Female House Mice Develop a Unique
Ovarian Lesion in Colonies That Are at
Maximum Population Density (4ss5)
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Abstract. Colonies of house mice reach maximum population density in 120180 days,
Irrespective of cage size and initial number of colonizing animals. Reproduction
ceases because the females become aggressive and unreceptive to mating. The ag-
gressive behavior is correlated with elevated levels of testosterone (T) and cortico-
sterone (B) (Chapman et al., Phys Behav 64:529-533, 1998). In two of seven strains of
mice, females developed ovarian lesions. The occurrence of the lesion in one strain
was correlated with the age of the animal and duration of the study. In the second
strain, cage size was the determining factor. Lesioned ovaries weighed significantly
more than nonlesioned ovaries. The lesion consisted of accumulations of luteal mem-
brane and organelle fragments, and other cellular debris, suggestive of incomplete
and prolonged luteolysis. Electron microscopic (EM) analyses revealed the presence
of deposits of permanganate-resistant congophilic amyloid fibrils in the intima and

smooth muscle cells of luteal thecal arteries.

Population females had thymus glands and uteri that weighed significantly less
than the same organs from females housed in the breeding colony, whereas the
adrenal glands from the population females weighed significantly more.

it is proposed that the female aggression is due to high levels of T. It is also
proposed that the high levels of B suppress the immune cells involved in normal
luteolysis and contribute to the incomplete and prolonged luteolysis.

[P.S.E.B.M. 2000, Vol 225:80-80)

ior of the house mouse (Mus musculus) have deter-

mined that population size is controlled by the female
(1, 2). In a typical mouse population, the females mate
during an early growth phase, become repeatedly pregnant,
and subsequently bear and maintain their litters. As popu-
lation density increases, the females undergo a change in
reproductive behavior and begin to exhibit signs of male-
like aggression. The change in behavior occurs as each
population approaches its maximum size. Similar-sized
mouse populations consisting of all females rarely exhibit
this aggressive behavior. However, when a male is added to

Previous laboratory studies on the reproductive behav-
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the assemblage, and reproduction is involved, the aggres-
sive nature of the females is displayed.

Females that reach high population density have levels
of circulating testosterone (T) that are six- to seven-fold
higher than the values found in female mice housed sepa-
rately in a breeding colony (3). Moreover, the levels of
corticosterone (B) in these animals approach those found in
stressed mice (4). The highest levels of B, most notably, are
in the youngest females of the population.

In addition to the aggressive behavior and their high
levels of T and B, females in high-density populations also
develop a unique ovarian lesion. The lesion originates in
corpora lutea and appears as an amorphous white mass con-
sisting of accumulations of membrane fragments and other
cellular debris, suggestive of incomplete and prolonged lu-
teolysis. Electron microscopic (EM) analyses indicates that
the lesions contain deposits of amyloid fibers that are lo-
calized in the cells of the hilar/thecal arteries and in adjacent
luteal cells. The amyloid fibers are characterized as a pri-
mary, permanganate-resistant entity, and are unrelated to
secondary amyloidosis (amyloid protein A amyloidosis).
Previous descriptions of ovarian amyloidosis in house mice
have been restricted to reports of the amyloid found in old



breeder mice, and the occasional ovarian amyloidosis asso-
ciated with chronic nephritis (5-9). In those findings the
amyloidosis was an uncommon incidental occurrence, and
the type of amyloid was not characterized.

Materials and Methods

Animals. A number of strains of wild-derived house
mice and inbred laboratory mice were used in the study. The
Pas-strain was supplied by Dr. James Pasley (U. of Arkan-
sas, Little Rock, AR), and the Bron-strain was supplied
by Dr. Frank Bronson (U. of Texas, Austin, TX). Three
other strains of wild-derived house mice, trapped by Dr.
Michael Potter in Maryland, were supplied by the wild
house mouse colonies at Hazelton Labs, MD. These were
the HAF-strain (Haven’s Farm), SAF-strain (Sanner’s
Farm), and JJD-strain (J.J. Downs). Balb/cJ and Balb/cByJ
strains of laboratory mice were purchased from Jackson
Labs (Bar Harbor, ME). All mice were routinely bred in our
mouse colony, and experimental animals were selected
from the matings.

Cages. Populations were grown in one of four types
of cages: standard 0.045 m? breeding stainless steel cages;
0.48 m? “gang” stainless steel cages; 0.92 m? plexiglass
cages for behavioral observations; and 1.82 m? or 3.92 m?
double-decked stainless steel or wood-and-screen cages
with free access to both levels, as described earlier (2, 10).
Living needs were supplied in excess of usage.

