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Despite the number of published investigations on
the vagina of mammals, few studies have presented a
morphologic characterization of the rhesus vagina and
none has presented a consideration of glucose metabolism
and the enzymes of glucose metabolism as put forth in
this thesis, Morphologic studies of the rhesus vagina in
the past were included in the consideration of the repro-
ductive tract and were of necessity somewhat brief. The
continued use of the rhesus monkey as a primate mcdel for
reproductive studies warranted this research. The morpho~-
1égic and biochemical parameters were chosen to establish
a base line against which invecstigations of a mcre experi-~
mental nature could be contrasted. There is a natural
experimental aspect to normal function; that is, hormone
levels vagngith the course oﬁj@he meng?;pal cycle:

In order to provide some insight into the relation
of structure and function with the whole organ, observa-
tions were made at both the macro~ and microscopic levels.
Microchemical studies were not treated as isolated phe-
n@mena, but rather as subdivisions of the study of normal
function in the rhesus vagina.

Both paraffin and fresh frozen techniques and stains
for specific structural elements were used for morpho-

logic study. Histochemical demonstration of enzyme



activity in frozen sections augmented both the morpho-
logic and metabolic investigations. Microguantitative
methods for metabolic measurement and enzyme assay, as
modified by Adachi for skin and skin derivatives, facili-
tated the metabolic characterization of the vagina.

The epithelial lining of the rhesus vagina is quite
different from that of woman, for it has developed exag-
gerations of the surface papillae, ridges, and rugae.

The epithelial surface in the normal adult female is
covered with keratinized teeth arranged in horizontally
oriented combs which are in turn arranged as longitudinal
columns. The teeth, which may be found in the upper +two-
thirds to three—-fourths of the vaginal sheeath; are sharp
yet flexible.

Intricately well-developed subepithelial wvascular
ang nervous ple;i“are spppo;ted in an_oxganized_but_not
particularly specialized connective tissue and ﬁuscle
stfoma. Stromal blood epaces in the walls of the vesti-
bule and lower vagina attest the erectile nature of the
_region. Convolution of larger nerves in the vaginal wall
may allow for stretching without damage to the nerve and
provide a mechanism for stretch perception.

Cell shapes and dimensions varied with position in
the epithelium and with time in the estrous cycle. Cells

of the malpighian layers were frequently taller over the
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peak of a stromal papilla. Corneal cells over the sides
and apices of keratinized teeth were very compact. Cyto-
logic phenomena correlated with increased thickness of
the epithelium with the apprecach of ovulation and con-
comitant changes in metabolic state.

Specific yields from radiocactive 14C—«glucoae uptake
were ugsed to estimate (1) the contribution of the pentcse-
shunt to glucose metabolism, (2) carbon balance, (3)
energy {(ATP} balance, and (4) pyridine nucleotide balance.
Based on 14C-—l— and 14C"G—glucose metabolism, the pentose
cycle accounted for 3,38% of overall glycclysis. The pri-
mary end product of glucose metabolism in rhesus vagina
is lactic acid (95%). Carbon dioxide accounts for 4%.

For every 100 molés.of glucose metabolized a net
energy gain of 291 moles of ATP was generated. The net
gain of reducing eguivalents (NADH'and NADPH) was 27
moles; NADH represented 92% of that. All pathways of
glycolysis menitored here indicated a significant de-
crease in metabolism accompanying the ovulatory part of
the cycle, usually followed by a luteal phase increase.

Histochemical studies demonstrated ovulatory phase
decreases in the amount of glycogen in the stratum
cornevin, toluidine blue metachromasia in the stratum mal-
pighi and strétum basale, and phosphorylase activity in

the lower stratum malpighi and stratum basale.



Quantitative enzyme activity measurement revealed
regional differences, suggesting that metabolic studies
must be carefully controlled, so that samples will be
£aken from the same general region, Enzyme activities
varied within the epithelium as well. Significant cvula-
tory decreases were demonstrated for glucose-6—phosphate
dehydrogenase, pyruvate kinase, glyceraldehyde-3-phos-
phate dehydrogenase, and isccitrate dehydrogenase. The
activity of malate dehydrogenase was significantly in-
creased throughout the cycle (luteal higher than ovula-
tory higher than follicular).

The radiotracer data, considered with the changes
in enzyme activities through the menstrual cycle support
the following conclusions:

The vaginal epithelium of rhesus is not an

_inert tissue, butlactivelmegintains itse%f with
energy (ATP) secured for the most part by glycolysis
via the Embden-Meyerhof pathway.

