sponding to the least contaminated sam-
ples) we obtain a range of ages from
139,000 to 160,000 years B.P. Although
this range lies within the statistical error
limits of the individual determinations, it
may in fact be real because each sample
dated has a separate stratigraphic loca-
tion and stalagmites of such dimensions
usually require a period of at least this
duration to develop (/7).

The maximum estimated tectonic sub-
mergence (/2) of this site in 150,000
years is about 3 m; therefore, sea level
was at least 42 m below its present level
during this period (Fig. 1). It is likely that
a lowering of more than 42 m took place
because there has been sufficient time for
cave passages to develop and integrate
and large speleothems to form. It is
tempting to suggest that rising sea level
at the end of the Illinoian glaciation may
have terminated growth of these stalag-
mites, but unfortunately the younger
(outer) layers of the stalagmites, which
might demonstrate this effect, have been
totally replaced by marine deposits.
Neumann and Moore (/8) have observed
a high sea stand on Andros Island at +6
m above sea level, which correlates with
the maximum sea level of the last inter-
glacial (isotopic stage Se, see Fig. 1).
Correcting for tectonic submergence,
sea level on the Bahamas platform must
have risen at the end of the Illinoian at no
less than 3.2 m per 1000 years. Further,
deeper dives into these blue holes may
allow us to establish a time scale for a
large part of glacial sea-level lowering.
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Isolation of a Deep-Sea Barophilic Bacterium

and Some of Its Growth Characteristics

Abstract. A bacterium, a spirillum, has been isolated from a deep-sea sample and
has been found to grow optimally at about 500 bars and 2° to 4°C. These conditions
are similar to those prevailing at the 5700-meter depth from which the sample was
collected. The organism grows at these pressures and temperatures with a genera-
tion time of between 4 and 13 hours; at atmospheric pressure and 2° to 4°C, the

generation time is about 3 to 4 days.

Barophilic bacteria are those that
“‘grow preferentially or exclusively at
high hydrostatic pressures’’ [(/), p. 771].
ZoBell and Morita (2) have described
some characteristics of an obligately
barophilic bacterium that functioned
slowly at 700 bars, and they have found
other probably barophilic bacteria asso-
ciated with deep-sea animals. Recent ef-
forts to isolate barophilic bacteria, let
alone obligately barophilic ones, have
been less successful. Schwarz et al. (3)
and Jannasch and his colleagues ¢, 5)
have found only barotolerant bacteria.
We report here the isolation and some
growth characteristics of a barophilic
deep-sea bacterium.

Amphipods (crustaceans) that had
been retrieved alive (6) were maintained
at deep-sea temperatures and pressures;
after they died, deep-sea conditions of
temperature (2° to 4°C) and pressure (580
bars) were maintained in the trap for §
months. During that time autolytic and
microbial processes led to the disin-
tegration of the amphipod tissues. We
then decompressed and opened the trap
and found that it contained clear sea-
water overlaying a turbid suspension; an
examination of this suspension with
phase microscopy revealed the presence
of bacteria. This suspension was used as
the inoculum for the cultivation of bac-
teria. The deep-sea bacteria in this in-
oculum could have originated from the
exterior of the dead animals (7), from the
seawater, or from the gut of the amphi-
pods 8).

We grew colonies of bacteria at high
pressure in silica gel (9) containing nutri-
ent medium. The silica-gel medium was
inoculated at 2°C and atmospheric pres-
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sure, and it gelled within 10 minutes.
Test tubes containing the gelled medium
were sealed, placed in pressure vessels,
and incubated at 570 atm and 2° to 4°C.
After 3 weeks, the vessels were decom-
pressed; four colonies were randomly se-
lected and were used to inoculate more
pour tubes. We examined these tubes af-
ter 5 days and found that they contained
colonies. Such a rapid appearance of col-
onies suggested that the bacteria had a
rapid doubling rate (/0). One of these
colonies was found to contain axenically
a spirillum-like organism that did not
grow into colonies in pour tubes in-
cubated at atmospheric pressure for sev-
eral weeks—the organism was apparent-
ly barophilic. The morphology of the
cells is shown in Fig. 1. Cultures estab-
lished from this colony served as the in-
ocula for the experiments described be-
low.

The data in Fig. 2 show the amount of
growth (increase in cell numbers) ob-
served in separate cultures that were be-
gun with parts of the same starting cul-
ture and that were incubated at different
pressures for the same amount of time (7
days). The curve shows that growth oc-
curs at pressures between atmospheric
pressure and somewhat above 825 bars.
We calculate a maximum doubling time
of 86 hours at atmospheric pressure. The
optimum pressure for growth, about 500
bars, was not accurately determined by
this experiment, probably because the
incubation was too long (7 days). The
growing cells were thus able to reach the
concentration of 2 X 108 to 3 x 108 cells
per milliliter, which is the maximum cell
yield possible under these growth con-
ditions. This pressure dependence has
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been observed in four additional experi-
ments which include growth in a mixed
culture and which were done with the
same protocol as in the first experiment
but in the silica-gel medium. We deter-
mined the cell concentrations by micro-
scopic counts. The optimum growth
pressure in these experiments was be-
tween 425 and 500 bars at 2° to 4°C. The
distribution of cell size was narrow in
those cultures at 282, 480, and 518 bars
but was broader in those cultures at 104,
656, and 725 bars.