Populations. The details of the populations, their
types, cage sizes, and demographic data are given in Table
I (Pas-strain), Table II (Bron-strain), and Table III (Balb/c):
Balb/cByJ; HAF-strain; SAF-strain; and JJD-strain). All
populations were begun by placing a single male with 2-20
females. The colonizing female mice were reproductively
competent and within 2 or 3 days of the same age. Popula-
tions were checked daily for litters. Complete censuses were

taken every 3—4 weeks at which times all mice were re-
moved from the cage, adult females palpated for pregnancy,
and female offspring toe-clipped for identification. With the
exception of population studies D1 and F9 of the Pas-strain,
all new males were permanently removed, and populations
were raised as single male/all female populations. In popu-
lation studies D1 and F9, the male offspring were returned,
and the populations were raised as mixed populations.

Populations were maintained on a 14:10 daily schedule
of white:red light, the former beginning at 1200 hr daily. At
the conclusion of each population study, comparable num-
bers of reference (control) females were also sacrificed. The
control animals consisted of virgin females of the same
strain and similar ages housed in groups of four, and breed-
ers maintained in breeder cages.

Behavioral Observations. Observations were
made under red light on populations housed in plexiglass
cages. Observations were of 10-15 min daily for 60 days,
and less often thereafter (11). Observations were made be-
tween 1000 hr and 1200 hr. Behavioral patterns were re-
corded as per Chovnick et al. (1). '

Sample Collections. When populations were termi-
nated, all animals, including controls from the breeding
colony, were individually removed from their cages, placed
in a jar containing a small amount of ether, and carried to an
outside anteroom. Transportation of each mouse to the an-
teroom took 10-14 sec, by which time the animal was un-
conscious from exposure to the ether fumes. The animal was
removed from the ether jar, quickly weighed, and then de-
capitated. Trunk blood was collected in heparinized 12 x
75-mm glass test tubes, and then centrifuged. Plasma was
removed and stored frozen for later radioimmunoassay of
steroid hormones. These results have been presented pre-
viously(3). After decapitation, all mice were skinned, or-
gans well exposed, and the carcasses placed in 4% neutral,

Table I. Demographic and Reproductive Data for Pas-Strain Populations, Tabulated with Respect to

Cage Size®
Max. no Max. Duration Sex ratio Age atpop.  Percentage of  Severity of
Population inpop.  density  of study Start Finish termination females w. ovarian
pop. (n/m?) (days) F:-M E:M (days) ovarian lesions lesions®
Cage size = 3.9 m?
D1* 100 26 565 21 25:0 378-586 100% 66%
Cage size = 1.82
Gt 95 53 679 21 90:1 289-700 46% 49%
1t 61 34 464 2:1 47:1 280485 69% 38%
Cage size = 0.9 m?
Fot 79 86 399 2:1 11:15 263-362 0% 0%
F10t 66 72 394 2:1 12:1 297-415 42% 21%
F12t 67 73 397 5:1 54:1 106—418 33% 59%
Fi14t 58 63 340 5:1 38:1 156-361 8% 15%

& pas-strain of Mus musculus obtained from Dr. J. Pasley, Little Rock, Arkansas.

b Given as percentage replacement of luteal tissue with amyloid.

* Raised as a mixed population, but no males survived to termination of study.
t Raised as a predominantly female population with a single stud male. Male offspring were removed at census.

1 Raised as a mixed population.

OVARIAN LESIONS IN HOUSE MICE 81



Table ll. Demographic and Reproductive Data for Bron-Strain Populations, Tabulated with Respect to

Cage Size?
) Max. no. Max. density  Duration of Sex ratio Age atpop.  Percentage of ~ Severity of
Population in pop. (no.Jm?) study (days) Start Finish termination females yv/ ov_arlanb
F:M F-M (days) ovarian lesions lesions
Cage size = 1.8 m?
P8 51 28 592 6:1 38:1 253-627 0% 0%
Cage size = 0.9 m?
P11 63 68 461 6:1 60:1 114483 10% 14%
Cage size = 0.48 m?
P4 73 152 434 20:1 64:1 435-632 17% 50%
P9 43/53 956/110 590 2:1 51:1 139-717 41% 35%

@ Bron-Strain of Mus musculus obtained from Dr. F. Bronson, Austin, Texas. Po

one stud male. Male offspring were removed at census.
b Given as percentage replacement of luteal tissue with amyloid.