The basal and malpighian layers of the vaginal
epithelium are the most metabolically active sites,
while the stratum corneum is least active.

The pentose cycle is particularly active in
the vaginal epithelium of the adult female rhesus

with functioning hormonal systems.



Various of the changes in enzyme activities
correlate with changes in overall metabolic activ-
ity, suggesting that the changes in enzyme activ-
ity may be an in vive enzyme adaptation in the

vagina,
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CHAPTER ONE. INTRODUCTION

I. The problem

This research was undertaken to characterize the

vagina of the normal adult rhesus monkey (Macaca mulatta)

vis a vis morphology and certain biochemical parameters
in order to extablish a base line against which investi-
gations of an experimental nature could be contrasted.

In order to provide séme insight into the relation
of structure and function with the whole organ, observations
were made at both the macro- and microscopic levels.
Microchemical studies were not treated as isolated phe-
nomena, but as subdivisions of the study of normal funct-
ion in the rhesus vagina. There is a natural experimeﬁtal
aspect to normal function; that is, variations relate to
different hormonal levels iﬁ the counrse of the menstrual
cycle.

Set forth in the ensuing chapters are stuaies of.vagi—
nal morphology at macro- and microscopic levels, vaginal
metabolic interrelationships, and the enzymological
ramifications of those metabolic factors, as explained by
histochemical and'microquantitative biochemical methods.
The results are discussed in terms of the development and

function of a normal rhesus female.

II. Development

The formation of a vagina in the urogenital system of
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the fetal female represents the culwination of a dynamic
interaction of mesodermal, ectodermal, and entodermal
elements.

It is generally recognized that the upper RS
of the vagina derives from the fusion of the lower ends of
the mfillerian ducts (l67). These paramesonephric struc-
tures form as grcoves in the mesonephric ridges, which are
taken into the ridges as ducts (8). Various observations
indicate that the formation of the mfillerian ducts is in-
duced by the nearby wolffian {(mesonephric) ducts: (1)
experimental destruction of the wolffian duct is associa-
ted with the failure of the miillerian ducts to reach the
cloaca; (2) the absence in man of mtillerian ducts has heen
associated with a congenital lack of kidney which may re-
cult from retarded development of the ureter, embryonic
agenesis of the ureter, or arrested development of the
parent tissue (wolffian duct budding} of the uiebelk; {(3)
a basement membrane is initially lacking between the
millerian and wolffian ducts (1€7).

The urogenital sinus portion of the cloaca, which in-
cludes tissues of both entodermal and ectodermal origin,
comprises the lower fifth of the vagina. The definitive
epithelium of the vagina is thought to be derived from
epithelial cells that migrated from the urogenital sinus

under the lining of the upper four-fifths of the vagina



to”excavate and replace that epithelium. No apparent
line of histological demarcation separates the prolifera-
tive response of the vagina from that of the vestibule
or, in certain specles, from that of the skin beyond the
vulva, the so-~called sex skin (179). The evidence that
the definitive vaginal epithelium in monkeys derives
either entirely or for the most part from ectoderm of the
cloacal membrane and/or proctodeum and that it reaches the
vagina via the urogenital sinus is in line with the fact
that the anal canal is lined with a squamcus epithelium
(178). Wells (167) suggested that the maternal hormcnes
of pregnancy, rather than the fetal gonads, control the
formation of the vagina, for the rapid decrease in mater-
nal hormones after birth is followed by the regression of
neonatal vaginal growth. Clark and Gorski (40) have found
that the nunber of estrogenmbinding sites in the cytoplasm
of ﬁférine ceilsrréééhés‘é méximﬁm by day ﬁen-of neonatal
life. After the peak is reached, the number of sites de-
creases and remains constant until days 22-23, indicating
To Ciark and Gorski that the ontogeny of the estrogen-
binding protein is probably a property of the uterine
cells and is not dependent on estfogen from the ovary.
The same protein is present throughout postnatal
development.

Whether a phenomenon of maternal hormone complement

or an inherent feature of pudendal tissues, the proclivity
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to femaleness is realized in the absence or inhibition of
male hormone {(including an excess of female hormone). In
the case of ©XOgenous estrogen in the fetal male, the
timing of estrogen administration is an important aspect

(176) .

