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TABLE V. Effects of a-TGdR, 6MP, and g-D-ara-
6MP on Production of 198 (IgM) and 78 (IgG)

Antibodies.
Log, titer
Day 5 Day 10 Day 17
Drug 198 78 198 78 198 78
Controls 8 <1 <1 10 <1 9
ﬂ-D-a.l'a-GMP (60) ” ” ” ” ”» ”
6-MP (60) 7 7 6 <1 7 <1
a‘TG’dR (30) <1 2 <1 ” ” 2

Female Swiss mice each received 0.25 ml of a
309% suspension of tanned sheep blood cells on day
0. 6-Mercaptopurine (6-MP), 60 mg/kg, was given
once daily for 4 days starting on day 0. The a-D-
2’-deoxythioguanosine (a-TGdR), 30 mg/kg/day,
and g-D-arabinosyl-6-mercaptopurine (g-D-ara-
6MP), 60 mg/kg/day, were given in 2 divided
doses daily for 10 days beginning on day —1. All
values are from pooled sera from 5 mice.

of the humoral antibody response was not
sustained. The decreased effectiveness of
B-D-ara-6MP and Me6MPR in prolonging
skin grafts between mouse strains differing
widely at the strong H-2 locus would im-
ply that these agents would best be employed
in individuals given homografts with relatively
similar antigenic makeup.

The results of the study presented here,
however, indicate that the future design of
more potent, non-toxic, and specific immune
suppressants for application in organ homo-
transplantation is possible.

Summary. Six drugs that produced in-
creased skin homograft survivals in mice were
tested for inhibition of induction of humoral
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antibodies. Three of these drugs (6-MP,
a-TGdR, and Me6MPR) were found to in-
hibit humoral antibody formation and three
(B-L-6MPR, B-D-ara-6MP, and 6-DMHP)
did not. These results implied that it is pos-
sible to design specific suppressants of the
homograft response.

We wish to thank Drs. Leon Goodman, E. Reist,
and E. Acton for supplies of the B-L-6MPR, a-
TGdR, and the §-D-ara-6MP. We also acknowledge
helpful discussions with Dr. G. A. LePage and
valuable comments from Dr. G. H. Hitchings, Bur-
roughs Wellcome & Co.
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Interaction Effects of Environmental Stress and Deuteron Irradiation of
The Brain on Mortality and Longevity of C57BL/10 Mice.* (32397)

J. M. Oroy, T. Samorayski, W. Zeman, aNp H. J. Curtis
Cleveland Psychiatric Institute, Cleveland, Ohio, Indiana University Medical Center,
Indianapolis, Ind., and Brookhaven National Laboratory, Upton, N.Y.

Current biological theories of aging can be
divided into two general and contrasting cate-
gories(1). According to the “stochastic” theo-
ries, deviations from environmental steady-

* This research was supported in part by Grants
B-3021 and B-2960 from NIH. Part of this work
was performed at Brookhaven National Laboratory
under the auspices of U. S. Atomic Enegry Com-
mission.

state conditions or so-called stress factors
throughout the life span may influence the
rate of aging, mortality and the total life
span. In general support of these stress, rate
of living, or wear-and-tear theories of aging,
several investigators have presented consider-
able actuarial data for man and experimental
animals indicating that repeated exposure of
a population to stress may decrease life ex-
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pectancy and presumably also lead to accel-
erated aging(2,3,4).

In contrast, the alternative ‘“molecular-
genetic” theories of aging have proposed that
aging of multicellular organisms is due pri-
marily to increasing failure of non-replicating
cells and systems and the rate of failure of
such cells is also genetically programmed
and analogous to the DNA programmed onto-
genetic sequence of early differentiation and
growth(1). Age-related changes in such or-
gans as the brain containing non-replicating
cells result primarily from the progressive ac-
cumulation of defects in DNA. These de-
fects are presumably also determined by in-
trinsic genetic factors programmed into the
genome(1). According to these genetic the-
ories of aging, the environmental or non-
genetic factors exert only a very negligible
effect on aging. Consequently, mortality,
longevity, and rate of aging are completely
determined at fertilization(5). In general
support of these molecular-genetic theories of
aging, the increased incidence of chromosomal
aberrations and decreased life span after
acute ionizing radiation have suggested an
important role for DNA in somatic mutations
as well as a similarity between biological
aging and cellular changes produced by
radiation(6).

