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ABSTRACT

Previous studies have suggested that there may be an
association of adrenal juxta-medullary cell activity with
pubertal timing. This study examined the adrenal zona
reticularis cellular histology of control and population-
inhibited prairie deermice (Peromyscus maniculatus bairdii)
at 17, 30, 70 and 90 days of age. Measurements were taken
or calculated of selected areas of the adrenal at low and
high magnification, as well as measurements of the body
weights, reproductive organ weights, and absolute and
relative adrenal weights of control and population-inhibited
animals. »

Body and reproductive organ weights were significantly
larger in control males than in population-inhibited males
at 70 days of age and thereafter. Body and reproductive
organ weights were significantly larger in control females
than in population-inhibited females at 90 days of age.
There were no significant differences in absolute or
relative adrenal weights between control and population-
inhibited animals at any age. Histology revealed
significantly decreased mean total adrenal and adrenal
cortex areas to occur concomitant with significantly
increased mean numbers of adrenal zona reticularis cell
nuclei. Suggestions for further investigation to establish
whether these adrenal activities are correlated with
functional changes in adrenal androgens are presented.

vii
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INTRODUCTION

The eutherian adrenal gland can be functionally divided
into two distinct areas. Tissue within the innermost area
comprises the medulla, which is part of the sympathetic
nervous system and releases epinephrine and norepinephrine.
Surrounding the medulla is the adrenal cortex, an area of
tissue of mesodermal origin which can be further subdivided
into three functional zones. The whorled cells of the
outermost zone, the zona glomerulosa, are regulated
primarily by the renin-angiotensin system and synthesize and
secrete aldosterone. The columnar cells of the zona
fasciculata and the compact cells of the zona reticularis,
the innermost zone, synthesize and secrete glucocorticoids
and adrenal androgens under direct control of
adrenocorticotropic hormone (ACTH). The precursors to
glucocorticoids and adrenal androgens, l70-
hydroxypregnenolone and l70-hydroxyprogesterone, are not
synthesized in the zona glomerulosa because this zone lacks
l70-hydroxylase activity. Likewise, aldosterone is not
produced in the inner cortical zones because of the absence
of mitochondrial 18-hydroxysteroid dehydrogenase (Greenspan,
1993).

ACTH, regulated by the central nervous system and the

hypothalamus via neurotransmitters and corticotropin-
2



releasing hormone (CRH), acts on the mitochondria at the
rate limiting step whereby cholesterol is converted to
pregnenolone (Figure 1). After export from the mitochondria
to the smooth endoplasmic reticulum, pregnenolone is 1l70-
hydroxylated and converted to the C-19 steroids
dehydroepiandrosterone (DHEA) and its conjugate DHEA
sulfate. Conversion of l1l7a-hydroxyprogesterone and to a
lesser extent DHEA to androstenedione complete synthesis of
the adrenal androgens. DHEA, DHEA sulfate and
androstenedione can be secreted and converted to the more
potent androgens testosterone and dihydrotestosterone. Of
these, only DHEA and androstenedione exhibit circadian
periodicity in concert with ACTH and cortisol (Greenspan,
1993). Adrenal androstenedione-derived testosterone
accounts for approximately 5% of the production of this
hormone in human males with normal gonadal function.
.Although this amount is negligible in normal males,
excessive amounts in young can cause early development of
secondary sexual characteristics. In normal human females,
adrenal androstenedione-derived testosterone accounts for
approximately 66% of the production of this hormone and
excessive amounts can result in hirsutism and virilization
(Greenspan, 1993). Thus, adrenal androgens supplement the
endogenous gonadal androgens in the normal animal while in
abnormal situations their inappropriate presence has a

significant effect.



A fourth cortical zone generally referred to as the "X
zone" (Howard, 1927) has been confused with the zona
reticularis because of its juxta-medullary location;
however, the X zone is a zone comprising cells with
acidophilic cytoplasm and prominent basophilic nuclei that
precedes development of the zona reticularis. Most
researchers have observed the X zone beginning at about 14
days of age in both sexes of house mouse adrenal tissue that
has been stained with hematoxylin and eosin (Howard, 1930;
Chester Jones, 1949; Deacon et al, 1986). Likewise, these
researchers have found the timing and degree of the X zone's
presence to vary.