III. History of vaginal studies

A. Anatomy and endocrinology

Only a few studies of the rhesus reproductive tract
have given much attention to the vagina. Only Allen (5)
and Wislocki (171) provided thorough descriptions of
rhesus vaginal morphology. Other studies that did include
some general histological observations were those of
Corner (44), Hartman (80), and Hisaw et al. (90}.

The muco-columno-squamous interactions of the cervi-
cal epithelium have garnered a greater share of study than
the vagina. Hormonal fluctuationé influence the cervix in
ways that can be observed both grossly and microscopically
and more definitely than the vagina (41, 53, 75, %1, 92).

The need for the present study becomes apparent when
one considers the references to the vagina of such primates
as man, squirrel monkey, and macaque as being generally
the same (24). Although the three are basically similar
in their physiology, endocrinology, and basic structural

organization, the studies of several investigators suggest
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that the.simplest macroscopic obsexrvations differentiate
o @ glames: sy ome Ewom e olblers $U98 . 508, 4l 25,
Only Wislocki (170, 171) recorded that the longitudinal
foldings of the vaginal wall were covered with a multi-
tude of delicate transverse plicae (which, as we shall see
in Chapter Three, represent only half the complexity of
the mucosal morphology).

Most investigators have been interested in the vagina
from an endocrinological point of view and chose a specif-
ic biochemical or morphologic criterion (e.g. the appear-
ance of the smear) on which to base observations of experi-
mental hormone efficacy. As a result the descriptions of
the morphology of the normal adult rhesus vagina are
inadeguate.

The rhesus vagina lies in the base of the bowl created
by the pe1v1c girdle and the perlneal muscles. Its semi-
cyllndrlcal structure derlves from the perlneaL muscles;
those of the anal sphincter (70, 171}, and the longitud-
inal and circular muscles of the vaginal wall. The vagina
opens to the exterior by way of a vestibule and poorly
differentiated labia minora between the specialized epi-
dermal pads on the rump, the ischial callosities (137).

The entire skin surface about the vaginal os, from the base
of the tail to as far as the medial popliteal region ex-

hibits a more or less permanent flush from the expanded
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suﬁepidermal blood vessels and spaces (171, 6, 42, 44,
80, 160).

The relatively smooth vestibule exhibits swellings
which Wislocki (171) thought were analogous to the hymen.
The epithelium of the vestibule is not much thicker than
body surface skin, but becomes thicker closér to the innex
two-thirds of the vagina where the surface of the wall
proper is complexly elaborated into large and small folds
and ridges (170, 171). The cervix extends into-the vagina
irregularly, so that the posterior lip is often larger
than the anterior. Individual and age differenées -
fiuence the conformation of the cervical surface and fornix
| The lining of both the vestibule and the vagina is
similar to that in man in several respects, including a
multilayered epithelium subject to variation according to
ovarian activity f27, 70, 74, 127, 145, 158). As Wislocki
(170, 171) has described the rhesus vagina, the topography
of the Vagipal lining is wholly dissimilar in the human
and rhesus. The proliferation and differentiation of epl-
thelial cells in the vagina of Homo and Macaca are very
similar, although the rhesus may reach a stronger degree
of kefatinization,

The changing proportions of keratinized cells in the
vaginal smear, first demonstrated in the rat by Leng and

Evans (119}, have been correlated with those of other
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animals including the rhesus monkey (5, 6, 45, 51, 130},
the chimpanzee (57, 164}, and the baboon (67, 81).
Further studies, including the control of the hormonal
complement by way of hormone administration to ovariecto-
mized individuals, facilitated the correlation of vaginal
epithelium smears with hormone action (21, 52, 142, 143,
144, 110, 166).‘ Both estrogen and progesterone were shown
to be necessary to induce the vaginal phenomena seen in
the intact animal (39). Somewhat contrary to the recent
work by Barker and Walker (13), wherein estrogen promoted
keratinization and progesterone enhanced proliferation,
Bullough (31) and Biggers and Claringbold (23) have found
that estrogen stimulates cell division in mice.

After monitoring the appearance of cornified cells in
the vaginal smear of rhesus, DeAllehde et al. (51) found
not one but two peaks of cornification: one sbolb day 10~
12 after menses and another 5-124' GEys later Lamar et al.
(112) noted a sudden ligquefaction pf the cervical mucus
about day 10-12. An investigation by DeAllende of the
state‘of the ovary at the time of the sudden changes in
cornification of the vaginal cells and the liquefaction of
cervical mucus revealed a preovulatory spurt of growth in
the Graafian follicle that culminated in its dehiscence.
Recent studies of the estrogen and progesterone levels in

rhesus during the menstrual cycle correlate well with the



peaks of cornification found by DeAllende (94}. That
study confirms in rhesus the phenomena observed in man and
other mammalian subjects (29, 128).

