
time projected from the light-dark cycle
to which the chicks had been exposed
(Fig. 2a). The height of the peak in-
creased when the chickens were Kkilled
closer to the time of projected dusk (Fig.
2a). Pineal glands of chicks killed early in
the light time did not have a peak during
day 1 (Fig. 2b). Pineal glands of chicks
killed in the dark time began with high
NAT, which declined at approximately
the time of projected dawn (Fig. 2¢) 2,
3). In other experiments we have shown
that the nature of the decline of NAT in
glands from chickens killed in the dark is
dependent on prior photoperiod length
(9). From these organ culture experi-
ments we conclude that the pineal glands
of chickens have a kind of ‘‘memory’’ of
the timing of the lighting conditions to
which their donors were exposed.

To ascertain whether the timing mech-
anism for the circadian rhythm that per-
sists in constant dark in NAT could re-
side entirely within the pineal gland, we
placed pineal glands from chickens killed
near dusk into organ culture in constant
dark for 6 or 7 days (Fig. 1b) (9). In both
of two experiments there was a peak on
day 1 and a ‘‘possible’” peak on day 2.
However, after day 1 of culture, the
NAT did not clearly oscillate, nor were
the values reproducible between the two
experiments. We consider this to be de-
batable evidence that the pineal glands of
chickens are capable of maintaining os-
cillation in vitro in constant dark.

Since the NAT rhythm is precisely
timed in vivo by environmental lighting
we examined the responsiveness of the
pineal gland to light in vitro. In an organ
culture experiment in which glands from
chicks killed late in the light time were
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exposed to lighting changes in culture,
NAT was affected by light in culture
(Fig. 3). In light-dark there was a seven-
fold peak, in constant dark there was a
fourfold peak, and in constant light (1400
lux) there was a threefold change that
could also be interpreted as a delayed
peak (/0). The avian pineal gland has
photoreceptor-like structures (1) whose
function may be to mediate the light-dark
response of NAT in vitro.

Our experiments in vivo indicate that
chicken pineal gland rhythms are not
wholly autonomous but are responsive
to signals from the body and from the
eyes: (i) The rapid decrease in NAT pro-
duced by exposing chicks to light in their
subjective dark time does occur in
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blinded chickens but is even more rapid
when the eyes are intact (2). (ii)) NAT can
be modified by the injection of a number
of substances. For example, the dark-
time peak can be prevented or delayed
by injecting chicks with cycloheximide,
isoproterenol, alcohol, histamine, epi-
nephrine, serotonin, pargyline, and L-
dopa (11). (iii) The superior cervical gan-
glion may be necessary for the per-
sistence of the rhythm in constant dark
but not in light-dark (3). The rat pineal
gland is precisely regulated by signals
originating outside the gland through an
adrenergic cyclic AMP (adenosine 3',5'-
monophosphate) mechanism (I/3).

With these facts as a basis, we made
pharmacological studies (10, 14) of chick-

Time

Fig. 1. (a) Six time courses of NAT in organ
cultures of pineal glands of chickens killed 10
hours after ‘‘lights on’’ in the late light time.
Each point is the mean for four glands =+ 1
standard error. The horizontal time axis is
number of hours from the last light-on seen by
the chickens before they were killed for organ
culture at (A). The horizontal bar below the
curves represents the ‘‘projected’’ (P) light-
dark cycle (LD 12:12) to which the chickens
would have been exposed had they not been
used for culture; N is noon and M is midnight,
Eastern Standard Time. During the actual cul-

ture the glands were in constant dark (DD). There was a positive correlation (r = .78) of peak
attained with the age of the chickens. (b) Time course of NAT in organ cultures of pineal glands
of chickens killed 10 hours after lights on in the late light time. The points in the curve are the
combined means from two separate experiments (9) that ran 6 and 7 days; each point is the
average NAT for eight glands. Only the first 3 days of culture are shown here. Otherwise as in
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en pineal glands in organ culture. In eval-
uating pharmacological results for the pi-
neal system, it is necessary to consider
the status of the glands at the time of kill-
ing (Fig. 2) because a ‘‘shift’’ of the peak
may be the result of a given chemical
rather than a true stimulation or inhi-
bition. Apparent stimulation can be
achieved with dibutyryl cyclic AMP
(103M, 1.7- to 1.8-fold), theophylline
(10~3M, 2.2- to 2.6-fold), adenosine
(103M, 1.8-fold), adenosine diphosphate
(ADP) (10°M, 1.4-fold), and AMP