Chester Jones (1949) suggested that the X zone
persisted indefinitely in prepubertally castrated males due
to hypersecretion of the gonadotropins resulting from
elimination of the negative feedback loop between the testes
and the adenohypophysis. Furthermore, Chester Jones (1949)
suggested that postpubertal castration caused reappearance
of the X zone concomitant with adrenal hypertrophy
presumably because of the gonadotropin hypersecretion that
followed gonad removal. In the normal male house mouse,
Chester Jones (1949) found that from approximately 30 days
of age and onward the X zone disappears and is replaced by
the zona reticularis. In the unmated female house mouse,
the X zone was not found to disappear at puberty; rather, it
was found to gradually disappear over a time period

dependent upon the strain of mouse (Chester Jones, 1952;



Shire & Spickett, 1968). However, Chester Jones (1952)
found that during first pregnancy, placental gonadotropin
stimulated rapid secretion of ovarian androgens which have a
pycnotic effect on the X zone. Furthermore, the possibility
existed that adrenal gonadotropin receptor activity
decreases as ovarian gonadotropin receptor abundance and
activity increases. This early work suggested that the X
zone was regulated by gonadotropins, and not, as in the rest
of the cortex, by ACTH (Chester Jones, 1949). Furthermore,
it was the contention of Chester Jones (1949) and Deanesly
and Parkes (1937) that gonadotropins maintained the X zone
until gonadal androgen secretion reached a level which
caused redirection of the gonadotropins from the adrenals to
the gonads, thus having a direct effect on the X zone to
cause its collapse. Following this collapse, thought to be
achieved by pycnosis of the nuclei and shrinkage of cell
cytoplasm (Chester Jones, 1957), cells of the zona
reticularis began to develop in the area once occupied by
the X zone. More recent work suggests that the juxta-
medullary adrenal zone responsible for adrenal androgen
production and secretion is regulated by ACTH, as in the
rest of the cortex (Laue et al., 1991; Rainey et al., 1993).
No modern data support Chester Jones' suggestion that
gonadotropins regulate the juxta-medullary adrenal zone.

The present study used prairie deermice, members of the
Sigmodontinae subfamily of Muridae (Anderson and Jones,

1984), as a model for investigation of the X zone, the zona



reticularis and their relationship to the processes of
adrenal maturation (adrenarche) and puberty. Deermice were
selected because puberty onset can be controlled within the
laboratory context by natural mechanisms. The size of
laboratory populations of deermice is controlled even when
surplus food and water were provided (Terman, 1965, 1973a).
This control is achieved by cessation of reproduction or
failure of young to survive, or both (Terman, 1965, 1969,
1987). Further, at least 90% of the animals born into these
populations are reproductively inhibited and remain so
indefinitely (Terman, 1965, 1973a, 1973b, 1980a). Factors
triggering this condition are not fully understood, but have
been believed to be primarily tactile although visual,
olfactory, or auditory cues may be of secondary importance
(Lombardo & Terman, 1980; Terman, 1979, 1980b). It is the
contention of this study that the adrenal gland may be
partly responsible for the maintenance of reproductive
inhibition in population deermice. Therefore, gravimetric
and histological analyses of the adrenal gland were studied
to clarify the physiology involved in reproductive
inhibition.

Although reproductively inhibited deermice were shown
to have elevated levels of corticosterone, no gravimetric
evidence for adrenal hyperfunction has been found (Sung et
al., 1977; Bradley & Terman, 198la). Light microscopy
studies from reproductively inhibited deermice have revealed

no histological evidence of adrenal hyperfunction (Bradley &



Terman, 198la). Later histological studies have revealed
only reduced zonae fasciculata and reticularis areas in
reproductively inhibited animals, which also suggested
against any significant adrenal hyperfunction associated
with reproductive inhibition (Rouleau, 1990).

This study examined adrenals of reproductively inhibited
deermice in order to see if the X zone, found to disappear
at puberty in control house mice persisted in reproductively
inhibited, albeit older, population deermice. If so, the
presence of the X zone could be used as a histological
indicator of reproductive inhibition. Such a finding would
suggest an association between a delay in adrenal maturation
and a delay in puberty per se as the root cause of the
reproductive inhibition observed in laboratory populations
of deermice.

