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Fig. 1. Oxygen consumption in vitro of
brain slices of Trematomus bernacchii.

vitro (Fig. 1) show an interesting re-
lation to the lethal-temperature data.
The oxygen consumption values were
determined manometrically (8) with a
medium described by Ekberg (9). After
a fish had been killed by severing its
spinal column immediately posterior to
the brain, the roof of the skull was cut
away,
moved and placed in chilled Ringer
solution. After the meninges had been
removed, the brain (excluding the hy-
pophysis) was sliced into thin sections
with a scissors. The tissues were im-
mediately added to the manometer flasks
that contained chilled medium. After a
15-minute period of temperature equili-
bration, readings were taken at a single
temperature at 10-minute intervals for
3 hours. The metabolic rate. Qo,, based
on the Ist hour of oxygen uptake, is ex-
pressed as microliters of O, per milli-
gram of tissue (dry weight) per hour.

While it may be somewhat inaccurate
to use data on brain metabolism in
vitro as an index of the brain’s ability
to function adequately in vivo, the
data (Fig. 1) nevertheless suggest that
some type of breakdown occurred in
the brain tissue at temperatures near
the upper incipient lethal temperature.
Extensive tissue disintegration in the
Warburg flasks was also observed at
temperatures of 5°C and higher. Stud-
ies of the metabolism in vitro of brain
tissue of other fish species have yielded
similar results (/0). Wohlschlag (5) ob-
served a decrease in the whole organism
metabolism of 7. bernacchii at tem-
peratures of 1° to 3°C.

The metabolism in vitro of gill tissue
of T. bernacchii did not exhibit this
sharp sensitivity to temperature (71).
This suggests that the thermal sensitivity
of the central nervous system may be
of primary importance in determining
the thermal tolerance of the whole or-
ganism.

The site of thermal injury within the
brain tissue cannot be conclusively de-
termined from our data. However,
the different sensitivities of brain and
gill tissues to thermal injury and the
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and the entire brain was re-

low temperature at which impairment
of brain metabolism occurred suggest
that thermal death was not due to ex-
tensive enzyme denaturation. If di-
rect thermal inactivation of one or
more of the important cellular enzymes
had been the result of exposure to the
upper inicipient lethal temperature, an
unlikely possibility at 5°C, then a
similar pattern of inactivation would
probably have occurred in both tissues.
The rate of reaction ‘of an isolated
enzyme system from T. bernacchii
actually increased linearly with tem-
perature up to approximately 30°C
(11). However, one cannot exclude the
possibility that the brain possessed par-
ticularly thermolabile enzymes.
Nonenzymatic loci of thermal injury
have been proposed. Heilbrunn (72)
hypothesized that thermally caused
changes in the biophysical state of the
cellular lipids can lead to death. Study
of the lipid composition of goldfish
brain as a function of the acclimation
temperature (/3) supports Heilbrunn’s
hypothesis; it appears that the chemi-
cal properties of the brain lipids are
adjusted during temperature acclima-
tion to permit the maintenance of a
constant “liquid crystalline” state of
the cellular membranes (13). The tem-
peratures at which this requisite bio-
physical state is disrupted may be
considerably less extreme than the tem-
peratures at which enzyme denaturation
occurs. Thus, thermal death of the
Trematomus fishes at 6°C may have
resulted from  subtle  biophysical

changes in the cellular lipids, perhaps
the membrane lipids, rather than from
direct thermal destruction of enzyme
function.
GEORGE N. SOMERO
ARTHUR L. DEVRIES
Department of Biological Sciences,
Stanford University,
Stanford, California 94305
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Maternal and Environmental Influences on the

Adrenocortical Response to Stress in Weanling Rats

Abstract. Handling rat pups either for 10 or 20 days after birth resulted in a
reduction of adrenocortical steroids in the plasma at weaning after the pups were
exposed to novel stimuli as compared with controls that were not handled. Non-
handled offspring of mothers which had been handled in infancy also show a re-
duction in plasma steroids in response to novel stimuli when compared to non-
handled weanling rats of nonhandled mothers. Handling of the offspring when
they are infants appears to counteract the influence of the experience of the mother

during her infancy.