Briefly, the time-radiation equivalence
studies have suggested that radiation can
simulatc some of the more specific effects
of aging in cells as well as accelerate many
of the more obvious structural and functional
changes observed normally with aging(7).
However, whereas age-associated and radia-
tion-induced changes may frequently share
certain time-dependent characteristics, it has
also been pointed out that radiation may ac-
celerate aging and decrease longevity simply
by representing a non-specific stress factor
(6). In order to test the hypothesis that
ionizing radiation may represent only a non-
specific stress, it seemed appropriate to com-
pare the effects of environmental stress on
mortality and longevity between non-irradi-
ated control-stress and brain-irradiated-stress
groups of mice. Since the life span of the
mouse can be decreased reliably by acute
ionizing whole body or head irradiation(8,9),
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a series of experiments was undertaken to
study more directly the interaction effects
of environmental stress and deuteron irradi-
ation of the brain on mortality and longevity
of C57BL/10 mice. The more specific aims
of this study were as follows: (1) to compare
differences in mortality and longevity among
(a) control, (b) temperature stressed, (c)
electrically shocked, and (d) combined tem-
perature and shock treated adult male and
female mice, and (2) to evaluate differences
in mortality and longevity between these
non-irradiated control-stress groups and brain
irradiated mice exposed to the same 4 experi-
mental-stress treatments.

Materials and methods. In the past, com-
prehensive research on age changes in rela-
tion to specific environmental factors in higher
mammals has been limited considerably by
the lack of appropriate experimental designs
for evaluation of sources of variance cover-
ing the total life span. Specifically, cross-sec-
tional studies confound maturational and gen-
eration changes, whereas longitudinal studies
confound maturation and environmental treat-
ment effects(10). To minimize some of these
design problems, a longitudinal design based
on successive cross-sectional age samples of
genetically homogenous C57BL/10 mice with
similar DNA “programs” was used in the
present study. Observations on differences in
mortality and longevity among 4 experimen-
tal subgroups were made on 6 successive
cross-sectional age samples covering the en-
tire life span of the C57BL/10 mouse. Essen-
tially, to attain control over environmental
stress factors throughout the life span, all
animals were born, raised, and exposed to
control, temperature changes, and electric
shock in two carefully regulated environmen-
tal chambers in accordance with the following
experimental design: At 90 days of age a
total of 579 adult mice were assigned to 6
main cross-sectional groups. Each main
group included 48 male and 48 female mice
assigned to 4 treatment subgroups. In each
main group, subgroup 1 was maintained at
72°F and 52% relative humidity and served
as steady-state controls; subgroup 2 received
electric shock for 1 hour each day, subgroup
3 was exposed intermittently to 60°F cold
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stress in a second environmental chamber,
and subgroup 4 received alternately electric
shock and cold stress. Each stress cycle con-
sisted of 4 of these 7-day stress periods or
28 days. Five of the main groups were ex-
posed to 4, 8, 12, 16 and 20 28-day stress
cycles, respectively. The animals were then
tested in a behavioral test battery, and sacri-
ficed for biochemical and morphological eval-
uation of the brain, pituitary and adrenals.
Group 6 was not sacrificed but was subjected
to these 28-day stress cycles throughout the
entire life span to evaluate the effects of
stress on mortality and longevity.

Irradiation of the brain was performed on
302 additional mice with 20 Mev deuteron
beams delivered at a dose rate of 383 rad/sec
through an anti-Bragg wheel by the 60-inch
Brookhaven cyclotron. These animals were
anesthetized and placed in a stereotaxic-type
head holder. They received a dose of 500
rads over the dorsal surface of the brain
covering an area of 9 X 5 mm to a depth
of 2.5 mm. Except for the calvaria and the
dorsal meninges no extraneuronal tissue was
irradiated. All irradiated mice were then as-
signed to 4 main cross-sectional groups and
then exposed to the same 4 experimental
stress treatments in the 2 environmental
chambers in accordance with the experimen-
tal design. The effects of environmental stress
on behavior in relation to changes in CNS
and neuroendocrine biochemistry and mor-
phology have been reported(11,12). The
present report is directed primarily to the
evaluation of interaction effects of environ-
mental stress and deuteron irradiation of
the brain on mortality and longevity. Essen-
tially, age-specific mortality rates expressed
as a percent of each experimental subgroup
were compared at 4-month intervals in non-
irradiated and brain irradiated mice. Com-
parisons of differences in longevity were based
on mean age of death expressed in days among
the 4 subgroups in the cross-sectional longev-
ity sample of non-irradiated and brain-irradi-
ated mice.