The primary purpose of the study was to investigate the
zona reticularis and possible X zone in deermice with
respect to their possible roles as histological indicators
of reproductive inhibition. Furthermore, this study was
conducted in hopes of shedding some light on whether
maturation of the zona reticularis (adrenarche) is

associated with the initiation of puberty in deermice.



MATERIALS AND METHODS

Animal maintenance

The animals used in this study were prairie deermice
(Peromyscus maniculatus bairdii) obtained from an outbred
production colony maintained at the Laboratory of
Endocrinology and Population Ecology, Department of Biology,

College of William & Mary.

Pilot Study

To determine whether an X zone was present in deermice,
a pilot study was conducted by evaluating 59 individual
adrenals taken from 30 female and 29 male unrelated colony
deermice aged 17-30 days. These adrenals were stained with
hematoxylin and eosin (H&E) which had been previously used
to indicate the X zone in the golden hamster, a related
cricetid, and the house mouse (Jones, 1949; Holmes, 1955;

Deacon et al., 1986).

Control Animals
Male and female deermice were removed from the colony
at known ages in order to make up four control groups aged
17, 30, 70 and 90 days old. All young produced in the
8



colony were weaned at twenty-one days of age and placed in
cages with same sex siblings.

In order to maintain heterogeneity in the sampled
groups, each of the males and females were taken from a
different litter. Four males and four females were taken
from their litters at 17 days of age and sacrificed
immediately. Four males and four females comprising the 30
day old control group were removed from their litters at 17
days of age and put with three other same sex animals until
30 days of age at which time each was sacrificed. Four
males and four females comprising the 70 day old control
group were removed from colony sibling groupings at 50 days
of age and put with three other same sex animals until 70
days of age at which time eaéh was sacrificed. Four males
and four females comprising the 90 day old control group
were removed from colony sibling groupings at 70 days of age
and put with three other such same sex animals until 90 days
of age at which time each was sacrificed. All animals were
sacrificed by chloroform inhalation. Animals of different
sexes in the control groups were never mixed and were kept
on one side of a two chambered, wire-topped, opague plastic
cage (12.8 X 27.8 X 14.5 cm). Pine shavings, approximately
2-3 cm. deep, were used as bedding and were changed at two-
week intervals. Food (Prolab Rat, Mouse, Hamster 3000,
Agway, Inc., Syracuse, NY) and tap water were available
continuously. The room temperature was regulated at 23 + 3

C and air was exchanged 5 to 8 times per hour.
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Reproductively Inhibited Animals From Laboratory Populations

Population Founding and Maintenance: Two
experimental populations (pop#'s 300 and 400) were founded,
each using four reproductively functional proven pairs. To
establish these laboratory populations, colony animals of
60+ 3 days of age were mated with same aged, opposite sex
animals which did not share common ancestors in the previous
three generations. Only those animals produced from colony
pairings were used. The first eight pairs which proved to
be reproductively functional were used to found two
populations. The female of each pair was either pregnant or
had produced one litter at the time of founding the
populations. Females which had given birth had been
separated from their partners before the birth of the litter
in order to avoid possible insemination at the post-partum
estrus. Litters were not placed in the populations with
their mothers, and the first litters of females which were
pregnant at the time of founding the populations were
removed immediately.

Each population was founded in a metal enclosure which
consisted of a circular stainless steel base with a diameter
of 1.5 meters and aluminum siding which was 68 cm or higher.
Each enclosure was covered to a depth of about 5cm with dry,
clean pine shavings for bedding. Food and tap water were
provided ad libitum. The population enclosures were housed

in rooms 4.27 by 4.57 m with a light cycle of 14 hours
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bright light (from four 40 W fluorescent tubes between 0630
and 2030h E.S.T.) and 10 hours of complete darkness. The
room temperature was regulated at 23 # 3 C and air was
exchanged 5 to 8 times per hour.