(10~3M, 1.8-fold). Apparent inhibition
can be obtained with cycloheximide
(10°M, 74 percent), isoproterenol

(10~*M, 70, 33, and 28 percent), norepi-
nephrine (10~4M, 65 and 41 percent), and
pargyline (10*M, 82 and 69 percent).
The conclusions from these data are
that the pineal gland has within itself pre-
cise innate timing ability, but that it

ap
>
av

N-acetyltransferase activity
(nmole/pineal gland hour)
~Nb

2:] I - Y-S
| 4 16 1820

is also responsive to afferent stimuli.

1) The pineal gland has a ‘‘memory”’
of time in that the NAT response is de-
pendent on the time chicks are killed in a
light-dark cycle. Furthermore, when
chicks are killed late in their light time or
during the dark time, their pineals illus-
trate timed NAT responses coincident
with the projected times of dusk and
dawn for one cycle while the glands are
in constant dark. The timed peak at day 1
and the timed decline from that peak are
unequivocal evidence for timekeeping
ability by the pineal gland.

2) The question of whether the pineal
gland can, in and of itself, maintain an
endogenous oscillation with a circadian
period has been addressed by studies in
constant dark where we have found a re-
liable first day peak, a possible second
day peak, and not much for the ensuing 4
or 5 days of organ culture. We consider
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Fig. 2 (left). Time course of NAT in organ cul-
tures of pineal glands of chickens. The hori-
zontal axis is time relative to the projected light-
dark cycle (LD 12:12) represented by the 36-
hour horizontal bar over the graphs; (A) rep-
resents the start time for the cultures. Each
curve is the mean time course for cultures
started at the time indicated by the A below
the first point on the left of the curve. (O) Pi-
neal glands from the light killed chickens: (@)
pineal glands from dark killed chickens. (a)
The time course for NAT in organ cultures
started late in the light time (6 hours after
lights on, two experiments; 8 hours after lights
on, one experiment; 10 hours after lights on,

six experiments). Each point shown represents the mean for one to six experiments with four
glands per experiment (4 to 24 glands). Standard errors have been omitted for visual simplicity
but are given in Fig. 1 for six of the cultures. (b) Time course for NAT in organ cultures started
early in the light time (2 hours after lights on, two experiments). Otherwise as in (a). (c) The time
course for NAT in organ cultures started at four times during the dark time [2, 4, 6, and 8 hours

after lights off (2, 3)]. Otherwise as in (a).

Fig. 3 (right). Time course of NAT in organ cul-

tures of pineal glands of chickens killed in the late light time but cultured under three different
lighting conditions. Temperature, measured with a standard laboratory centigrade thermometer,
was 37°C in all conditions. The fluorescent light source, a 20-watt Cool White fluorescent bulb,
was separated (for insulation) from the cultures by a glass door, plexiglass chamber wall, plastic
culture dish, and, in the case of dark by 3-mil black plastic. The horizontal bars below the graphs
represent the lighting conditions during culture. The light-dark cycle for the culture was set at
the same on-off times as the light-dark cycle to which the chicks were exposed prior to killing.
The chicks were 23 days of age when they were killed for the experiment; the cultures were run

simultaneously. Otherwise as in Fig. 1.

1200

the data to be equivocal regarding an en-
dogenous oscillation because (i) the pi-
neal glands may be simply losing their in-
dividual phase relationships, (ii) culture
conditions may be inadequate in some
way to support persistence of the oscilla-
tion, or (iii) the data may reflect a true
inability of the gland to maintain the os-
cillation indefinitely on its own. The fact
that killing time affects the resultant peak
on day 1 indicates to us that a ‘‘buildup”’
of some capacitating factor is necessary
for a daily peak to occur, somewhat like
an hourglass (Fig. 2).

3) The chicken pineal gland is directly
responsive to light and dark.