Results. It is generally accepted that the
age-specific mortality rate with increasing age
is a rapidly accelerated exponential func-
tion(13). An examination of age-specific
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mortality rates among the 4 experimental
subgroups in each of the main cross-sectional
main groups at 4 month intervals indicated
a significant increase in mortality of the 579
non-irradiated (rho = 1.0, n = 6, P<0.01)
as well as among the 302 irradiated mice with
increasing age (rho — .94, n = 6, P<0.01).
There was an overall mortality of 10.5% in
the 579 non-irradiated mice. In contrast, there
was a 25.5% mortality in the 302 irradiated
mice. By using the percent mortality of the
non-irradiated mice as the overall expected
mortality, a Chi-square analysis of differ-
ences in mortality between the non-irradiated
and irradiated mice was made. This com-
parison indicated that there was a highly sig-
nificant increase in the mortality of the ir-
radiated groups (X2 = 70.78, df = 1, P<
0.0001). The percent mortality of the con-
trol subgroups was then used as the ex-
pected mortality for testing the significance
of the observed percent mortality among
the 4 experimental subgroups of all cross-
sectional age samples of the non-irradiated
and brain irradiated mice. Surprisingly, the
evaluation of mortality among the 4 ex-
perimental subgroups of the non-irradiated
mice indicated a significant decrease in the
mortality of the stressed females (X2 = 4.96,
df = 1, P<0.05), as well as a significant de-
crease in mortality among the stressed males
(X2 = 9.36, df — 1, P<0.005). Even more
surprising, an evaluation of the percent mor-
tality among the 4 experimental subgroups of
the 4 deuteron irradiated cross-sectional age
groups also indicated a significant decrease in
mortality of the shock and temperature stress
female subgroup (X2 = 3.90, df = 1, P<
0.05) as well as an overall significant decrease
in mortalaity of the stressed males (X2 =
13.93, df = 1, P<0.001). Fig. 1 contains a
more complete statistical summary of the
main and interaction effects of environmental
stress and deuteron irradiation of the brain
on C57BL/10 female and male mice mortality
throughout their life cycle. In addition to the
significant overall decrease in the mortality
of the stressed mice, it seems interesting to
note that the most significant reduction of
mortality occurred in the non-irradiated
males (X2 = 9.60, df = 1, P<0.005). It
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INTERACTION EFFECTS OF ENVIRONMENTAL STRESS AND DEUTRON IRRADIATION OF THE BRAIN ON C57BL/IO MALE
AND FEMALE MICE MORTALITY THROUGHOUT THEIR LIFE CYCLE (N=88I)
STRESS EFFECTS ON MORTALITY (n=579) STRESS AND IRRADIATION EFFECTS (n=302)
X=105% (P<.001) X=25.5%
FEMALES (n=286) MALES (n=293) FEMALES (n=151) MALES(n =151)
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FIG. 1. Chi-square analyses were made to establish significance of differences in percent
mortality between: 1) all non-irradiated and brain irradiated mice; 2) controls and the 3
stress subgroups combined as one group, and 3) controls and each of the 3 stress subgroups of

the non-irradiated and brain irradiated mice,

also seems noteworthy that the significant dif-
ference in mortality between males and fe-
males observed in the non-irradiated mice was
not found in the irradiated mice. This sex dif-
ference in mortality in response to stress was
probably eliminated by the significant in-
crease in mortality of the irradiated mice.
An overall analysis of variance was used
for evaluating differences in longevity among
the non-irradiated and irradiated mice in-
cluded in the 2 cross-sectional longevity
groups. The statistical analysis indicated that
there was a highly significant decrease in the
longevity of the irradiated mice (F = 14.22,
df = 1/161, P<0.001). Newman-Keul’s
rank test for evaluating differences among
combinations of subgroup means indicated
that the non-irradiated males attained a sig-
nificantly higher mean longevity in days than
the other male and female mice (P<0.01).
Figure 2 contains a more complete statistical

summary of the main and interaction effects
of environmental stress and deuteron irra-
diation of the brain on C57BL/10 male and
female mice longevity.

An examination of the effects of environ-
mental stress on longevity among the 4 experi-
mental subgroups of the non-irradiated ani-
mals of the main longevity group suggested
a longer life span in most of the stressed male
and female mice. However, in view of the sig-
nificantly higher mortality, this increased
longevity was not apparent among the brain
irradiated mice exposed to stress.