* Population started in a 0.045 m? cage and transferred to a 0.48 m?

in larger cage.

pulations were raised as predominantly female populations with

cage; max. no. and density are given as values in smaller cage/values

Table Ill. Demographic and Reproductive Data for Nine Separate Population Studies of Two Strains of
Laboratory Mice (Baib/cJ; Balb/cByJ) and Three Strains of Wiid House Mice (HAF-Strain; SAF-Strain;

JJD-Strain)?

Duration  Sex ratio

) . Age at pop. Percentage of Severity of
hgg:;e Tac:i%l; 2?;%9 I\fr?);()o r;o. M?ﬁé‘iﬁg'w of study gan Finish termination  females w/ ovarian
: : days) Em  FM (days) ovarian lesions  lesions®
Balb/cJ P1 .48 m2 32 67 536 2011 210 426-587 0% 0%
P2 48 m? 22 46 522 20:1 9:1 552-573 0% 0%
P17* .48 m? 6 13 300 5:1 3:0 434 0% 0%
Balb/cBy P14 3.95m? 46 12 554 51  34:.0 376-636 0% 0%
HAF P5t .48 m? 11 23 534 101 8:1 594-648 13% 20%
P13  1.82m? 38 21 599 511 350 138-689 0% 0%
SAF P61t 48 m? 9 19 534 8:1 1:0 591 100% 25%
JJD P7* .045 m? 3 67 226 21 0:1 — —_— —
P16 .48m2  15/19 31/10 448 31 19:0  190-557 0% 0%

2 Populations were raised as predominantly female populations with one stud male. Male offspring were removed at census.

b Given as percentage replacement of luteal tissue with amyloid.
* Population had no recorded births.

T Population had no surviving litters. One of eight surviving original females had ovarian lesions.
$ Population had no recorded births. The one surviving original female had ovarian lesions.
1l Poputation started in a .48 m? cage and transferred to a 1.82 m? cage; max. no. and density are given as values in smaller cage/values in

larger cage.

buffered paraformaldehyde. Later, selected organs were
dissected out, weighed, and then prepared for histologic
analyses.

Preparation of Tissues for Light Microscopy.
Paraffin-embedded tissues were sectioned at 5 pm and rou-
tinely treated with the following stains: hematoxylin-eosin and
PAS-hematoxylin; Congo red, plus or minus pretreatment with
potassium permanganate (12, 13); thioflavin-T; Mallory’s tri-
chrome and van Gieson’s stains for connective tissue; Ver-
hoeff’s Orcein stain for elastica; Oil-Red-0 for fat; and Prus-
sian Blue for iron pigments. Tissues stained with Congo red
were examined under polarized light. Tissues stained with
thioflavin-T as well as those stained with Congo red were
examined with UV light (amyloid fluoresces white with thio-
flavin-T and orange with Congo red).

Ovarian lesions were graded as follows: the percentage
replacement of corpora lutea with amyloid and necrotic ma-
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terial was estimated for individual corpora lutea, and aver-
aged to give a figure for total replacement in each section.
This figure was multiplied by the percentage of ovary con-
taining corpora lutea. The final number yielded the percent-
age of amyloid-necrotic replacement for the whole ovary.
Grading was repeated a number of times, and the grades
were reproducible within 10% or less.

Preparation of Tissue for Electron Microsco-
PY. Lesioned ovaries were cut intol-mm cubes and placed
in a chilled primary fixative solution of 4% paraformalde-
hyde with 2% glutaraldehyde for 2 hr. The pH of the solu-
tion was 7.2 and isoosmolar to serum (14). After postfix-
ation in a 1% solution of osmium tetroxide for | hr and
dehydration in acetone, the cubes were embedded in stan-
dard grade epon and sectioned using an American Optical
(TM) ultra-microtome. Routine thick sections were cut and
viewed with light microscopy for orientation. The ultra-thin



sections were stained using uranyl acetate for 20 min and
lead citrate for 5 min (15). Thin sections were examined
with either a Phillips TM 201 or a Hitachi Y TM H-7000
electron microscope.