We have observed doubling times of
between 4 and 13 hours at a pressure of
580 bars, equivalent to that at the depth
where the bacterium originated, in more
than five experiments at 2° to 4°C. This
generation time for the spirillum in pure
culture is coincidentally about the same
as the one deduced by Seki et al. (11) for
his in situ experiments. A doubling time
more rapid than this was observed in a
single experiment with bacteria in mixed
culture at 700 atm by Schwarz et al. (12).
Isolates from this mixed culture, how-
ever, have been organisms with slower
doubling times of about 24 hours at deep-
sea conditions, and none have shown
barophilic growth (/2).

There is evidence (/3) that the baro-
philic or barotolerant nature of some
organisms can be lost during laboratory
maintenance at atmospheric pressure.
The bacterium CNPT-3 has not lost any
of its barophilic characteristics after at
least ten transfers but is maintained at
580 bars between transfers.

Jannasch and Wirsen ¢) have argued
that, since psychrophiles are sensitive to
temperature increases, barophiles might
be sensitive to decompressions. The
barophilic spirillum that we have isolated
is apparently not inactivated by decom-
pression, although its apparent growth is
considerably slowed (Fig. 2).

Some of our knowledge of how deep-
sea microbes function is derived from
studies of microbes that are isolated
from deep-sea samples but that do not
grow best under high pressures and low
temperatures (/4). The determination of
which of these microbes are truly deep-
sea inhabitants is a difficult question to
answer because deep-sea temperatures
and pressures are not necessarily lethally
hostile to intruders from shallow waters
(15) who could metabolize, albeit slowly,
in the deep sea. It is also possible, as has
been pointed out by Jannasch and Wir-
sen ¢), that slow growth may be advan-
tageous in the deep sea. Slow growth
may be characteristic of some microbial
communities ¢, 5), rapid growth of oth-
ers (3). It remains to be shown whether
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Fig. 1. The spirillum bacterium CNPT-3 as
seen with the scanning electron microscope.
The scale is 1 um.

the isolate CNPT-3 will exhibit rapid
growth when reintroduced into the deep
sea or when placed in environments that
simulate the deep sea not only in temper-
ature and pressure but also in nutrient
supply, sediment type, trace-element
concentrations, microbial community
structure, and many other variables.
Most of the work on the mechanisms
of pressure effects on microbial cells has
been carried out with relatively well
studied microbes such as Escherichia
coli, Streptococcus faecalis, and Tet-
rahymena pyriformis (16, 17). Protein
synthesis, energy metabolism, cell divi-
sion, and other processes have been
found to be pressure-sensitive, and each
has been often investigated as the de-
terminant of cellular pressure sensitivity.
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Fig. 2. The amount of growth at each of 15
different pressures in cultures begun with the
same inoculum size (indicated by the dashed
line). The incubations were for 7 days at the
indicated pressures and at 2° to 4°C. The me-
dium was a standard 2216 marine broth (Dif-
co). The concentration of cells was deter-
mined with a Coulter counter (30-um aperture
tube and 100-ul manometer) (Coulter model
B). We checked all samples for the presence
of a monoculture of the spirillum, using phase
microscopy.
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All views may prove to be correct since
barophilic cells may be shown to be like
thermophilic cells, which show exten-
sive (I18) although subtle (/9) molecular
adaptations. Further work with the spi-
rillum CNPT-3 should help to define es-
sential changes in molecular architec-
ture.

We feel that it is a significant break-
through to be able to cultivate a rapidly
growing barophilic deep-sea bacterium.
The physiology, molecular biology, and
radiation biology of this cell can now be
studied. New products for bioengineer-
ing may emerge; for example, enzymes
with unusual specificities may be found
and certain barophilic cells may prove to
be ideal vehicles for recombinant DNA-
directed synthesis. The latter may be
feasible if it can be established that cer-
tain barophilic species die at atmospher-
ic pressure. They would then be evolu-
tionally designed to be a contained sys-
tem.
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Voltage-Dependent Calcium and Potassium Ion Conductances:

A Contingency Mechanism for an Associative Learning Model

Abstract. Persistent light-induced depolarization results from Ca** influx across a
photoreceptor membrane. The marked dependence on potential of this Ca*" influx
and a Ca**-dependent K+ efflux accounts for enhancement of the light-induced depo-
larization when light is paired with rotation. A positive feedback cycle between light-
induced depolarization and synaptic depolarization due to stimulus pairing can ex-
plain long-lasting behavioral changes produced by associative training but not con-
trol paradigms. The sensitivity of this Ca** influx to intracellular levels of adenosine
3',5"-monophosphate suggests biochemical steps for this model of associative learn-

ing.