The cytological roles of estrogen and progesterone
have been demonstrated to be the promotion of mitotic
stimulation and surface cell heightening, regpectively
(31, 56}. The synergistic action of the hormones in kera-
tinization has been mentioned above., An antagonistic
action has been described for progesterone, based on
experimental manipulation (88, 90).

The usual time of ovulation in rhesus was well docu-
mented by the detailed records of Hartman (80) and
Corner (45). Fortunately regularity is also usual, so the

ovulatory times establighed by those authors can be used

for calculations in other research.

B. Histochemisfry

Histochemical investigations of the vaginal epithelium
of primates have been few. Those on the vagina of rhesus
are even fewer and deal only with the presence of 'glycogen
in epithelial cells (165, 172). Studies on the histo-
chemistry of the vagina of man, though not exhaustive,
have included determinations of S-8 and S-H groups, acid
and alkaline phosphatase, f~glucuronidase, succinic de-

hvdrogenase, NAD diaphorase, G-naphthyl esterase, and



glycogen (16, 47, 59, 60). Additional esterases, phos-
phorylase, and branching enzyme have been added to the
list of histochemical demonstrations in the vagina of

rodents and other mammals (18, 20, 61, 63, 68, 78, 132,

154).

C. Carbohydrate metabolism

Studies of carbohydrate-metabolism in the vagina of
rhesus have been limited éo demonstrations of glycogen
and glycogenolytic enzymes. No more detailed investi-
gations of carbohydrate metabolism have been made on the
vaginal epithelium of any mammal, although many studies
of carbohydrate metabolism have been done on the surface

epithelium of skin.

IV. History of metabolic and microguantitative methods

The primary pathways of glucose metabolism have been
clearly demonstrated in human and other mammalian skin
and mucous membranes. Wohlgemuth (173) showed that human
skin produces lactic acid from glucose in vitro. The
integumental existence of the Embden—Meyerhof pathway was
subsequently confirmed by numerous other works. Much of
the qualitative demonstration of various glycolytic path-
ways was accomplished via histochemical methods especially

those of the Krebs cycle and hexosemonophosphate shunt.
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The localization and gquantifaction of pepsin in the
chief cells of the stomach (116, 117) initiated the
general histochemical procedures. In those studies HEsEm=
logical controls were used for comparison with the micro-
chemical analyses. Greater accuracy and consistency
derived from the further refinement of the guantitative
histochemical methods (7, 125, 126), wherein freeze-dried
sections were utilized instead of Linderstrém;Lang's
hiztological wontiol: Aftei applying Hoerr's (93) quick-
freeze and drying method ({(dehydration at -30 to —4OOC),'
Lowry dissected tissues of interest from the dried sec-
tions. To evaluate sample size, he detexmined protein
content by the Folin phenol reaction and sample volume
by multiplving the thickness of the section by its area,
and measured dry weight with a quartz torsion balance or
a quartz fiber "fish-pole® balance (120, 121, 122, 126} .
The greater convenience and reproducible 0.01 ug sensitiv-
ity of the guartz fiber balance make it the instrument of
chnice.

Because the Lowry group could not get more than a few
microgfams of tissue from the dissections, they developed
special methods for measuring very small quantities (e.g.
10710 o 10"13,molesx of substances in tissues with as
little as 10 pg wet weight. For greater sensitivity in

microguantitative methods, Lowry et al. (126) refined their
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fluorometric methods to measure adenosine triphosphatase,
acid and alkaline phosphatases, cholinesterase, fumarase,
and aldolase in 5-10 ﬂg of brain tissue,

The Kaplan group (105) found that pyvridine nucleo-
tigdes (NADY and NADPY) could be made to fluoresce by
heating them in strong alkéli or a carbonyl compound. No
treatment was necessary for measuring reduced pyridine
nucleotides, for they have a natural fluorescence.