Stimulation of an infant rat marked-
ly affects the adrenocortical response
to novel stimuli. Rats handled in their
infancy from days 1 to 21 exhibit
a significantly reduced steroid response
after they are exposed to novel condi-
tions in adulthood (/). Denenberg
and Whimbey (2) report that, in rats,
the offspring of mothers that had
been handled in infancy were heavier

at weaning as compared to offspring
of mothers that had not been handled.
Further, the experience of the mother
during her infancy resulted in differen-
tial open-field behavior of the pups
when they reached adulthood. The two
experiments reported here were de-
signed to investigate the question
whether handling during infancy would
affect the steroid response of pre-
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pubertal weanling rats after they were
exposed to novel stimuli, and second,
to study the interaction between the
experience of the infant pup and the
experience of the mother in infancy
on changes in plasma corticosteroids
induced by novel stimuli.

For the first experiment 81 rats
(Long-Evans) were used. The animals
were 21 days old at the time of test-
ing; they were from litters containing
8 to 10 animals. There were 42 males
and 39 females.

The rats were reared in a light- and
temperature-controlled colony room on
solid-bottom breeding cages which
were enclosed except for the cage top.
Food and water were delivered exter-
nally. Litters were assigned randomly
to a group handled for 10 days, a
group handled for 20 days, or a group
that was not handled. The handling
procedure consisted of removing the
entire litter from the mother, placing
the litter in a plastic cage for 3 min-
utes, and then replacing it in the nest.
On day 21 approximately half the ani-
mals in each group were rapidly re-
moved from the home cage and quick-
ly decapitated. The remaining animals
within each group were placed in an
Akromills stock cabinet, model JD,
with compartments 3.8 cm high, 6.82
cm wide, and 13.64 cm long. The
animals were retained for 15 minutes
at which time they were decapitated
and a blood sample was obtained.
The stock cabinet has proved effective
in eliciting an elevation of adrenal cor-
ticosteroids in mice (3). The blood was
collected in heparinized beakers and
plasma corticosteroids of individual an-
imals were determined by the method
of Glick, Redlich, and Levine (4).

There were no apparent differences
in the steroid response as a function
of sex, therefore the data presented
in Table 1 are values of male and
female weanlings. Table 1 summarizes
the plasma corticosterone concentra-
tions of both the control and novelty
(stress) conditions for the various ex-
perimental groups. For all groups there
was a marked and highly significant
elevation of plasma corticosterone af-
ter they were exposed to the novel
situation. However, there were differ-
ences among the groups in the magni-
tude of this response. Although there
were no significant differences between
the manipulated groups that had been
handled for 10 days as opposed to
those that had been handled for 20,
both groups differed significantly from
the controls that had not been handled
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Table 1. Plasma corticosterone concentration
(mean and standard error of the mean) for
control animals and animals exposed to novel
stimuli for 15 minutes. The number of ani-
mals per mean is given in parentheses.

Plasma corticosterone

Handling (u8/100 mi)
(days)
Control Experimental
None 20.8=+=20 (14) 387=x=13 (14)

10 181 =12 (14)
20 14.8 =0.99 (15)

31.0 = 0.94 (10)
29.6 = 1.5 (14)

(t = 4.27, P < .005, t =4.45, P < .005).
In the case of the nonhandled control
animals, however, there was also a

“significant difference in the basal con-

centrations of plasma corticosterone.
This difference, however, was only
significant when compared to the basal
concentrations of plasma corticosterone
of the animals handled for 20 days.
The difference in concentrations of
plasma corticosterone between the rats

~handled for 10 days and the control

rats not handled was not significant.