Characterization of Ovarian Amyloid. Lesioned
ovaries of Pas-strain females, from population studies D1
and G, and lesioned ovaries, from Bron-strain females from
population studies P9 and P4, were processed together with
sections of human liver tissue containing AA amyloid, as
well as with human brain with Alzheimer’s disease (Sup-
plied by Dr. James Goldman, Department of Pathology,
Columbia College of Physicians & Surgeons, NY). All tis-
sues were analyzed for the presence of AA amyloid by a
peroxidase-antiperoxidase (PAP) procedure that combined
the methods of Weidemann et al. (16), Koo et al. (17), and
Martin et al. (18). The B/A, antibodies used in the proce-
dure (Purchased from Boehringer-Mannheim Corp.) react
with Alzheimer's precursor protein A,, and were derived
from mouse-mouse hybrid cells. The B/A, antibodies also
cross-react with AA amyloid from fish, rat, mouse, and
monkey. Microscope slides containing the paraformalde-
hyde-fixed, paraffin-embedded ovarian sections were
placed in toluene, and then sequentially run down through
alcohols to water. Then, following pretreatment with 15%
formic acid (19) the sections were treated with rabbit serum
to block nonspecific staining; incubated with monoclonal
antipre-B/A, antibody; and, washed in buffer. Next, the
sections were treated with biotinylated, mouse-adsorbed, rat
anti-mouse IgG purchased from Vector Laboratories. After
endogenous peroxidase was quenched with 0.3% hydrogen
peroxide in methanol, the sections were treated with the
biotin-avidin PAP complex, and then incubated in diamino-
benzidine chromogen solution for 2~7 min. Slides were
washed in distilled water, counterstained with Harris He-
matoxylin for 30 sec, dehydrated, cleared with xylene, and

then coverslipped. Sections were examined for a positive
chromogen reaction indicative of AA amyloid deposition.

Statistical Analyses. All replicate data were sub-
Jected to ANOVA and Student’s ¢ test.

Results

Demographic Analyses. In all population studies,
maximum population size was reached in 120-180 days.
Population growth typically involved a rapid phase that was
followed by slower growth. The slower rate of growth was
always initiated by a change in female behavior, first noted
as a pronounced shift in social organization. Where earlier
in the population the females had mated, delivered their
young, and raised their litters, as the population increased in
size, the females gradually stopped mating and began to
chase and fight with both male and female “intruders.”
From that point on, there was no increase in population size.
The males in the populations became severely wounded. In
population D1, a mixed population, all males were eventu-
ally killed by the females. In population 1, the single stud
male was seriously wounded in the posterior region and
eventually lost its tail. When the populations were termi-
nated, the vast majority of the females were still ovulating,
as judged by the presence of corpora lutea. Most females
had large numbers of uterine placental scars, suggesting that
they had been pregnant repeatedly, but had either aborted or
resorbed their embryos. For a recent review of this phenom-
enon, see Clark er al. (20).

Figure 1 is a plot of the history of population I (male
removal population). Note that the first records of male and
female wounds were on Day 144 and Day 168, respectively.
Note also that after Day 160, only one of the litters that was
born survived. As in all population studies, female aggres-
sion, once initiated, continued unabated until the population
was terminated, which in population I was at 464 days. At
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its maximum size, population I contained 60 females and
the single stud male. At autopsy it was revealed that a
significant number of the females had grossly enlarged ova-
ries, due to the presence of one, or more, large amorphous
masses. Examination of these ovaries via light microscopy
indicated that the masses, or lesions, were originally corpora
lutea, but now contained an accumulation of membrane
fragments and other cellular debris suggestive of incomplete
luteolysis.

Table 1 contains the demographic and reproductive
data for all Pas-strain population studies, including popula-
tion I, tabulated with respect to cage size. As indicated, 69%
of the females in population I had lesioned ovaries. Further
analyses indicated that 38% of normal luteal tissue had been
replaced by the lesion. In population study D1, the popula-
tion reached a2 maximum size of 100 animals. When the
study was terminated at 565 days there were 25 surviving
females and no surviving males. All females had lesioned
ovaries. In addition, two-thirds of normal luteal tissue in
each ovary had been replaced by the lesion. Population G
was another study of Pas-strain mice that yielded significant
numbers of females with lesioned ovaries. When population
G was terminated at 679 days, there were 90 surviving
females. Forty-six percent of these animals had lesioned
ovaries. In the remaining F series of population studies of
the Pas-strain mice, F9 through F14, the populations were
all raised in smaller cages and for shorter periods of time. In
these smaller cages, the populations reached higher maxi-
mum population densities, but there were fewer females
with lesioned ovaries. The average maximum population
density for all population studies of the Pas-strain of mice
was 57 animals/m’.

Table II contains the demographic and reproductive
data for the Bron-strain population studies. As indicated,
few of these populations produced significant numbers of
females with lesioned ovaries. This was most evident when
populations were raised in the same-sized cages as the Pas-
strain and for the same duration; however, when the Bron-
strain females were housed in the smaller 0.045 m? and 0.48
m? cages, a number of the females developed lesioned ova-
ries. Population P9 was started in a 0.045 m’ cage with two
females and a single stud male. A number of births were
recorded, and after 160 days, there were 43 females in the
population. The 43 females and the single stud male were
subsequently transferred to a larger 0.48 m? cage. Shortly
thereafter, a few females produced litters. However, litter
production in the larger cage was short-lived, and it soon

ceased. When population P9 was terminated after an addi-
tional 434 days, there were 53 surviving females. At au-
topsy, 41% of the females had lesioned ovaries.