Fluorometry proved to be particularly good for the
localization of enzymes, substrates, and coenzymes in
tissue, because its sensitivity is about a thousand times
finer than that of a spectrophotometric method. By
stabilizing the fluorophor, Lowry et al. (124) modified
the Kaplan procedure to measure still more enzymes, the
first of which were lactic dehydrogenase, glucose-6-
phosphate dehydrogenase, and 6—phpsphqgluconate dehydrogen-
ase, Many other enzyme technigues have since been
developed utilizing the principle of coupling--adding
accessory enzymes--to assay almost any enzyme reaction
fluorometrically, so long as the reaction can be linked
to the oxidation of NADH or NADPH or to the reduction of
Napt or nappt (123). With reference to the evolution of
énzyme assay techniques, some enzymes do not yield easily
-to demonstration. In fact; phosphofructokinase is so

delicate that the paper showing its purification was not
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poblighed until 1965 (118). It was lL96E before the
enzyme was demonstrated in skin (4).

The microquantitative methods were guickly adapted
by Hefshey and Mendle (85) to the examination of human
skin. That and subsequent studies by Hershey (82, 83,
84) suggested that the pentose shunt played an active
role in glucose metabolism in skin. Although the demon-
stration of TCA cycle enzymes in skin (14, 46, 49, 72)
and of hexosemonophosphate pathway enzymes (82, 84, 85}
indicated their presence in skin, little information was
proffered about the relationship of the pathways to each
other or to the dynamics of carbohydrate metabolism as a
whole. |

The study by Berenblum et al. (17) demonstrating the
high rate of aerobic glycolysis in skin (ca. 3 ug/mg/hr.)
and that by Cruickshank and Trotter (48) indicating that
oxygen tension influences the utilization of glucose for
the production and oxidation of lactic acid were among
the few studies contributing data on the dynamics of carbo-
hydrate metabolism. Barron had suggested that the activity
of the TCA c¢ycle was limited in skin, opening the possibil-
ity that the glycolytic pathway plays a major role in ATP
provision for biosynthesis.

The development of scintillation technigques for

measuring carbon dioxide (140), lactate, lipid, and other
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extractable fractions greatly facilitated the garﬁering
of information concerning the wvarious pathways cf carbo-
hydrate metabolism (64, 65). Micromodifications (2) and
calculations utilizing pathway ratios for data interpre-
tation (106, 151, 175) enabled the investigators of epi-
thelial metabolism to fully characterize the metabolic
patterns of a tissue, including carbon and energy balances.

Micromodifications of metabolic techniques and further
development of microquantitative enzyme assays (based on
the principle of coupling reactions to pyridine nucleotide
systems, that is, the cycling method) have been continued

(120, ki) .



CHAPTER TWO. MATERIALS AND METHODS

I. Animals

Three adult rhesus females were maintained in sepa-
rate cages in the intensive care room of tﬁe Oregon
Regional Primate Research Center for the duratién ol
this investigation. These three animals were the nucleus
of the anatomical, histochemical, and microchemical
studies of the rhesus vagina during the menstrual cycle.
Twenty-three biopsy specimens were taken from the three
animals during tenlnormal menstrual cycles. The cycle
lengths averaged 27 days for animal 305-664, 26 days for
animal 305~2074, and 28 days for animal 305-2258. No
biopsy specimens were taken during summer months, even
though only animal 2259 exhibited any irregular ({longer}
cycling during summer. Menstrual records for the three
animals are included in appendix A. Preliminary studies
wefe cé££ied ouf on féur édéitionéi animalé;.éli.seven"
females were healthy and menstruated regularly. None had
undergene any major surgery.

Specimens were also procured from eight animals at
the time of death. The condition of the animals at death
is shown in Table I along with physical characteristics
relevant to the studies. Dissection of the autopsy
specimens constituted a major part of the macroscopic

studies.



L5
Gross observations of the vaginal lining of seven
animals of various ages and states of ovarian function

were also made (Table II, page 43) to further correlate

the develcpment of epithelial papillae with ovarian state.

1B T Sampling
A, Biopsy
Vaginal specimens were removed under the supervision
of the surgeon of the Oregon Regiocnal Primate Research
Center. Specimens from the four préliminary animals
were taken with sterile scissors without anesthesia. The
usual biopsy of the three test animals was made with a
rongeur forceps* under general anesthesia by Surital in
the dose range 6-15 mg/kilogram body weight as necessary
for effect. The antiseptic powder, Neo-Predef, was
_spraygd liberally gbout ﬁhe wogn@ afte; the pemoval gf the
specimens., All biopsies were performed at 7:45 a.m. to
allow adequate time for the glucose metabolism procedures.
For this investigation; the menstrual cycle was
divided into three periods, approximating the follicular
phase, the luteal phase, and the period of follicular-

luteal interplay about ovulation. The peak hormonal

*Details of eguipment and materials are listed in Appendix
J along with the suppliers.
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levels of the follicular phase are reached gradually and
occur just before ovulaﬁion, which in rhesus monkeys is
abouE dayg Ip=15, Since it 4% @ Eficult to plinpoint
these peaks, biopsy periods were selected as postmenarchal*
days 1-106, 10-15, and 15-25, Less ambiguity is associated
with the third time pericd, since maximum progesterone
concentration is reached quickly and maintained until
shortly before the end of thé cycle. Day 25 was selected
as the cut-off date to ensure against missing the end of-
the cycle. ﬂenarche cannot be predicted exactly,but ravely
occurs before the 25th postmenarchal day.