Population inspections were performed at two-week
intervals after the day of founding. Each consisted of
identifying an animal and assessing its reproductive state.
Male animals were noted as having either scrotal or non-
scrotal testes while female animals were evaluated for
vaginal perforation, pregnancy, and the development of
mammary glands. Any births during the previous two week
period were noted and the day of birth for surviving young
was estimated. Animals likely to be sampled from the
population were toe-clipped at between 15 and 21 days of
age. These animals were checked every two weeks until they
were selected at random from among the animals in both
populations representing the age group to be collected. At
the time of selection (17, 30, 70, 90 and 120 days of age)
four male and four female animals which had consistently
showed external signs of reproductive inhibition were taken
from the two growingApopulations. Every effort was made to
collect animals representing each age group from both

populations (Appendix A).
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Tissue sampling

Immediately following sacrifice, a ventral incision was
made and animals were placed in a 10% buffered formaldehyde
solution for at least 72 hours. Following fixation, each
body was weighed to the nearest 0.1g using an Ohaus GT2100
balance. Both the reproductive organs and the adrenal
glands were removed and finely dissected to remove fat.
Paired adrenal glands were weighed to 0.01 mg and the paired
testes, seminal vesicles, paired ovaries, and uteri were all
weighed to 0.1 mg with an analytical balance (Fisher). All
organs were blotted dry before being weighed. One adrenal
was chosen at random from each animal to be embedded for

histological analysis.

Histology

Each adrenal was placed in an ultraprocessor (RMC 3189,
Biomatics, Inc., Montreal) for ethyl alcohol dehydration
and impregnation with embedding resin. The resin used was
Historesin (Leica Instruments GbmH, Heidelberg). Sections
were cut at 6 micrometers using a JB-4 Microtome (Sorvall)
and stained for 1 minute at an ambient temperature using
0.1% Toluidine Blue (Fisher Scientific T-161). Sections
were evaluated with a Leitz Laborlux S microscope interfaced
with an R&M Biometrics image analysis system (Bioguant
Software, R&M Biometrics, Inc., 1988). Bioquant software

was used to evaluate the centermost section of each adrenal
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gland. This was determined by measuring both the medulla
area and the total adrenal area of each section per adrenal.
The section with both the largest medulla area and the
largest total adrenal area was chosen as the centermost
section. This section was then involved in a series of
measurements at both low (40X) and high (1000X)
magnification light microscopy.

At 40X, the medulla area, combined4zona reticularis and
medulla area, and total adrenal area were measured. The
Biogquant software was programmed to subtract the value of
the medulla area from the combined zona reticularis and
medulla area to give the area of the zona reticularis alone.
Subtraction of the medullary area from the total adrenal
area gave the cortex area. The area of the zona reticularis
was calculated as a percentage of the total cortex area.
Each measurement was taken four times per section.

At 1000X, the number of zona reticularis cell nuclel in
a 8297um2 field were counted and the area of those nuclei
was measured. Four fields per section were analyzed.
Calculated values for evaluation include medulla area, zona
reticularis area, adrenal area, cortex area measured in mm?,
percentage of cortex that is zona reticularis, number of
nuclei in the zona reticularis per 8297um? field, and mean

area of nuclei in the zona reticularis measured in mm2.
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Castration Study

An additional experiment was conducted to determine
whether a secondary X zone existed in postpubertally
castrated deermice. In earlier work by Chester Jones (1949,
1955) house mice demonstrated a wide secondary X zone
following postpubertal castration. The presence of such a
secondary X zone in postpubertally castrated deermice might
imply that a primary X zone also exists in immature deermice
since Chester Jones (1949, 1955) found the X zone to
reappear following postpubertal castration in mice who
showed the zone as prepubertal juveniles. At 75 days of
age, four non-sibling colony males were castrated and four
non-sibling colony males received a sham operation. The
animals were anesthetized using chloral hydrate and the
testes were removed through a scrotal incision in the
castrated group. The testes were left intact in the sham
group. The incisions were closed and sutured. Sixty days
following the operation, the 135 day old animals were
sacrificed, an abdominal incision was made, the animals were
fixed in 10% formalin for at least 72 hours, and the organs
were subsequently dissected as previously described. As in
the first study, one adrenal was dehydrated, embedded,
sectioned and stained for microscopic evaluation and
measurement using the Bioguant Software. The same
measurements at low and high power light microscopy were

taken in the centermost section of each adrenal.
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Statistical analysis

Data were analyzed using a one-way ANOVA and the
Tukey's test. All tests were accomplished with the SPSS-X
statistics package (SPSS, Inc., Chicago, Ill.). Animals
were analyzed in this study only if values for every
characteristic were available from that animal. All data
were reported as mean + the standard error of the mean
(SEM). 1In all cases, the probability was reported as
statistically significant if P was less than 0.05.