In the second experiment 92 wean-
ling rats of both sexes were used to
investigate the effects of the experience
of the mother during her infancy on
elevations in plasma adrenal steroids in-
duced by novel stimuli. The mothers
used in this study had been bred in
this laboratory. Half the females with-
in each group had previously been
handled from days 1 through 20. The
other- half were controls that had not
been handled. The pups of either the
handled or nonhandled mothers were
divided into two groups. The first
group was handled from days 1
through 20; the second received no
treatment during . infancy. When the
rats were 21 days old, the procedures
used in the first experiment were fol-
lowed identically. In this experiment
weanlings from at least three litters
of handled and three litters of non-
handled mothers were studied under
each condition (Table 2).

Table 2. Plasma corticosterone concentration
(mean and standard error of the mean) for
the different groups. The number of animals
per mean is given in parentheses. Abbrevia-
tions: M, mother; P, pups; N, nonhandled;
H, handled.

Infant
expe-
rience

Plasma corticosterone
(ug/100 ml)

Control Experimental

211 +228(8)
11.39 = 0.96 (8)
12.84 = 1.22 (9)
19.23 =+ 1.88 (9)

45.67 + 232 (8)
34.34 = 3.27 (8)
25.31 = 3.24 (9)
28.68 = 3.29 (9)

mmZzZ 2
mZmZ o

The analysis of variance for the
second experiment indicated no sig-
nificant main effect attributable to the
experience of the mother in her in-
fancy; however, there was a significant
difference (f = 100.7, df 1, 64, P <
.001) as a funciion of exposure to
the novel situation and a significant
effect of manipulation of the infant
offspring (f = 15.32, df 1, 64, P
< .001). However, the interaction be-
tween the experience of the mother
during her infancy and handling of
the pups was significant (f = 20.90, df
1, 64, P < .001) (Table 2).

Thus, nonhandled weanling rats

- reared by mothers that had been

handled in their infancy showed a re-
duced steroid response to novel stimu-
li as compared to controls reared by
mothers that were not handled in in-
fancy. However, handling the pups be-
fore they were weaned tended to ob-
literate the effects of the experience
of the mother in infancy.

These studies indicate that the ex-
perience of the offspring during infan-
cy and the experiences of the mother
during her infancy both affect the
weanling’s adrenocortical response in-
duced by exposure to novel stimuli.
The results of the first experiment
bear directly on the question of the
maturation of the capacity of the or-
ganism to show “emotional” responses
to novel environments. Candland and
Campbell (5) report that weanling rats
show minimal fear responses as indi-
cated by the lack of defecation after
the rats are exposed to a 2.1-m open
field. They interpret these data as in-
dicating that any type of novel stimula-
tion would provide less stress for the
infant rat than for more mature ani-
mals. However, the data from this
study and other data obtained by use
of the open field (6) demonstrate that
the weanling rat responds with a
marked increase in adrenal steroids—
similar to that observed in the adult
rat—after they are exposed to novel
stimuli. It should be noted that while
Candland and Campbell were con-
cerned with, as they define it, “emo-
tional behavior,” my study was con-
cerned primarily with one of the phys-
iological responses associated with
“emotional” states. Thus it is possible
that the maturational sequence neces-
sary for the mature expression of fear
behavior is different from the matura-
tion of neuroendocrine function in-
volved in the response of the hypo-

thalamo-hypophyseal adrenal system.
The developmental pattern of the
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steroid response to stress has been de-
scribed (7).

The results of the second experiment
establish that the experiences of the
mother during her infancy markedly
affect the steroid response of her pups.
Thus the offspring of handled mothers
showed a reduced steroid response to
novel conditions when compared to
offspring of nonhandled mothers. How-
ever, if the offspring are themselves
handled, these differences are abol-
ished. These data can be interpreted
in either of two ways. First, direct
stimulation of the pups is so profound
that it overrides the maternal influence.
Second, handling the infant results in
changed maternal behavioral and phys-
iological processes, and disturbance of
the mother as a function of handling
the infant tends to counteract the in-
fluence of the experience of the mother
during her infancy. Work in our labo-
ratory suggests that maternal stress or
treatment of the mother with adreno-
corticotropic hormone during nursing
significantly  affects neuroendocrine
maturation and later behavior (8).

