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THE RATIONALE for the use of germ-free ani-
mals in aging studies is that they permit
a clear differentiation between (a) alleged del-
eterious effects of microbial associates on the
host and (b) the impairment in performance
of the aging organism by endogenous and other
non-microbial environmental agents. Although
these issues were recognized for many years,
work in this area was not undertaken because
germ-free techniques were not developed to the
point of usefulness for studies on aging. These
and related problems were reviewed several
years ago (Gordon, 1959a). To date, the old-
est reported age for germ-free rats is 1045 days
(Wistar strain, 1.c.), for germ-free mice 600
days (C;H strain, Reyniers & Sacksteder,
1958).

In 1958 a colony of germ-free and conven-
tional control mice was initiated at Lobund
Laboratory with the intent to explore the prac-
ticability of germ-free methods in gerontologi-
cal work and to study the effects of the normal
microbial flora on aging processes. A brief
interim report on this work has previously been
given (Gordon, Bruckner-Kardoss, & Wost-
mann, 1964). The purpose of this communi-
cation is to present life tables, major lesions
observed at” natural death, along with other
observations made in these animals.

MATERIALS AND METHODS

Animals—The animals reported in this
study originated from Swiss-Webster mice
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which were obtained from the Harlan Farms
(Harlan Industries, Cumberland, Indiana) in

1955. From these we reared in the same year
to maturity a single couple of germ-iree, cesar-
ean-delivered mice. Both the germ-free and
conventional breeding colonies which supplied
the mice for the present work were derived
from these parent animals. The germ-iree
breeders maintained their bacteriologically
sterile status in an uninterrupted line. The
ancestors of conventional breeders were germ-
free mice which soon after forming the original
nucleus were removed from the isolators and
allowed to become contaminated with the
microbial flora of conventional quarters. From
then on, close genetic similarity between the
two colonies was maintained by introducing
germ-free males into the conventional colony
at four- to five-month intervals. The actual
groups of aging animals were formed by ran-
domly selecting germ-free and conventional
mice from the breeding colonies at the age of
12 months and transferring them into their
special quarters. All mice were 14th to 19th
generation normal-born, mother-suckled de-
scendants of the original germ-free cesarean-
delivered ancestors. Both males and females
were used; the females were allowed a maxi-
mum of four previous gestation periods. Only
groups numbering more than 30 mice were
included in the life tables of this study. The
time which was needed for assembling the
animals included in this report extended over
a period of approximately five years.

Housing, germ-free—Individual housing
was in one-gallon churn jars, three or four
animals of the same sex in each. The jars were
contained in flexible plastic isolators of Trex-
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ler’s design (1959) (24x24x48 in.) with a
maximum of 12 jars in each isolator. The jars
were restocked only after they became empty
by death of all previous inhabitants. Each
isolator contained both “male” and “female”
jars. Air flow was maintained at 3 to 4 cfm.
The temperature within the isolators was held
at 26 == 1 C,; the humidity of the air was
approximately 45%,. Detailed description of the
operation of the germ-free isolators and of
periodic sterility testing are given by Reyniers,
Trexler, and Ervin (1946) and by Wagner
(1959).

Housing, conventional.—Individual housing
of animals was the same as described for the
germ-free group. The jars were held in open
environment. Animal quarters, until 1960,
were in Lobund’s Quonset Building, in an air-
conditioned room. After 1960, the conven-
tional animal quarters were in a completely
isolated, air-conditioned room where the same
temperature and humidity were maintained as
that for the germ-free group. Bedding con-
sisted of sterilized wood shavings for both
germ-free and conventional groups. Clean-up
operations were once a week. The animal cura-
tors were the same throughout the period of
this work.

Diets— In this study the following diets
were used: (a) fortified, practical, germ-free-
type L 462 diet (Wostmann, 1959) sterilized,
designation in this paper: L 426 st; (b) forti-
fied, practical, germ-free type commercial diet
(5010C Purina Mouse Chow, Ralston-Purina,
St. Louis), sterilized, designation: 5010C st;

(¢) practical, conventional type commercial
diet (Purina Mouse Lab Chow, same source)
not sterilized, designation: P non-st. This, in
essence, is a diet similar to 5010C. All diets
were in the form of pellets. Sterilization was by
steam at 252 F., 16 to 17 psi, over a period
of 25 minutes. Diet and tap water were offered
ad libitum. The mice in this study were di-
vided into the following groups: A. Including
both germ-free and conventional mice: (1)
From weaning to death on diet L 462 st; (2)
from weaning to ten months of age on diet
L 462 st; from then to death on diet 5010C st.
Designation of this group is L 462 st — 5010C
st. B. Including only conventional mice: (3)
From weaning to ten months of age on diet
P non-st, from then to death on diet 5010C
st. Designation of this group is P non-st —
5010C st. (4) From weaning to death on diet
P non-st.