Most biopsies were from the vaginal wall about mid-
way along a line from the wvaginal orifice to the fornix.
The vagina was envisioned as having four walls, so that
no wall would have more than oné biopsy in any two-month
span. The intent was to minimize the effects, if any, of
wounding on phenomena already under the influence of

fluctuating hormone levels,

B. Autopsy
Eight autopsy specimens were inciluded in this research.

Tissues were taken immediately after death and treated

*Menarche 1is used here in its literal meaning (the onset
of menses) rather than in its common meaning as the
first appearance of menstrual flow in the life of the
individual.
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according to the procedures planned for them, bl , Eixed
in Hollande-Bouin solution for paraffin work, frozed for
histochemistry, or dissected into 5 mg wet weight pieces
for glucose metabolism studies. Observations of gross
morphology were made at the time of autopsy. 211 available
information on the surgical and menstrual histories and
weight records for the year bhefore sacrifice or biopsy
were secured from the daily record files in the computef
center of the Oregon Primate Center for all animals
autopsied or biopsied, so that a reasonably accurate im-
pression of the reproductive state of any given animal

could be formulated.



Table I.

ORPRC ID No.

Biopsies:

305-2060
305-411
SUiB=EY
305-+233
305-2259
305-2074

305-664

Autopsies:

305-106

305-254

0598

g25=8.115
Bl S=Z58s

-305-4283
305-5034
3052080

Observed only:

J0E—=216
305-2300

305-210

305-3585
d08-3593
305-3587
30%=-83
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Animals used in vaginal studies

Condition

menstruating regularly; biopsy day 12

menstruating regularly; biopsy day 1-2

menstruating regulariy; biopsy day 1-3

menstruating regularly; biopsy from
vestibule day 13

menstruating regularly; series cf biop-

sies taken throughout menstrual cycle
menstruating regularly; series of -
biopsies
menstruating regularly;
biopsies

series of

10 yrs. old; no regular menses for one
vear before sacrifice

age unknown; two weeks cf menstrual dis-
charge before sacrifice; animal
appeared aged

at least 6 years old; hemiodphorectomized
one week before sacrifice

ovariectomized

ovariectomized and adrenalectomized
(steroid therapy)

1-%¥. old; high butter contept milk diet

80~day old infant

apparently healthy female; day 7 of
menstrual cycle

ovariectomized

hemio8phorectomized one week before
cacrifice (cbservation time)

adult with ovaries; not cycling regularly
age unknown

adult with ovaries; age unknown
adult with ovaries; age unknown
adult with ovaries; age unknown

adult with ovaries; age unknown
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III. Histological studies

A portion of each specimen was treated for paraffin
embedding. Tissues were fixed four hours in Hollande's
modification of Bouin's fixative* (96). Fixed tissues
were placed directly in 70% ethyl alcohol for cone hour,
changed twice with 70% EtOH for one hour each, moved to
80% for one hour, and placed in 95% EtOH for 3 hours.

The tissues were then placed in 100% EtOH for one hour,
xylene for fifteen minutes, and "Paraplast" tissue em-
bedding medium for four hours in a 57°C paraffin oven.
Sections were cut from the paraffin embedded tissues at
seven micra with a steel blade on a rotary microtoma.**
A water bath of 0.01% gelatin at 45°¢ was used for floating
and spreading the sections before mounting on precleaned
and prelabeled glass slides. The gelatin acted as an
affixative when the slides were dried on a 45°C slide
warﬁer”fér 4rhours o¥ ovefnight; fﬁe slidés were storéa
in microscope slide boxes until needed for staining.

In preparation for staining of the paraffin sections,
the slides were deparaffinized in two changes of xylene
(5 minutes each), placed in three changes of absolute

alcohol (5 minutes each), ané hydrated through 95%

*This and subseguent solutions and reagents are listed in
Appendix B.