4) Pharmacological manipulation of
the chick pineal glands in organ culture
(supported by injection experiments) re-
veals pineal responsiveness to chemical
stimuli. The data support a possible cy-
clic AMP involvement in the initiation of
NAT, protein synthesis involvement in
the initiation of NAT, and adrenergic in-
hibition of NAT for chicks. However,
we have not observed the large stimula-
tory effects of cyclic AMP and adrener-
gic agents reported for the rat, and, in-
deed, the chick adrenergic response
seems to be opposite (inhibitory) from
that seen in the rat (stimulatory).

The data in vitro match data pre-
viously obtained in vivo except that the
NAT rhythm persists in constant dark in
vivo for at least 2 weeks (2, 3, 15).

Our results indicate that pineal gland
NAT is a biological clock, a device that
measures time, in vertebrates. However,
pineal experiments with birds have not
readily been verified from one species to
the next. In vertebrates there is evidence
for other clocks or oscillators located in
the hypothalamus-pituitary-adrenai sys-
tem (/6). Many organisms lack a pineal
gland altogether although indoles are
commonly found in both plants and ani-
mals. It is not yet clear to what extent
the mechanism for timing in the pineal
gland relates at a cellular level to other
circadian biological clock systems.

SUE A. BINKLEY
J. B. RIEBMAN
K. B. REILLY
Biology Department,
Temple University,
Philadelphia, Pennsylvania 19122
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r and K Selection in Experimental Populations of Escherichia coli

Abstract. Populations were adapted in vitro under density-dependent and density-
independent population controls. Comparison of strains fails to demonstrate any
trade-off in adaptation under these population controls.

Although early efforts in ecology and
population dynamics have been con-
cerned principally with identifying and
describing the action of population con-
trols, more recent studies have sought to
relate those controls to particular spe-
cies’ life history features. The most
prominent such theory terms the action
of population controls on species charac-
ters as r or K selection.

The term r selection refers to selection
exerted by a density-independent type of
population control under which growth
is continuous and the population infre-
quently or never reaches its limit (7).
This is thought to selectively favor an in-
creased growth rate, a reduced body
size, and reduced interspecific com-
petitive ability. The term K selection re-
fers to the effects of density-dependent
regulation where the population is usual-
ly at its saturation density and seldom
undergoes prolonged periods of growth.
Natural selection here promotes a re-
duced growth rate, increased body size,
and greater efficiency in competition and
the use of resources.

Although this hypothesis makes nu-
merous explicit predictions regarding the
effects of these types of selection on par-
ticular life history features, the most fun-
damental provision of this theory is that
adaptation under r and K selection re-
sults in a trade-off. That is, the effects of
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selection are opposed: Adaptation to K
selection reduces fitness or effectiveness
under the conditions in which r selection
occurs and vice versa.

Since unpredictable weather s
thought to function as a density-inde-
pendent control, the effects of r and K
selection are assumed to be continuously
distributed along climatic gradients, with
K selection (density-dependence) pre-
dominating in stable climates and r selec-
tion (density-independence) predomi-
nating where climate is harsh and unpre-
dictable. Tests of this hypothesis, there-
fore, have often consisted of extensive
comparisons of life history features in
populations distributed along climatic or
latitudinal gradients (2).

To determine whether populations are
controlled dependently or independently
of density is difficult, however, at best
). Such studies, therefore, usually fail
to attribute the observed demographic
features with surety to either type of
control. Nevertheless, the terms r se-
lected or K selected are often applied to
species simply because their life history
features fit the expected pattern ).

I report here a direct experimental test
of this theory. In this study, r and K se-
lection are applied to experimental popu-
lations of prokaryotic organisms in con-
trolled environments, and adaptations in
life history features under these controls

+ -
s ’Vho,, Fo B
,,",,",,;f’ h/ o
'I"",{/’
1.0 "’é?I ~— K- selection
’5, —o r selection
I
0.5 ,",l
,,:” Generations
0 200 400
0.5
1.0
1.5

h:/ho h’:(I h I

Fig. 1. (A) The growth of populations under r and K selection. As applied in experiments,
populations under density-independent control are rarefied by serial transfer before reaching
high density. Under density-dependent control, populations are usually at their limit. (B) The
ratio of markers (h*/h~) diverges as strains adapt under r and K selection. Crosses (X) indicate
the point at which adapted strains were isolated and repurified from populations under selec-
tion. Rapidly diverging ratios of h*/h~ (dashed lines) show the superiority of adapted strains
(h*x or h*,) in competition with parental strains (h*).
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