Males of 120 days of age had been collected from the
populations as part of the initial sampling design.
However, a corresponding aged control male was not sampled.
In order to evaluate the 120 day old population animals an a
posteriori statistical analysis usingll35 day old control
sham males from the castration study was accomplished using

the Student's t-test.



RESULTS

Presence of X zone in deermice

In the pilot study which evaluated one adrenal each
from 30 female and 29 male colony deermice ranging between
17 and 30 days of age, a total of 31 (53%) showed the X zone
by light microscopic examinations of hematoxylin and eosin
(H&E) stained sections. The majority of the 31 deermice
showing the X zone were between 17 and 21 days of age.
Sections of the same adrenal which showed the dark staining
X zone under the H&E stain also presented a corresponding

light staining X zone under the Toluidine Blue stain.

Gravimetric and histological comparisons between control
sham operated and postpubertally castrated males

No significant differences in body weight or relative
paired adrenal weight were detected between control sham
operated and postpuberally castrated 135 day old males
(Table 1). However, postpubertally castrated males showed a
significantly (P< 0.05) larger absolute paired adrenal
weight concomitant with a significantly (P< 0.05) lower

paired seminal vesicle weight (Table 1).
16
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In postpubertally castrated males, total adrenal area
and adrenal medulla area were significantly (P< 0.05) larger
than in control sham operated males (Table 2).
Concomitantly, zona reticularis area, percentage of adrenal
cortex that is zona reticularis, number of nuclei in the
zona reticularis and mean area of nuclei in the zona
reticularis were significantly (P< 0.05) smaller in
postpubertally castrated males (Table 2). No significant
difference in adrenal cortex area was detected between
control sham operated and postpubertally castrated 135 day

0ld males (Table 2).

Gravimetric comparisons between control and population
animals

At 17 and 30 days of age in both sexes, there were no
significant differences between control and population body
weight, gonad weight (paired testes and paired ovary),
paired seminal vesicle weight, uterus weight, absolute
paired adrenal weight and relative paired adrenal weight
(Tables 3 and 4, Figures 2, 3, 4, 5, 6, 7, 8, and 9).
Furthermore, no significant differences in absolute or
relative paired adrenal weight were found between control
and population animals of either sex at 70 and 90 days of
age (Tables 3 and 4, Figures 5 and 9). 1In 70 day old males,
body weight, paired testes weight and paired seminal vesicle

weight were significantly (P< 0.05) larger in control
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animals while at 90 days of age only paired testes weight
and paired seminal vesicle weight were significantly
(P<0.05) larger in control males (Table 3, Figures 2, 3, and
4). In 70 day old females, there were no significant
differences between control and population body weight,
paired ovary weight and uterus weight whereas 90 day old
control females had significantly (P< 0.05) larger body
weights and uterine weights (Table 4, Figures 6, 7, and 8).

The 135 day old control sham males had significantly
(P< 0.05) larger body weights, paired testes weights and
paired seminal vesicle weights than the 120 day old
population males. No significant differences in absolute or
relative paired adrenal weight were found between 135 day
old control sham males and 120 day old population males

(Table 3, Figures 2, 3, 4, and 5).

Histological comparisons between control and population
animals

At 17 days of age in both sexes, there were no
significant differences between control and population total
adrenal area, adrenal cortex area, adrenal medulla area,
number of nuclei in the zona reticularis and mean area of
nuclei in the zona reticularis (Tables 5 and 6).

At 30 days of age in both sexes, the total adrenal area
was significantly (P< 0.05) larger in population animals

while at 70 and 90 days of age in both sexes control animals
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had significantly (P< 0.05) larger total adrenal areas
(Tables 5 and 6).

At 30 days of age, adrenal cortex area was
significantly (P< 0.05) larger only in population females
while at 70 and 90 days of age in both sexes adrenal cortex
area was significantly (P< 0.05) larger in control animals
(Tables 5 and 6).

At 30 days of age, ﬁedulla area was significantly (P<
0.05) larger only in population females while at 70 days of
age no significant differences were detected between control
and population animals of either sex. At 90 days of age in
both sexes, medulla area was significantly (P< 0.05) larger
in control animals (Tables 5 and 6).

At 30, 70 and 90 days of age in both sexes, no
significant differences in zona reticularis area were
detected between control and population animals (Tables 5
and 6).