**Bquipment and materials are listed with the model or
catalog number and supplier in Appendix J.
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aléohol to water. The following stains were used:
Harris' hematoxylin and eosin (115); toluidine blue,
buffered to pH 4.5 (134); periodic acid-Schiff reaction
with control glides digested in 10% diagtase in 0.02 M
phiasphabe bubife®; ph 6.0 (135)y an unpublicshed mOGH Fire
caticon of Roman's acid orcein-Verhoeff(lSB};-and a
ferric chloride demonstration of acid mucopolysaccharides
(149).* After staining, the slides were dehydrated
through alcohols, cleared in xylene, and coverslipped
with "Permount" mounting medium.

Tg examine the undersculpturing of the vaginal epi-
thelium and the intricacy of stromal papillary processes,
a large piece of tissue including the vaginal wall, vesti-
bule, ané cervix from a reproductively patent female was
incubated in 2N sodium bromide at 378 Ger fotln WauEs Lo
split the epithelicstromal junction.  The epithelium was
then dissected from the stroma as a sheet, dehydrated
through alcohols to xylene, allowed to dry, and mounted
on a large glass slide for observation under a dissecting

microscope.

IV. Histochemical studies

Immediately after biopsy or autopsy, a portion of

*The details of these histological procedures are given
in Appendix C.
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each tissue specimen was wrapped in aluminum feoil, frozen
on dry ice, and stored in liquid nitrogen at -96°C or in
the freezer at -20°C. Later the tissues were mounted in
ice and cut in various thicknesses (depending on the pro-
cedure to be done) with a steel blade in a cryostat at
~-20°C. Certain of the procedurés required free-floating
sections, so sections for those procedures were placed
directly in screw-cap jars which had been equilibrated to
-20°C within the cryostat. Cold fixatives for the pro-
cedures were added directly to the tissues in the jars,
which were then placed in the refrigerator at 4°c for a
prescribed time. The procedures were: the modified
Bielschowskyrsilver impregnation technique for peripheral
nerve endings (168, 169); the cholinesterase-silver tech-
nigue for the demonstration of cutaneous nexrves (152); and
the DOPA (dihydroxyphenylalanine oxidase) reaction for
cells with melanogenic potential (unpublished modification
of Laidlaw and Blackberg [111l] and Rappaport [148]}.*%
Sections for the DOPA reaction were not fixed before incu-
bation with the substrate.

Other histochemical procedures were carried out on
sections affixed to slides., Such tissues were prepared

by placing sections on "Tissue-Tac" coated, prelabeled

*The preceding and following histochemical procedures are
presented in detail in Appendix D.
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slides which had been allowed to eguilibrate to ~20°C in
the cryostat. After the desired number of sections had
been placed on a slide, the investigator affixed them to
the slide by holding a finger to the glass below the
sections, thereby melting them and allowing them to fuse
with the dried affixative. The slides were then placed
in small plastic slide boxes in the cryostat for storage
until needed for staining. All slides so prepared were
air dried for twoc hours just before staining. If the
slides were not dried, the sections did not remain affixed
to the slides during processing. Several different
affixatives, various fixative solutions, and combinations
of affixatives and fixatives were tried in attempts to
eliminate the air-drying peried, but none was successful.

After they had been dried, slides were either fixed
in bufﬁered 10% fprmalin or placed directly in the dscin -~
bation ﬁedium without fixa£ion. éiides Qere fixed fome
alkaline phosphatase (69); acid phosphatase (12); acetyl-
and butyrylcholinesterase (108, 136); the AOV stain for
elagtic fibers (153); a stain for acid mucopolysaccharides
(149); and the PAS reaction with concomitant diastase
control (135). The slides for PAS were fixed two hours
in 100% ethyl alcohol. Acid phosphatase slides were fixed
in 4.6% glutaraldehyde for two hours before incubation.

Unfixed frozen sections were used to study phosphorylase
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(157, 161); glucose-6-phosphate dehydrogenase (86);
beta—glﬁcuronidase (156); and aminopeptidase by the
L-leucyl=-p-naphthylamide method (138).

Reaction product depositicns in the tissue sections
were interpreted solely on the basis of lotalization and
color intensity. The interpretations are necessarily
oversimplified into the categories, absent (0), weak T,
moderate (2), and strong {3}, which have been used in
this and many other laboratories for several years. It
should be noted that no greater accuracy accrues from
using more classifications when observations are made on
a continuum, as has been shown by Riggers and Claringbold

(21) with discriminant analysis.