Discussion. Since the control of environ-
mental factors throughout a life span covering
several years is rather difficult to attain even
under standard laboratory conditions for
higher mammalian species, most previously
reported cross-sectional studies have provided
only indirect and frequently conflicting evi-
dence on the relative role of genetic and en-
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STRESS EFFECTS ON LONGEVITY (s = 92)
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INTERACTION EFFECTS OF ENVIRONMENTAL STRESS AND DEUTRON IRRADIATION OF THE BRAIN ON CS7BL /10 MALE
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FIG. 2. Statistical comparisons of differences in age at death expressed in mean days ( X))
longevity among 4 subgroups of non-irradiated and brain irradiated mice.

vironmental factors in determining the rate
of aging, mortality and life span. Earlier hu-
man stress studies of accelerated aging relied
on actuarial mortality data obtained from
heterogenous populations exposed to a vari-
ety of uncontrolled stress conditions(2). Ani-
mal studies have suggested that chronic ex-
posure of young animals to stress results in
behavioral, physiological, biochemical and
morphological changes similar to age-changes
observed in older populations(14,15). Con-
sequently, these actuarial and experimental
results have been interpreted frequently in
support of the hypothesis that stress results
in premature or accelerated aging(16). How-
ever, more recently, it has become apparent
that only carefully controlled environmental
chambers, multivariate designs with appro-
priate statistical evaluations, and observations
on cross-sectional age samples covering the
entire life span of a species can permit a more
direct and quantitative assessment of both ex-

citatory and inhibitory effects of specific en-
vironmental factors on aging(17,10). For ex-
ample, as part of a more extensive research
program on aging, observations were made on
stress-induced behavioral changes in all
C57BL/10 mice of the present study at 5
successive age levels for correlation with
biochemical and morphological changes in the
brain, pituitary and adrenals. Statistical eval-
uations indicated both age-related as well as
stress-induced changes in behavior, bio-
chemistry and morphology of the selected or-
gans at the 5 successive age levels(11,12).
However, as reported in the present study, it
seems interesting to note that the intermittent
deviations from so-called optimum steady-
state conditions throughout the life span of
the C57BL/10 mouse resulted in significantly
lower mortality and a longer life span. Con-
sequently, in attempting to interpret the ef-
fects of environmental stimulation or stress
on aging in accordance with the “wear and
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tear” theories, the experimental findings of
the present study make it quite apparent that
accelerated aging does not seem to result pri-
marily from the accumulation of some re-
sidual effects produced by repeated stress ex-
posure.

Perhaps the most compelling evidence
against the stress theories of aging is based
on the replication of a significantly lower
mortality and longer life span of stressed mice
whose mean life span had been reduced sig-
nificantly by brain irradiation. The significant
reduction of mortality in the brain irradiated
mice exposed to stress also suggests that
ionizing radiation may not simply represent a
non-specific stress since it would have been
reasonable to conclude in the present study
that the interaction effects of stress and
deuteron irradiation of the brain would have
been additive and resulted in a significant in-
crease in mortality and decrease in longevity.
On the contrary, the present findings indicate
that radiation may represent a rather unique
possibility for decreasing the life span in-
dependently of stress-induced effects on the
organism(6). Finally, as reported previously
(11,12), there were significant age-related as
well as stress-induced changes in behavior,
biochemistry and morphology at all 5 suc-
cessive age levels in the C57BL/10 mice of
the present study. However these stress-in-
duced changes did not accelerate aging since
significant stress-induced decreases in mor-
tality and a longer life span were observed
in both nonirradiated and brain irradiated
mice. These seemingly paradoxical and con-
tradictory findings can only indicate that cer-
tain repeated deviations from environmental
steady-state conditions at all age levels may
result in a variety of biochemical and mor-
phological changes in the organism but still
lead to an inhibition rather than acceleration
of biological aging. This interpretation of en-
vironmental stress effects on biological aging
would certainly be consistent with evolu-
tionary theories of natural selection and sur-
vival of multicellular populations under fluc-
tuating environmental conditions.