Table III contains the demographic and reproductive
data from population studies that were conducted on two
strains of inbred laboratory mice and three strains of wild-
derived house mice. As in the Pas-strain and Bron-strain
animals, the populations of female inbred laboratory mice
(Balb/cJ and Balb/cByJ) became aggressive as population
size increased, and they subsequently ceased mating; how-
ever, in contrast to the Pas-strain and Bron-strain animals,
none of the female laboratory mice developed ovarian
lesions.

Population studies that were conducted on the three
wild-derived strains of house mice initially produced very
little reproductive and demographic data. In population
study P5 of the HAF-strain, only three litters were pro-
duced, and none survived to the next census. When P5 was
terminated after 534 days, one of the eight surviving origi-
nal P5 females had ovarian lesions. In population study P6
(SAF-strain), there were no recorded births. The lone sur-
viving original female had ovarian lesions. Population study
P7 (JJD-strain) had no recorded births and no surviving
original females. Population studies of the HAF-strain and
JID-strain were subsequently repeated with second-
generation animals from the breeding colony. In contrast to
the initial population studies, the second-generation females
mated and reproduced. However, none of the females de-
veloped ovarian lesions. In population study P13 (HAF-
strain), none of the 35 females had ovarian lesions, even
after 599 days. In population study P16 (JJD-strain), all 19
surviving females had normal ovaries after 448 days. As in
many population studies, the females in P13 and P16 killed
the stud males.

Table IV contains the average weights of selected or-
gans from Pas-strain breeder and population females. As
indicated, the population females had thymus glands and
uteri that weighed significantly less than the same organs
from breeder females of the same strain. In contrast, the
adrenal glands from the population females weighed sig-
nificantly more than the adrenal glands from breeder
females.

With the exception of population study F11 (Pas.
strain), lesioned ovaries were larger and weighed more than
the nonlesioned ovaries. In population Fi1, the lesioned
ovaries weighed the same as the nonlesioned ovaries. Sta-
tistical analyses were performed on selected organ weights

Table IV. The Average Weights of Selected Organs from all Pas-Strain Population Females®

Animals Thymus Spleen Adrenals Uterus Ovaries
Population females (321)° 192 124 £ 13 76+03 67+6 135+12
Breeder females (18) 40 = 13t 174 + 36 64+04 162 + 501 154 +6.3

* Organ weights in mg + SEM. Adrenals and ovaries are paired weights.

& Number ot animals in each group.
* Value significantly greater (P < 0.05).
1 Value significantly greater (P < 0.001).
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from population studies G and I of the Pas-strain, and P9 of
the Bron-strain, and are representative of all populations of
animals in which there was a significant incidence of ovar-
ian lesions. Note in Table V that the average weight of
lesioned ovaries in the Pas-strain populations G and 1 was
double that of the nonlesioned ovaries. In population P9 of
the Bron-strain, the lesioned ovaries weighed one-third
more than the nonlesioned ovaries. With the exception of
spleen weights from females in population G (Pas-strain),
there were no other statistical differences in organ weights
between females having and not having lesioned ovaries.

Shown in Table V are the average ages of females with,
and without, lesioned ovaries. As indicated, the average age
of females with and without lesioned ovaries in the Pas-
strain was 450 days vs 342 days in population G, and 377
days vs 356 days in population I, respectively. In the Bron-
strain population, P9, the average age of females with
and without lesioned ovaries was 356 days vs 365 days,
respectively.

The overall incidence of females with lesions and the
severity of the lesions with respect to the age of the animal
and duration of the experiment were calculated for the Pas-
strain (data from mixed population F9 was not used). In
populations DI, G, I, and F10 through F14 (Table I) the
prevalence of ovarian lesions was positively correlated with
the duration of experiments in days (r = 0.820,n = 10, P
< 0.01). In considering the total number of individual mice
with lesions, the severity of the lesions was significantly
correlated with age/duration (n = 143, P < 0.0001]).

In the Bron-strain, the mean prevalence of lesions per
cage size was highly correlated with the logarithms of cage
size (n = 4, r = 0995, P < 0.01), as were the mean
frequencies of lesions in individual populations (n = 10, r
= 0.884, P < 0.01). The mean severity of lesions per cage
size also was highly correlated with logarithms of cage size
(n = 4, r = 0.980, P <0.05), as were the mean severity of
lesions per ovary per population (n = 10, r = 0.743, P <
0.02).