Terminal procedures.—All animals were kept
in their quarters until natural death occurred.
After this was ascertained, they were removed
as promptly as feasible (in most instances
within hours). Once on the outside, the ab-
dominal cavity was opened by a small median
incision, and the animal was placed in 109,
neutral formol fixative in individual jars. Con-
secutively the following were observed in a
randomly selected group: 1) Body weight,
after rinsing the animal in water and blotting
off the liquid accumulated in the abdominal
cavity and on the fur. The body weights given
were corrected by subtraction of the cecal
weight. 2) Weight of the full cecal sack after

Table 1. Mean Age at Death of Germ-Free and Conventional Mice Fed Different Diets.

Germ-free Conventional
Diet Males Females Males Females
Na Mb S.D.c N S.D. N M 8.D. N M S.D.
L 462 st 83 2413  5.69 144 22.68  4.66 96 16.03  3.41 114 17.24  3.93
L 462 st to 5010C st 35 22.40 5.27 56 20.02 5.16 55 16.25 3.79 41 17.24 3.50

P non-st to 5010C st — — — -
P non-st — - — _

- - —_ - 42 17.69  3.58
nd — - — 35 1931 3.70

» N=number of mice.
b M =mean age in months.
o 8.D.=standard deviation.

Significance of differences among some groups of germ-free and conventional mice.
p dit.

lLgfL62st J vs.gf L462stQ = 0.04
conv L 462 st &' =<0.01
vs.conv L 462 ¢ @ =<0.01
conv P non-st @ = <0.01
3.conv L 4628t & vs.conv L 462 st Q 0.02

4. conv L 4628 Q@  vs.conv P non-st @ 0.01

2. gf L 462t Q
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ligation and excision at the ileo-cecal-colic
junction. 3) Major lesions at death. With the
necessity of leaving the animals in their
original quarters until death and with the delay
suffered in transferring the dead animals from
the isolators to the outside, the onset of post-
mortem changes has often clouded the evalua-
tion. The material offered represents observa-
tions made in relatively well preserved speci-
mens.

Losses by accidental contamination. —Germ-
free mice housed in isolators that became ac-
cidentally contaminated were eliminated from
this study. Until 1962 four isolators were lost
in this fashion. None became contaminated
after that date.

Resurts

The germ-free state did not impart any
readily visible characteristics to the mice. Un-
less they were affected by particular lesions, old
germ-free mice scemed a little fatter and their
abdomens were more protruding than in con-
ventional controls. At autopsy the fat depot
seemed greater and, invariably, the cecum was
considerably enlarged. The odor of these ani-
mals, including the intestinal contents, re-
sembled that of caramel.

Comparing (a) percentage of survivors at
successive time intervals (Fig. 1) and (b) mean
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age at death (Table 1) in germ-free and con-
ventional mice fed L 462 st diet, it was shown
that the germ-free group of this series sur-
vived significantly longer than the conventional
controls. In the dietary variant group L 462 st
— 5010C st the same trend was indicated. In
both L 462 st and L 462 st — 5010C st groups
the germ-free males showed higher mean age
at death than germ-free females. In case of the
former diet P of this difference was 0.04, in the
latter, 0.02. In the groups of conventional mice
this condition appeared reversed. In the other
dietary variant group P non-st — 5010C st
(which included only conventional females)
the mean age at death was similar to that of
the conventional controls in the L 462 st and
L 462 st — S010C st groups. Finally, among
the females of the dietary group P non-st an
elevation of mean age was indicated (approxi-
mately by two months) in comparison with the
conventional controls of the other three groups
fed sterilized diets. In two of these comparisons
P was 0.02 or less; in the third P was nonsig-
nificant.