At 30 days of age in both sexes, the percentage of
adrenal cortex that is zona reticularis was significantly
(P< 0.05) larger in control animals while at 70 and 90 days
of age in both sexes no significant differences in the
percentage of adrenal cortex that is zona reticularis were
detected between control and population animals (Tables 5
and 6).

Values for number of cell nuclei and the mean area of
those nuclei in the zona reticularis were evaluated at 1000X

by counting and measuring the cell nuclei in a 8297um2
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microscope field in a region immediately outside of the
medulla. At 30 days of age in both sexes, the number of
nuclei in the zona reticularis was significantly (P< 0.05)
larger in control animals (Tables 5 and 6). However, at 70
and 90 days of age in both sexes, the number of nuclei in
the zona reticularis was significantly (P< 0.05) larger in
population animals. The only significant difference in the
mean area of zona reticularis nuclei was found in 30 day old
population males who had a significantly (P< 0.05) larger
value when compared to control males (Tables 5 and 6).

The 135 day o0ld control sham operated males had
significantly (P< 0.05) larger total adrenal areas, adrenal
cortex areas and zona reticularis areas while 120 day old
population males showed only the number of nuclei in the
zona reticularis to be significantly (P< 0.05) larger (Table
5). ©No significant differences in adrenal medulla area,
percentage of adrenal cortex that is zona reticularis or
mean area of nuclei in the zona reticularis were detected
between 135 day old control sham males and 120 day old

population males (Table 5).
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DISCUSSION

Does an X zone exist in deermice?

Although original studies of Chester Jones (1949, 1952,
1955) employed H&E stained paraffin methods, this study was
conducted with Historesin because this newer method permits
2-6um sections to be cut allowing better resolution of cell
morphology. Historesin is not compatible with H&E stain and
so in our pilot study it was established that areas stained
with traditional H&E were equivalent to the areas identified
with Toluidine Blue.

Using these methods, this present study demonstrated in
deermice a progression of adrenal cell staining changes,
including changes in cell number per unit area. These
changes in deermice resemble some of the changes described
by Chester Jones (1949) in house mice. The appearance of a
darkly stained H&E (or light Toluidine Blue) band in the
juxta medullary area was clearly demonstrated at an
appropriate prepubertal age in normally developing deermice.
It reappeared following castration in postpubertal males of
this study whose body and organ weight relationships were
nearly identical to those of Chester Jones' (1949)
postpubertally castrated males. While neither study found
significant differences in body weight, both studies showed
absolute adrenal weight in postpubertally castrated males to

be significantly (P< 0.05) increased by 51% concomitant with
35
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a significant (P< 0.05) decrease in seminal vesicle weight
(Table 1). The cellular pycnosis described in house mice by
Chester Jones (1949) was not demonstrated in deermice
because the mean nuclear area was not shown to be
significantly (P< 0.05) reduced during these same times.
Taken together, these observations indicate that an "X zone-
like" progression of cells of the zona reticularis does
occur in deermice although not in an identical pattern to
that demonstrated in house mice.

Given the finding that zona reticularis changes are
associlated with sexual maturation in puberty we conducted a
study to evaluate the time course of cellular zona
reticularis changes with normal pubertal transition. This
was accomplished with a concomitant evaluation of deermice
at similar ages that were reproductively inhibited within

the context of laboratory populations.

Gravimetric and histological comparisons between control and
population animals

Female body weight comparisons indicate a rate of
growth through 70 days of age that is not significantly
different between control and population-inhibited animals.
However, by 90 days of age the reproductively inhibited
population females were of significantly (P< 0.05) lower
weight (Table 4, Figure 6). Male body weight comparisons

generally reflect the female pattern except that there is an
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earlier appearance by 70 days of age of significantly (P<
0.05) heavier control males (Table 3, Figure 2). Similar
patterns are also seen in reproductive organ weight
comparisons of both sexes indicating the well established
link between sexual maturation and overall growth. Uterine
weights were significantly (P<0.05) greater in control
females by 90 days of age and seminal vesicle and testes
weights were also significantly (P<0.05) greater in control
males by 70 days of age (Figures 3, 4 and 8). These organ
weight observations, as well as the observation that in both
sexes and at all ages no statistically significant
differences in absolute or relative adrenal weight were
noted, have been previously reported in deermice by
Christian (1967), Terman (1969), Sung et al (1977), Bradley
& Terman (198la), Coppes & Bradley (1984) and Khosla (1995).
The body and reproductive organ weights from this study
suggest that the population-inhibited animals of this study
were reproductively inhibited and that control males and
females are reproductively mature by 70 days of age. 1In
addition, the adrenal weights from this study in conjunction
with the significantly (P< 0.001) elevated levels of serum
corticosterone found in population-inhibited animals by
Bradley & Terman (198la) could be interpreted to indicate an
increase in glucocorticoid secretion in population-inhibited
animals despite the absence of gravimetric evidence for
adrenal hypertrophy. Furthermore, this apparent increase in