Histologic Analyses of Lesioned Ovaries. Fig-
ure 2 is a photographic plate of four light micrographs of
tissue cross sections of a nonlesioned ovary and lesioned

ovary. Micrographs 2A and 2B demonstrate the cellular
integrity typically found in a corpus luteum (CL), and mi-
crographs 2C and 2D demonstrate the lack of cellular in-
tegrity typically found in a lesion (L). Figure 3 is a photo-
graphic plate of four light micrographs of a lesioned ovary
at higher magnification. Micrograph 3A shows a CL being
replaced by amyloid and necrotic debris. Note the nearly
occluded thecal artery (a) surrounded by PAS + amyloid
fibrils. The arrow points to other amyloid fibers. Micro-
graph 3B shows one CL entirely replaced by amyloid (upper
right), and an adjacent CL with a more recent amyloid re-
placement (arrow). Micrograph 3C is a higher magnifica-
tion showing early amyloid replacement in a CL. Note the
artery with greatly thickened walls. Membranes have dis-
appeared from the periphery of one area (arrow). Note also
the amyloid that extends into the surrounding tissue (lower
right). Micrograph 3D is a higher magnification showing
progression of amyloid replacement in a CL. Thecal arteries
are nearly obliterated. Note the absence of a clear-cut
boundary between the amyloid and luteal cells (arrow).
Figure 4 is a photographic plate of four electron mi-
crographs of increasing magnification of a thin section of a
lesioned ovary. Micrographs 4A and 4B demonstrate the
luteal cell membrane disruption and attendant lack of cel-
lular structure that is associated with the formation of the
lesion. Micrographs 4C and 4D show the bundles of amy-
loid fibers that surround a small blood vessel near the lesion.
Typically, amyloid is first detected in thickened walls
and reduced lumen of thecal arteries located in the intima
and smooth muscle. The amyloid is next seen dispersing
into adjacent thecal tissue, with the subsequent invasion of
the CL proper. As the amyloid extends from the theca into
the CL, the number of fibrils decreases rapidly. Luteal cells
not in contact with the amyloid “front” appear to be normal.
Luteal cells that are in contact with the amyloid “front,” in
contrast, no longer have intact membranes, and organelles
are seen flowing into the surrounding material. Necrosis and
loss of luteal cells proceeds until the CL is replaced by a
“hyaline™ mass of necrotic debris, amyloid, and probably
serum components. Trapped cellular elements are eventu-
ally lyzed and disappear. The whole mass becomes electron

Table V. The Average Age of the Animals and the Weights of Selected Organs from Females With, and
Without, Lesioned Ovaries in Population G (Pas-Strain), Population (Pas-Strain), and Population P9
(Bron-Strain)?

Animals

Age Thymus Spleen Adrenals Uterus Ovaries
G whesions (39)° 450 £ 12* 21.8+2 165.0 + 18* 6.6+0.2 4394 121 £ 1t
w/o lesions (46) 342+ 18 214 +1 102.0+ 15 6.910.2 325x5 50+03
| whesions (31) 377+6 159+2 158.9 + 16 7504 80.8+ 10 23.9 + 2t
w/o lesions (14) 356 + 10 125+2 148.9 + 25 7103 61.7x9 1051
P9 wresions (20) 356 + 17 205+2 4022 8.3+0.3 nd 1M13x1*
w/o lesions (29) 365 + 27 2092 388x3 87204 nd 8507

# Age in days + SEM and organ weights in mg + SEM. Adrenals and ovaries are paired weights.

& Number of animals in each group.

* Value significantly greater (P < 0.05).

1 Vatue significantly greater (P < 0.001).
nd = not determined.
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lucent without structure or recognizable components and
highly resistant to staining. In no instances are there any
signs of an inflammatory reaction.

Histochemical Analyses of Lesioned Ova-
ries. Tissue sections of lesioned ovaries that were stained
with Congo red and then visualized with polarized light
showed a high degree of birefringence in specific areas.
This localized birefringence was due to isolated individual
cells lining the vascular sinusoids. A similar distribution
was observed when the lesioned tissue sections were stained
with thioflavin-T, and then visualized with UV light. Treat-
ment of tissue sections with potassium permanganate did
not block tissue staining with Congo red, suggesting that the
amyloid is a primary amyloid. As positive control for this
staining protocol, and in contrast with the ovarian amyloid,
treatment of human AA amyloid tissues with potassium
permanganate did block staining with Congo red. In addi-
tion, B/A, antibody did not react with the ovarian amyloid,
but did react with human AA amyloid tissues. Finally, in all
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Figure 2. Light micrographs of
normal and lesioned ovaries. (A)
Low magnification of cross-
section of normal ovary showing
five recent corpora lutea (CL). (B)
Higher magnification of individual
corpus luteum in normal ovary
showing the typical cellular struc-
ture. (C) Low magnification of
cross section of lesioned ovary
showing two white, amorphous,
lesions {L). (D) Higher magnifica-
tion of individual lesion showing
the absence of cellular structure.
Hematoxylin & eosin; Scale bars,
100 pym.