Table 2 lists the body weight and the weight
of the cecum of mice fed L 462 st diet after
formol fixation. These are offered as the best
available information, in lieu of data taken in
the customary fashion, i.e., after sacrifice. In
separate observations it was ascertained that

months 15 20

T
25 30 35 40

Fig. 1. Survival curves of germ-free male (owe—===o) and female (Quweewetd) and conventional male (@sese)
and female (werrewm) mice fed L 462 st diet. The number of survivors was estimated at the end of each month
but in the graph the point is plotted at the mid-point of the month.
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formol fixation did not alter the original weight
values. The body weights of the germ-free
mice were higher than those of conventional
animals. This seemed to be due in part to the
large fat depots observed in the former group.
The weight of the cecum of germ-free mice
averaged at death approximately 15 times the
conventional value. Germ-free females had
considerably larger ceca than males (by about
30% on absolute weight basis or by over 409,
when expressed per unit).

Table 3 shows the lesions observed at natural
death. (a) Respiratory infections. Pneumonitis,
occasionally combined with bronchiectasis, was
observed only in conventional animals. Even
in apparently normal lungs of old conventional
mice there was consistently an elevated number
of RE cells in the walls of the alveoli. In com-
parison, the germ-free alveolar wall seemed to
be reduced to the non-defensive functional es-
sentials. (b) Circulatory failure. Animals
showing pronounced venous engorgement in the
lungs and in various organs, without other
readily detectable lesions, were included in this
group. (c) Intestinal atonia. This prevalent

Table 2. Body Weights* and Cecal Weights®
of Germ-Free and Conventional Mice".

on L 462 st Diet

Males Females
N M S.D. N M S.D.
Body weights, Gm. gf 30  39.6 5.0 2 357 5.1
conv 19 32.1 3.9 19 28.7 2.8
Cecum, Gm. %d gf 30 16.3 5.2 29 23.6 6.9
conv 19 1.3 0.5 19 1.4 0.6

o After formol fixation.

b Animals taken at random from the groups listed in Table 1.
¢ Corrected for cecal contents.

d Gm./100 Gm. corrected body weight.

Table 8. Lesions Observed at Natural Death in Mice
Fed L 462 st Diet.

Germ-free N=80» Conventional N=80=
Lesion % %

@
o

Respiratory infection
Circulatory failure
Intestinal atonia
Intestinal volvulus
Intestinal spasm
Hepatomegaly

Liver atrophy
Lesions of kidneys
Inflammations of the genital tract
Peritonitis

Ear infection
Unidentified
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» Both sexes

injury of germ-free animals was manifested by
greatly reduced or absent muscle tone and ex-
cessive filling of the lower bowel. In approxi-
mately one-half of the cases listed, the loss of
tone extended over the entire gastrointestinal
tract, which resulted in an apparent standstill of
gut movements. Most conspicuous in this
change was the inordinately enlarged cecum,
which was present in all observed germ-free
mice as mentioned before (Fig. 2). Germ-free
mice often displayed a considerable enlarge-
ment of the gall bladder (Fig. 3). The bile al-
ways appeared clear and free from precipitates.
Conventional controls did not display similar
changes. (d) Intestinal volvulus. This lesion
was found predominantly at the ileo-cecal-
colic junction in germ-free animals. In the past,
volvuli of this nature have repeatedly been
observed in colonies of germ-free rats and mice
even at a young age. This change leads to
bowel occlusion and death. (e) Intestinal
spasm. Spastic contractions (single or more
often multiple) of the small intestine prevent-
ing normal propulsion of the gut contents have
been observed in conventional animals only.
(f) Hepatomegaly and (g) liver atrophy desig-
nate merely observation of excessively large (3
to 4 times the normal weight) and very small
livers. (h) Lesions of kidneys. In germ-free
animals these were mainly progressive degen-
eration of the tubular epithelium. In conven-
tional controls the same changes appeared to
occur accompanied, occasionally, by signs of
inflammation. (i) Inflammations of the genital
tract, (j) peritonitis, and (k) ear infection were
observed only in conventional and not in germ-
free mice. In the course of postmortem exami-
nations the impression was gained that the inci-
dence of neoplasia, often affecting the lungs and
the female reproductive organs, was at least as
frequent among germ-free mice as it was among
conventional controls. This question is cur-
rently under investigation.

Discussion

The genetic similarity and randomization of
our stock of germ-free and conventional animals
scem to be adequately assured in the present
work. The decision to start out with mice aged
12 months aimed at the elimination of the effect
of early losses on the results and reflected also,
in part, the limited availability of germ-free
animals in the initial stages of this study. The
same reason also caused the gradual, rather
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than simultaneous, buildup of some groups of
mice included in this study. Mortality in young
and young adult germ-free mouse populations
is, by common experience, essentially similar
to that of conventional controls. However, the
onset of increased mortality in the adult before
12 months of age takes place somewhat earlier
in the conventional groups than in the germ-
free animals.