activity of the zones responsible for glucocorticoid
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production may be concomitantly responsible for elevated
levels of adrenal androgens. An analysis of the
histological data from this study may support the belief
that adrenal zona reticularis activity has increased in an
animal which fails to show gravimetric evidence of adrenal
hypertrophy.

Adrenal area differences may reflect different
functions between control and population-inhibited animals.
At 30 days of age in both sexes, the total adrenal area is
significantly (P< 0.05) larger in population-inhibited
animals (Tables 5 and 6). This may reflect a stress
response that is handled differently by population-inhibited
animals. However, in both sexes something occurs between 30
and 70 days of age to cause the total adrenal area as well
as the adrenal cortex area to become significantly (P< 0.05)
larger in control animals while population adrenal cortex
areas remain at the size found in the 30 day old animal.
Interestingly, there are no significant differences in
medulla area between control and population-inhibited males
at any age while population-inhibited females show a
significantly (P< 0.05) larger medulla area only at 30 days
of age (Tables 5 and 6). Taken together, these observations
may reflect a control animal that has by 70 days of age
reached reproductive maturity and this is reflected in an
adrenal cortex that is significantly (P< 0.05) larger than
that of the population-inhibited animal (Tables 5 and 6).

This is supported by gravimetric and other data indicating
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that the control animal has reached reproductive maturity by
70 days of age (Christian, 1967; Terman, 1969; Sung et al,
1977; Bradley & Terman, 198la; Coppes & Bradley, 1984; and
Khosla, 1995). Concomitant with these changes are
consistent changes in the zona reticularis cell number.

The histological data from this study indicate that in
both control and population-inhibited animals of both sexes
no significant changes occur in either the area of the zona
reticularis or the percentage of the adrenal cortex occupied
by that area except in 30 day old control animals of both
sexes where the zona reticularis is a significantly (P<
0.05) larger percentage of the adrenal cortex. Concomitant
with this change in 30 day old control animals is the
appearance of a significantly (P< 0.05) greater number of
zona reticularis nuclei. However, after 30 days of age this
number drops significantly (P< 0.05) perhaps reflecting the
achievement of reproductive maturity in the control animal
(Tables 5 and 6).

Conversely, the number of zona reticularis nuclei in
the population-inhibited animal is at a low level in both
sexes through 30 days of age. However, at 70 and 90 days of
age the number of zona reticularis nuclei is significantly
(P< 0.05) greater in the population-inhibited animal.
Interestingly, the mean area of the zona reticularis nuclei
does not become significantly (P< 0.05) smaller at any time
when the number of nuclei significantly (P< 0.05) increases

suggesting that a decrease in cytoplasmic volume occurs
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concomitant with an increase in cell number (Tables 5 and
6). The fact that in population-inhibited animals the
adrenal does not reach the size attained in control animals
and that there is a sustained increase in the number of zona
reticularis nuclei may be causally related to the failure of
these animals to reach reproductive maturity.

Whether an increase in the number of nuclei within the
zona reticularis indicates an increase in adrenal androgen
and glucocorticoid production and secretion has yet to be
determined. Future work aimed at determining this will
include the use of radioimmunoassay to measure the serum
concentrations of DHEA and its sulfate as well as for
testosterone and corticosterone in both control and
population-inhibited animals. Concomitantly, an analysis of
the mRNA expression patterns for P450scc, P450c21l, P450cl?
and 17KSR, the enzymes responsible for the conversion of
cholesterol to pregnenolone, the conversion of progesterone
to corticosterone, the conversion of pregnenolone to DHEA,
and the peripheral conversion of DHEA to androstenediol,
testosterone and estradiol, respectively, will be conducted
in both adrenal and gonadal tissue (Figure 1).