There is sufficient experimental evi-
dence (9) to indicate the importance

Internal Behavior in Fish Schools

of maternal influences on subsequent
performance both in terms of physio-
logical functions and behavior of the
offspring.

SEYMOUR LEVINE
Department of Psychiatry,
Stanford University School of
Medicine, Palo Alto, California 94304
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Abstract. Structural changes within fish schools correlate with declines in en-
vironmental oxygen. The changes may result from the responses of individual
fish to the environmental consequences of group metabolism. Individual behaviors
are adaptive to the school in that they tend to maintain stability between school

‘members and their environment.

During late fall in North America
striped mullet, Mugil cephalus, form
dense reproductive schools and mi-
grate from bays of the Gulf Coast
and southern portions of the eastern
seaboard into the open sea. Since the
mullet are large (20 to 40 cm), often
school at the surface, and usually must
migrate through passes into the ocean,
extended observation of school struc-
ture is possible. We have accumu-
lated data on types of schools and
their alterations. When viewed from
above the schools resemble geometric
figures, such as circles, discs, ellipses,
triangles, wedges, crescents, and lines.
Internal structure is often modified
within seconds or minutes, causing
school shape to change in a kaleido-
scopic fashion. Normally the schools
are composed of a large proportion
of polarized individuals. Change in
school shape may or may not involve
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disruption of this parallel orientation,
but if it does, disruptions are transient
or localized within areas of the school.
Individual members of a school con-
tinually exchange positions through
slight alterations of swimming speed or
direction even if school shape is not
altered. Similar behaviors have been
noted in other schooling species (see
1-5).

Several factors may cause school
structure to change. Nonenvironmental
factors, such as variation in individual
tendencies to associate or disassociate,
could result in the described group be-
haviors. The importance of these and
other innate tendencies are difficult to

assess. Environmental factors that
might operate include temperature,
light, salinity, water currents and

waves, predation, feeding, bottom to-
pography, and water chemistry. Of
these factors we believe that levels of

temperature, light, salinity, and water
movement are too homogeneous in
marine environments to be responsi-
ble for the continuous changes ob-
served in behavior. School structure
changes in response to acute preda-
tion but it is usually recognizable as
a radiating eruption of portions of the
school from the water surface (2). It
bears no resemblance to the slower
and continuous modifications of school
structure described here. The constant
shifting in position of individuals with-
in mullet schools, however, could func-
tion in feeding. Positional shifts would
place fish in a forward and, presuma-
bly, a favorable position for feeding
even if the position were maintained
for only short periods. But it seems
unlikely that all of the school shapes
and transitions observed can be solely
ascribed to feeding behavior. Examina-
tion of the stomach contents of 20
mullet taken from migrating schools
in November 1966 revealed that these
fish had not been actively feeding for
some time before being caught. In gen-
eral, striped mullet feed in Iloosely
associated groups and not just before
spawning (3).

The most obvious chemical factors
that may be involved include soluble
gases and dissolved organic substances
of inter- or intraspecific origin. Of
these factors only respiratory gases
{oxygen and carbon dioxide), dissolved
substances such as organic wastes, and
perhaps specific organic secretions
(pheromones) of intraspecific origin
seem likely candidates. Only the res-
piratory gases, however, can be easily
and rapidly analyzed in the field.

If we assume that respiratory gases
may effect certain changes or charac-
teristic “postures” in school structure,
then the following sequence of events
may take place. Reduction of dissolved
oxygen and increase of carbon dioxide
from school metabolism may be sensed
by individual fish. This detection of
altered environmental-gas concentra-
tion could induce modified behaviors
such as changes in direction (orienta-
tion), spacing, and swimming velocity.
The overall result would be the ob-
served tendency toward continuous
variability in group behavior. This hy-
pothesis implies that individual phys-
iological and behavioral response is
transferred into social behavior in such
a manner that it shortens the ex-
posure of individual fish to less favor-
able conditions (low oxygen, high car-
bon dioxide and low pH, or both). In-
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