Summary. Observations were made on dif-
ferences in mortality and longevity among 4
experimental subgroups of 6 successive cross-
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sectional age samples of non-irradiated and
brain-irradiated C57BL/10 mice during their
entire life span. The 4 subgroups of each
main cross-sectional age sample included 1)
steady-state controls, 2) temperature stress,
3) electric shock stress, and 4) combined tem-
perature and electric shock stress. Irradiation
of the brain was performed with a 20 Mev
deuteron beam delivered at a dose rate of
383 rad/sec through an anti-Bragg wheel by
the 60 inch Brookhaven cyclotron. The mice
received a dose of 500 rads over the dorsal
surface of the brain covering an area of 9 X 5
mm to a depth of 2.5 mm. All irradiated
mice were then assigned to 4 cross-sectional
groups and exposed to the same 4 experi-
mental stress treatments in the 2 environ-
mental chambers in accordance with the
experimental design.

There was a highly significant decrease in
the longevity of the brain irradiated mice.
Contrary to expectation, stress resulted in a
significant decrease in mortality and a longer
life span of both the non-irradiated and
brain-irradiated mice. The significant differ-
ence in mortality and longevity between
males and females observed in the non-irra-
diated mice was not found in the brain ir-
radiated mice. The significantly lower mor-
tality and longer life span of stressed mice
whose life expectancy had been reduced sig-
nificantly by brain irradiation provided com-
pelling evidence against some current “stress”
theories of biological aging. In summary, en-
vironmental stress did not accelerate the
aging of non-irradiated or brain-irradiated
mice. From the non-additive interaction ef-
fects of environmental stress and deuteron ir-
radiation of the brain on mortality and lon-
gevity of C57BL/10 mice, it was concluded
that stress induced decreases in mortality and
a longer life span were consistent with evolu-
tionary theories of natural selection and sur-
vival of multicellular populations under fluc-
tuating environmental conditions.

We wish to thank Drs. C. P. Baker and B. Wood-
ley and their staff at Brookhaven National Labora-
tory for the use and operation of the cyclotron.
Thanks are also due to C. Rolsten, V. Bittel and J.
Zimmerman for collaboration in various aspects in
this research program on biological aging.
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A Possible Role of Hydroxypyruvic Acid Reductase In

Growth of A. niger.

(32398)

Francrs J. BEHAL
Department of Microbiology, Medical College of Georgia, Augusta

In a study of growth and differentiation in
Aspergillus niger it has been previously shown
that while the operation of the citric acid cycle
is essential to the development of spores,
growth of the hyphae is dependent on a met-
abolic pathway that seems to diverge from
glycolysis (Embden-Meyerhof), and not upon
the pyruvic dehydrogenation system and the
reactions of the tricarboxylic acid cycle(1).

With the culture method described below,
this mold completes its growth cycle in 80
hours. The lag phase continues to the 20th
hour; logarithmic phase begins then and con-
tinues until the 58-60th hour. At this point
spore formation begins and continues rapidly.
Mold pad weight begins to decline at the
80th hour. In a previous paper it was shown
that the 40-52 hour interval was critical for
spore formation and that the purine analog,
6-ethylthiopurine, if present in the growth
medium during this interval would selectively
inhibit subsequent spore formation (at 60th
hour) without any effect on growth of hyphae
or conidiophores. In this paper attention will
be focused on the 20-40th hour interval, that
is the period when mycelial growth is domi-
nant, prior to conidiophore (stalk) formation.

This latter process predominates during the
subsequent 40-60 hour period and is speci-
fically inhibited by 6-hydroxy-2-mercaptopu-
rine(2).

In earlier papers the production of hy-
droxypyruvic acid by this mold was reported
and it was postulated that this acid served as
a precursor for a series of reactions necessary
for hyphal growth(3,4). The data presented
below concern further observations on the
relationship between hyphal growth and the
metabolism of this acid.

Materials and metkods. The medium rou-
tinely used had the following compeosition:
gluoose, 45.0 g; NaNO3, 4.5 g; KH,POy, 3.0
g; KCl, 0.75 g; MgSO,-7H,0O, 0.75 g;
FeSO,4, 0.02 g; water (distilled) to make
1.0 .; and H3POy, to adjust the pH to 4.0.
The inoculum was prepared by mixing 2 mg
of spores in 100 ml of a 2% agar solution at
55°C which was then poured into a 20 X 25
cm baking dish and allowed to solidify. Discs
were cut from the agar to cover the entire sur-
face of 1.0 ml medium of the depressions
(diameter, 21 mm; volume, 1.2 ml) of por-
celain spot plates (12 depressions per plate).
In contrast with the classical small inoculum