Learning, as it has been most general-
ly defined, refers to a change of an ani-
mal’s behavior as a result of training.
Specific definitions of learning have been
quite different, depending on the view-
points and interests of individual investi-
gators. Habituation, the decrement of a
behavioral response with repetition, has
been regarded by some as a simple form
of learning. Others require in their defini-
tions features of associative learning (/)
such as pairing specificity or contin-
gency, acquisition, retention, and stimu-
lus specificity.

It cannot be assumed that these phe-
nomena (habituation, sensitization, con-
ditioning, and so forth) depend on com-
mon neurophysiologic and biochemical
mechanisms. It is quite reasonable that
the training regimens and neural net-
works important for a nonassociative
process such as habituation involve cel-
lular bases different from those that
underlie associative learning.

One approach to the study of cellular
mechanisms responsible for learning is
to use relatively unevolved species that
have fairly uncomplicated neural sys-
tems. Changes within these neural sys-
tems are sought as they relate to behav-
ioral changes produced by training pro-
cedures.

An outstanding disadvantage of these
species for this approach has been their
rather limited capacity for learned be-
havior. Yet, for any possible general-
izability of mechanisms uncovered in
“*simple’” neural systems, the learned
behavior should closely resemble that of
higher organisms. Learning behavior of

gastropod molluscs (which have ‘‘sim-
ple’’ neural systems) cannot be identical-
ly compared to the sophisticated learning
(such as conditioning) of which primates
are capable. However, enough might be
found in common for learned behavior of
lower organisms and more evolved spe-
cies to direct our attention to common
biologic principles.

In previous studies, I have found that
movement of the Pacific nudibranch
Hermissenda crassicornis toward a light
source is markedly reduced after repeat-
ed pairing of a light stimulus with rota-
tion (2). Crow and Alkon showed that
this behavioral change is associative
(that is, randomized light and rotation do
not produce the same effect), persists for
at least several days after training, and
increases with practice (2). Specificity of
this training effect was suggested by the
fact that trained animals did not show
changes in responsiveness to food (3).
Thus, this behavioral change of Hermis-
senda shares defining features of, and
can serve as a model for, associative
learning (3).

Because of the relative simplicity of
the Hermissenda nervous system it has
been possible to ascertain many of the
invariant aspects of the three sensory
pathways essential to the associative
learning model: the visual, statocyst, and
chemosensory pathways (4). These three
sensory pathways interact with each oth-
er, but are selectively responsive to the
sensory stimuli (light, rotation, and food)
used for the training and control proce-
dures (4, 5). Within these neural systems
of Hermissenda specific changes oc-
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curred only in animals subjected to asso-
ciative training paradigms and not to
control paradigms (5, 6).

A possibly primary neural change
(which could account for the other
changes within the networks) occurred
within the type B photoreceptor (6). This
involved, in part, persistent depolariza-
tion and increased membrane resistance
of this cell. I describe here how this cell,
through its receptor and membrane prop-
erties, in addition to its synaptic relation-
ships, provides for the associative nature
or contingency of the associative learn-
ing model. The sensitivity of this cellular
mechanism for contingency to intra-
cellular adenosine 3’,5'-monophosphate
(cyclic AMP) also suggests biochemical
mechanisms for the behavioral changes
produced by the associative training pro-
cedure.

There are three type B (and two type
A) photoreceptors in each of two Her-
missenda eyes. These photoreceptors
have identifiable loci, geometries, and
electrophysiologic characteristics (4).
The type B photoreceptor, locdted in the
anterodorsal portion of the eye, is ~ 35
wm in diameter. Its axon, ~ 1 um in di-
ameter, leaves the base of the eye, enters
the optic nerve, passes ensheathed
through the optic ganglion (for ~ 50
um), enters the optic tract, and termi-
nates in a spray of fine endings ~ 20 um
from its point of entry into the cerebro-
pleural ganglion. Simultaneous intra-
axonal and intrasoma recordings (4) and
lesion experiments indicate that the gen-
erator potential arises at the rhabdome of
the cell body and spreads passively
down the axon. Impulses arise within the
axon near the cerebropleural ganglion
point of entry but do not actively invade
the cell body. Synaptic interactions only
occur at the terminal endings.

Thus, a lesion (cut nerve) proximal to
the impulse-generating zone leaves a cell
body that contains the phototransduc-
tion apparatus without impulses or syn-
aptic interactions. Voltage and current
clamp recordings can then be made with
two electrodes in the cell body under fa-
vorable space-clamp conditions (7).

Type B photoreceptors in cut nerve
preparations depolarize for 1 to 2 min-
utes (Fig. 1A) after a 30-second light step
of moderate intensity (10° to 10* erg cm—2
sec™!). This long-lasting depolarization
(LLD) was always associated with a
membrane resistance 1.5 to 3 times high-
er than the resting or dark value (8). Pos-
itive current injection, causing depolar-
ization comparable to that produced by
light, was not followed by an LLD or in-
creased membrane resistance. With suf-
ficient hyperpolarization during the light
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