Conventional control mice were maintained
in the open environment because previous ex-
perience suggested that holding conventional
animals in isolators might result in pronounced
changes of the intestinal microflora. It was
shown since that by improvement of the hy-
gienic conditions in the isolators, conven-
tional animals may be housed in them without
patent ill effect over a period of several months
(Gordon, Bruckner-Kardoss, Staley, Wagner,
& Wostmann, 1966). However, more work is
needed to clarify the issues of the “locked host
and locked flora,” especially for long-range
studies.

Originally L 462 st was selected as the only

diet for this experiment on the basis that it
offers good and comparable results in both
germ-free and conventional mice, as generally
agreed by workers in this area. However, this
diet had been tested primarily in young and
young adult animals. As the progress of this
work indicated that aging conventional mice fed
L 462 st were dying at a younger age than com-
parable mice fed non-sterile rations reported
from other laboratories (e.g., Silberberg, Jar-
rett, & Silberberg, 1962), other dietary groups
(as listed under Materials and Methods) were
added.

With due consideration of these limiting
factors, we assume that germ-free and conven-
tional animals of this study depict primarily the

effects of absence and presence of the normal
flora on aging of these animals.

Characteristics of the germ-free animal: in-
conspicuous defenses, anomalies of the lower
bowel.—In absence of a contaminating flora,
the germ-free animal has been observed to dis-
play a number of characteristics that are differ-
ent from those of the conventional animal.

Fig. 2. Formol-fixed ceca from 25-month-old female mice fed L 462 st diet.
A. Conventional, 0.5 Gm., corrected body weight 355 Gm.

B. Germ-free, 10.5 Gm., corrected body weight 42.5 Gm.
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Among these best examined are the singularly
low levels of cellular (Gordon, 1959b; Bauer,
Horowitz, Levenson, & Popper, 1963) and
humoral defensive elements (Wostmann &
Gordon, 1958; Gustafsson & Laurell, 1959).
Inflammatory lesions which were observed in
conventional animals of this series at natural
death may be regarded as the cumulative effect
of a continuous action and of exacerbations
caused by the flora during the host’s lifetime.
These lesions, in essence, were similar to those
described in aging rodents by other workers
(e.g., Simms & Berg, 1957).

In contrast to the more or less anticipated
and plausible results of “bacterium freeness,”
the greatly enlarged cecum of germ-free animals
is an unresolved paradox (Wostmann & Bruck-
ner-Kardoss, 1959; Gordon & Wostmann,
1960). It seems that under germ-free condi-
tions the tone of cecal musculature is greatly
reduced. The cause of the cecal enlargement
is essentially unknown. Recent observations
have indicated that the cecum of germ-free
rodents contains a considerable excess of sub-

stances which demonstrate, among others, mus-
culodepressant properties of hypotensive pep-
tides and which may be implicated in the
development of the cecal anomalies (Gordon,
1965; Wiseman & Gordon, 1965). In normal
life, it seems, the microbial flora is directly or
indirectly engaged in the inactivation of these
agents,

Previous observations made in sacrificed
germ-free mice suggested that cecal enlargement
progresses with age. This was confirmed in the
present series by the exorbitant ceca observed
at death. A more generalized musculodepressant
effect of this nature in older animals was sug-
gested by the spreading of tonus reduction over
the entire GI tract, including also the gall
bladder.

Diets and mean age of mice—The compar-
ison of survival and body weight in conven-
tional mice fed sterile and non-sterile rations
indicated that both L 462 st and 5010C st when
used in conventional conditions were subopti-
mal for aging animals. This impression was
corroborated by the fact that changing of diets

cm

!