The results of the work outlined above may indicate
that there is a role for the adrenal zona reticularis in
normal puberty. It may also be shown that population-
inhibited animals exhibit first a delay in adrenal
activation that is followed by a prolonged period of

elevated androgen and corticosterone secretion concomitant
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with an elevation of the appropriate zona reticularis
enzymes. Such findings would support a causal role for the
adrenal in the initiation of puberty delay in deermice. A
hypothetical model of how such a mechanism might function is
outlined below.

Studies on mammals have indicated that there are many
factors involved in the normal onset of puberty. The
possibility that the adrenal is involved in this mechanism
is supported in part by earlier reports that corticosterone
in reproductively inhibited 120 day old animals is elevated
without gravimetric evidence of adrenal hypertrophy (Bradley
and Terman, 198la) or any clear increase in serum ACTH
(Coppes and Bradley, 1984). It is possible that the zona
reticularis becomes variably sensitive to ACTH at different
early stages of development. This variation in ACTH
sensitivity could be responsible for the significantly
(P<0.05) large number of zona reticularis cell nuclei found
in reproductively inhibited population animals at 70, 90 and
120 days of age. Possibly in the normal development process
there is an increased sensitivity of the zona reticularis to
ACTH around 30 days of age for a brief period that ends by
70 days of age and this stimulation might result in the
observed increase in zona reticularis cell number. In this
scenario, the normal pathway might be disrupted in
population-inhibited animals due to a stress-based delay
produced within the population context that would result in

a protracted period of increased ACTH sensitivity. In such
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a situation the ACTH-sensitive zona reticularis cells might
secrete inappropriately large quantities of both
glucocorticoids and adrenal androgens as a stress response
aimed at increasing the animal's survival and also at
bringing the animal to reproductive maturation. Although
controversial (Boonstra and Boag, 1992), the work of
Christian (1980) and Lee and Cockburn (1985a,b) in
microtines may support these findings in deermice.

Christian (1980) hypothesizes that high glucocorticoid
levels associated with stress aid in survival of the animal.
This notion also supports the hypothesis of Lee and Cockburn
(1985a,b) which associates high glucocorticoid levels at
times of stress with enhanced reproductive success. It may
be that by attempting to reach a reproductively mature state
even while under duress, the population-inhibited animal is
enhancing its chances of passing its genes to the next
generation should there ever be an abatement of the
stressor.

Hypothetically high levels of adrenal androgens
produced by the increased zona reticularis cells may act at
the level of GnRH receptors to negatively feedback on the
adenohypophysis to lower LH in a manner that might account
for the early observation of lower LH levels in
reproductively inhibited deermice (Bradley and Terman,
1980). Hence, sexual maturation may be delayed in the
population-inhibited animal because a prolonged secretion of

adrenal androgens from the zona reticularis prevents



secretion of necessary levels of LH from the

adenohypophysis.
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Age, sex,
birth and maternal ide

Peromvscus

Age Sex
(days)

90 Male
90 Male
90 Male
90 Male
90 Female
90 Female
90 Female
90 Female
70 Male
70 Male
70 Male
70 Male
70 Female
70 Female
70 Female
70 Female
30 Male
30 Male
30 Male
30 Male
30 Female
30 Female
30 Female
30 Female
17 Male
17 Male
17 Male
17 Male
17 Female
17 Female
17 Female
17 Female

APPENDIX A

Identification
Number

347
349
351
353
342
344
348
350
369
371
411
413
362
370
410
412
361
363
375
415
360
364
377
418
381
421
423
425
380
422
424
426

Date of
Birth

9/5/93
9/5/93
9/10/93
9/28/93
9/10/93
9/10/93
9/28/93
10/11/93
4/6/94
5/5/94
4/1/94
3/16/94
5/5/94
5/5/94
3/16/94
2/18/94
5/5/94
5/5/94
5/16/94
5/24/94
4/16/94
6/1/94
6/1/94
5/24/94
5/19/94
6/13/94
7/5/94
7/5/94
5/19/94
7/5/94
7/5/94
7/5/94

identification number (via toe-clipping), date of

ntification number in population
maniculatus bairdii collected from either

population 300 or population 400.

Maternal
Identification
Number
302
302
304
308
304
304
308
302
304
304
402
408
304
304
408
402
304
304
308
402
306
304
304
402
306
408
402
402
306
402
402
402
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