histochemical analyses, the strongest amyloid reaction was
found in the walls of thecal arteries and in the single lining
of cells of the luteal sinusoids. Lesser amyloid reactions
were found in the theca and periphery of the CL.
Histologic and Histochemical Analyses of
Other Tissues. Analyses of tissue sections of uteri from
Pas-strain and Bron-strain females indicated the presence of
secondary amyloidosis of medium-sized muscular arteries
of the mesometrium, metrial triangle, and myometrium in
23 of the 412 mice examined. The uterine lesions were
associated with acute or chronic necrotizing arteritis accom-
panying inflammatory responses to dead embryos. Analysis
of kidney tissue from these same experimental mice indi-
cated that over 80% of the animals had either subacute,
chronic, or old healed pyelonephritis. The pyelonephritic
lesions ranged from minimal to end-stage kidney. The se-
verity of renal lesions was significantly correlated with se-
verity of ovarian lesions (n = 175, r = 0204, P < 0.01),
but this relationship accounted for only 4% of the variance



Figure 3. Light micrographs of lesioned ovary. (A) Cross section showing a CL being replaced by amyloid and necrotic debris. Note the nearly
occluded thecal artery (a) surrounded by PAS + amyloid fibrils. Arrow points to other amyloid fibrils. PAS-hematoxylin, (B) Cross section
showing one CL entirely replaced by amyloid (amy). An adjacent CL contains a more recent amyloid replacement (arrow). PAS-hematoxylin.
(C) Cross section showing early amyloid replacement in a CL. Note the artery (a) with greatly thlgkened walls. Membranes have disappeared
from the periphery of one area (arrow). Note also the amyloid that extends into the surrounding tlssge (lower right). Hematoxylin & eosin. (D)
Cross section showing progression of amyloid replacement in a CL. Thecal arteries are nearly obliterated. Note the absence of a clear-cut
boundary between the amyloid (amy) and luteal cells (arrow). Hematoxylin & eosin. Scale bars, 100 pm.

and could reflect the increase in severity of both diseases
with time (age). In addition, there was an apparent absence
of ovarian disease in 32 mice with renal disease and an
absence of renal lesions in 16 mice with ovarian lesions.
Although some very early renal and ovarian lesions could
have been missed, these data indicate that pyelonephritis
and ovarian amyloidosis were not directly related.

Discussion

The Pas-strain of wild mice had the greatest predispo-
sition toward the development of ovarian lesions. A number
of the Pas-strain females actually had lesioned ovaries by
250 days of age, suggesting that the pathology is not strictly
an effect of senescence. The development of the lesion in
the Pas-strain was independent of cage size. In the Bron-
strain, in contrast, the size of the cage was critical. This was
demonstrated most effectively in population study P9,
where animals initially housed in a small 0.045 m? cage for
160 days had the highest incidence of ovarian lesions. In
population studies of the Balb/c) and Balb/cBylJ laboratory

mice, and the HAF-strain, SAF-strain, and JJD-strain wild
house mice, only two females developed ovarian lesions.
This tentatively suggests that these strains are not predis-
posed to develop ovarian lesions. However, we cannot rule
out the effect of limited cage size in these strains. In popu-
lation study P7 of the JID-strain, the animals were initially
housed in a small 0.045 m? cage, as in population study P9
(Bron-strain). However, none of the colonizing females in
P7 gave birth, and all were dead by 226 days. This study
was not repeated in the small 0.045 m? cage. All further
population studies of the Balb/cJ and Balb/cByJ laboratory
mice, and the HAF-strain, SAF-strain, and JJD-strain wild
house mice were conducted in larger cages.

The failure of normal luteolysis, especially in older
females, is of unknown etiology at this time. Whether it is
the result, or precedes amyloid formation, is unclear. Fe-
male house mice that are housed under crowded conditions
are known to exhibit irregular or prolonged estrous cycles
(21-24). Animal crowding is considered to be a stressful
factor (25, 26) suggesting the possible involvement of the
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adrenal gland. In a recent study, adrenalectomized female
house mice given corticosterone (B) replacement had sup-
pressed estrous cycles when housed under crowded condi-
tions, whereas adrenalectomized animals without B replace-
ment had regular estrous cycles (27). The overall results of
the study led these investigators to suggest that urinary me-
tabolites of B, acting as pheromones in the urine, increase
the length of the estrous cycle.