Fig. 3. Formol-fixed livers and gall bladders (arrows) from 23-month-old female mice fed L 462 st diet.
A. Conventional, corrected body weight 28.0 Gm.
B. Germ-free, corrected body weight 353 Gm.
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from non-sterile to sterile form (P non-st to
5010C st) has lowered the animal’s mean age to
values that were observed among the constant
users of sterile diets. In contrast, germ-free
animals were thriving on sterile diets as evi-
denced by their relatively high mean age, body
weight, and nutritional status. They were doing
much better than the comparable conventional
controls, and, for that matter, better than the
controls fed non-sterilized ration. These
observations suggest that in absence of the
challenge of the microbial flora, the require-
ment of the aging germ-free animal for certain
critical nutrients may be reduced. At this point
the impression should be avoided that the germ-
free status of mice prolonged their life-span
in the absolute sense. Actually, the values of
mean age of germ-free animals were not higher
than those reported in literature for the Swiss-
Webster strain in general. Another limiting
factor in the interpretation of these results is
the relatively low mean age of the conventional
controls fed non-sterile diets of this series. Be-
tween possible genetic and environmental
causes of this shortcoming, the former seems
more probable because of the lack of any known
cause or symptom that would suggest environ-
mental imperfections.

Mean age of males and females.—The pres-
ently used mouse strain indicated that in the
more populous conventional groups of this study
the mean age of the females was higher than
that of the males. In the germ-free groups the
males lived at least as long as the females, or
perhaps even longer. It might be speculated
that this change is caused, in part, by the fe-
male’s known greater resistance to infections
(Wheater & Hurst, 1962). In germ-free life
this advantage of the female becomes ineffec-
tive. In addition, it must be considered that old
germ-free females, for unknown reasons, are
penalized by the development of larger ceca
than males. This may contribute to the ap-
parent change of the conventional pattern in
germ-free life.

Lesions observed at natural death, general
conclusions.—A more important consideration
in this work is the recognition that germ-free
and conventional animals during aging are
affected by specific and fundamentally different
consequences of their microbial status. Based
purely on survival, it seems that the germ-free
animal with its cecal anomalies, in comparison
to the conventional counterpart with its flora-

induced afflictions observed at natural death, is
exposed to the lesser of two evils. While this
finding is quite unequivocal in our study, it
does not permit generalizations. At least theo-
retically it is entirely conceivable that in future
experiments conventional or ex-germ-frce ani-
mals seeded with a known, more advantageous
flora (i.e., synergistic and less antagonistic to
the host) may reach or even surpass the life
span of germ-free animals that are burdened
by more severe forms of intestinal dysfunction.
In this context, however, it is also anticipated
that in future work the lot of the germ-frec
host may be improved by reduction of the oncra
imposed by the lack of microbial synergists.

In general, these findings tend to confirm the

ideas of Pasteur (1885) (reconstructed also
from other sources, Schottelius, 1908) who

speculated that in the course of evolution higher
organisms have “learned” to rely on synecrgistic
action of the flora for maintenance of normal
body function. Accordingly, we find now that
the germ-free host, i.e., an animal “left to its
own resources,” develops departures from
physiological excellence which with advancing
age will reach pathological proportions. The
conventional control animal, with its repetitive
inflammatory episodes yet showing essentially
normal bowel function, depicts, in contrast, the
action of microbes. Thus, we can view antago-
nistic and synergistic effects as dual function
of the flora.

SUMMARY

Mice may be reared in the germ-frce state
during their entire life span without undue
difficulties. This was illustrated by the present
study in which over three hundred germ-free
and a comparable number of conventional con-
trol mice were held until natural death.

Germ-free animals displayed considerable
lack of development of defensive elements
throughout life. A counterpart of these, the
progressive inflammatory changes imparted by
the normal microbial flora in normal life,
seemed clearly detrimental to the host.

Contrary to these changes, anomalies in the
lower bowel of germ-free animals (cecal en-
largement, more liquid intestinal contents, im-
pairment of propulsive movements of the gut)
indicated a distinct handicap of germ-free life
that progresses with age. In normal life the
microbial flora seems to be responsible for
elimination of these anomalies.
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Groups of germ-free mice showed higher
mean age than conventional controls fed the
same sterilized ration or non-sterile practical
ration. Mean age in groups of germ-free male
mice was similar or indicated possibly even
higher values than in germ-free female groups.
In conventional controls these conditions
seemed reversed.

The germ-free animal with its anomalous
bowel function, in comparison to the conven-
tional animal with its flora-caused lesions, rep-
resents fundamentally different consequences
of microbial status. The resulting different
types of injury appear to be a major factor (if
not the major factor) in the cause of death of
the two opposing animal categories.

The authors are sincerely indebted to Miss Oneida Seevers, Miss
Ester Jasicki, Mr. Paul Janiszewski for technical assistance, to Mr.
Ervin Zelmer for supervision, to Mr. B. A. Teah for direction of
germ-free work and to Dr. Sheldon Rovin for help in the evaluation
of the pathological specimens.
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