A number of reports have indicated that the weight of
the adrenal glands is increased in group-housed female mice
(28-31). In our studies, population females had adrenal
glands that weighed significantly more than the adrenal
glands from breeder females of the same strain (Table IV).
Increased adrenal weight is correlated with elevated adrenal
activity (30, 32-34). The population females had stress lev-
els of circulating B (3).

Activated T lymphocytes and macrophages play a criti-
cal role in luteolysis, contributing to the prompt regression
of corpora lutea (35-42). When females have a paucity of
immune cells, as in the congenitally athymic nude mouse,
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Figure 4. Electron micrographs
of lesioned ovary. (A) Area of le-
sion adjoining a CL showing luteal
cell membrane disruption. Cyto-
plasmic organelles are seen es-
caping these cells into the clear
space. The clear space also con-
tains red blood cells (rbc) and
fragments of destroyed cells. (B)
‘Higher magnification of luteal cell
bordering lesion. Mitochondria
(mt), lipid droplets (lpd), and other
cytoplasmic organelles are shown
pouring out the lower side of the
cell. The nuclear membrane in the
same area appears to be dis-
rupted, but no nucleoplasm is es-
caping. (C) Section through a
small blood vessel (bv) near le-
sion showing darkly stained red
blood cells (rbc). Bundles of amy-
loid fibers (amy) are shown in this
micrograph, surrounding the
blood vessel and stretching away
fromit. (D) Micrograph of a portion
of the blood vesse! showing a
higher magnification of the amy-
loid fibers (amy). Visible on the
rightis a red blood cell (rbc). Scale
bars for A, B, and C, 1 ym. Scale
bar for D, 0.1 pm.

the corpora lutea persist for a long time (43, 44). In the
current study, the incomplete luteolysis and the develop-
ment of ovarian lesions in the population females could be
due, at least in part, to reduced levels of activated lympho-
cytes and macrophages. Stress levels of adrenal steroids
have a profound and deleterious effect on the immune sys-
tem. Glucocorticoids, for example, (i) cause the apoptosis
(cell death) of lymphocytes in thymus and liver (45); (ii)
inhibit the expression of interleukin-1-B mRNA and inter-
leukin-6 mRNA in macrophages (46); (iii) depress the
phagocytic activity and inhibit the release of tumor necrosis
factor-a in macrophages (47, 48); and (iv) reduce the ac-
tivity of manganese superoxide dismutase and glutathione
peroxidase in macrophages (49). In the current study, thy-
mus glands from population females weighed significantly
less than thymus glands from breeder females (Table IV),
the possible consequence of the high levels of B.
Lesioned ovaries weighed significantly more than non-
lesioned ovaries (Table V), as a result, presumably, of the
incomplete luteolysis and amyloid deposition. Chronic so-



cial strife and repeated pregnancies appear to be an ingre-
dient in the development of the amyloid. Social stress has
been reported to augment casein-induced AA amyloid for-
mation, although the effect may actually be due to wound-
ing (50, 51). Wounds from fighting have been reported to
cause secondary amyloidosis in group-caged mice (50). In
the current study, no such relationship could be established
between wounding and ovarian amyloidosis. AA amyloid-
osis is commonly associated with pyelonephritis and
chronic inflammation (7, 52). It is possible that ovarian and
renal lesions could co-occur without a direct relationship to
each other, but an indirect effect is suggested by the positive
correlation between the severity of renal and ovarian le-
sions. Although AA amyloidosis was rare in our mice, pri-
mary amyloid formation may be affected by similar factors.
Resistance to azocasein-induced AA amyloidosis in CE/J
inbred mice is reported to be due to the production of a
genetically determined novel SAA protein (53), but whether
or not this bears on ovarian primary amyloidosis is conjec-
tural. A number of studies have examined the effects of
steroid hormones on AA amyloidosis, both spontaneous and
experimentally induced. However, the results are equivocal.
Steroid hormones have been reported to block formation of
amyloid, to precipitate it, and to enhance it (54-58). In any
event, results from experiments on AA amyloidosis may
have little bearing on ovarian primary amyloidosis. The
ovarian amyloid is permanganate-resistant and does not
cross-react with human B/A, amyloid, suggesting that the
ovarian amyloid is not an AA amyloid. With respect to its
pathogenesis, many questions still remain.
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