V. Microscopy and.éhotomicrography

General observations and measurements were made with
a Cgil Zeisé GFL‘étandééd.miéréséoﬁe”eéuippéd wifh‘i, ZLg;“
10, 40, and 100-power objectives, Kpl 8 x eyepleces, ocu-
lar micrometer, and a 50-60 Hertz 39-25-24 type trans-
former. The ocular micrometer was calibrated with a Carl
Zeiss stage micrometer for each objective.

Photomicrographs were made with 4 x 5 inch Panatomic-
¥ film in a Carl Zeiss Ultraphot II photomicroscope with

a tungsten light source.
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VvI. Microchemical studies

A. Glucose metabolism

1. Procedure

a. Introduction

The metabolic studies were conducted on biopsy speci-~
meng from the three experimental animals. Immediately
after biopsy, a specimen was placed on a watch glass'on
ice and dissected to provide samples of stroma-free epi-
thelium weighing about 5 mg wet. To prevent the loss of
tissue ability to metabolize glucose to CO,, the tissue
samples were held in buffered 100 myg% glucose solution
{2). Within 15 to 25 minutes after biopsy, tissue samples‘

were incubated in 100 micreliters (2) of 14

C-glucpse
reaction mixture for one hour in the apparatus described
in Appendix E. Blank tubes were run at the same time with
thg same radiqaqtivity ‘725 ﬁg/ﬁube) but without tissuesi
Specimens for blanks in post-incubation assays were held

in buffered 100 mg% glucose'sblution at 456,

b. ' Carbon dioxide measurement

Carbon dioxide releaéed from the incubating specimens
was collected on hyamine hydroxide-saturated filter paper
held above the specimens in a closed chamber, a technigue
that collects more than 95% of the CO, (2, 140). Details

of the procedure are presented in Appendix E. After



Figure 1.

Major pathways of glucose metabolism
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incubation, the filter paper was placed in a scintillation
countiné vial with 20 ml of sédintillation medium.* The
part éf the apparatus with reagent mixture was held for

further processing.

(e Lactate measurement

Tissue samples were added to "blank" reagent mixtures
after incubation. Specimens and reagent mixtures were re-
moved to tissue homogenization tubes and hémogenized with
1 ml 3% TCA. Details of the entire lactate asséy appeay
in Appendix E. Aliquots of 100) were taken from each of
the homogenates for the determination of lactate. The
determination depends on cupric and calcium ion precipi-
tation of glucose but not lactic acid from the homogenate
solution. After centrifugation, a 100 ) aliguot of the
remaining sqlutiog was appl;eq Fgrfilger paper and gir
dried, and the paper was placed in a counting vial with 20

ml scintillation medium.

e 'Glycogén determination

The homogenate remaining aftex the removal of an ali-

gquot for lactate assay was centrifuged. One milliliter of

*5 g. of 2'-5'-diphenyloxazole (PFO} and 0.3 g. of pebilg=2"
(5'-phenyloxazole) benzene (POPOP) per liter of toluene.
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the supernatant was taken for glycogen determination,
which is based on the alcoholic precipitation of glycogen
from solution (159). After precipitation, the glycogen
was dissolved in distilled water, 2An aliquot of the
solution was applied to filter paper, air dried, and
placed in a counting vial with 20 ml of scintillation Fliid:

Details of the procedure are given in Appendix E.

e. Lipid and protein-DNA measurements

Sediment remaining from ihe above centrifugation was
washed three times with 500 A of a 2:1 mixture c¢f chloro-
form and methanol. The three washes from each tube were
combined and evaporated under nitrogen until nearly dry.
After the addition of 300 ) of heptane as a solvent te the
small fraction of lipid extract, the solution was washed
. three pimeg with dguple_distillgd water to remove water-
soluble contaminants and water washings were discarded.
The heptane-dissolved lipid was applied to filter paper,
air dried, and placed in a counting vial with 20 ml of
scintillation medium.

The lipid extracfed sediment, suspended in a 250 X
distilled water, provided a 200 X aliguot of protein and
DNA residue which was applied to filter paper,; air dried,
and placed in a counting vial with 20 ml of scintillation

fluid,
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T Countigg
A Packard two-channel scintillation counter set for

900 volts counted all radioactive assay in these

procedures. In all cases counts per minute were converted
to disintegrations per minute, before further calculations.
2. Reagents

l4C-U—glucose (uniformly labeled glucose, specific
aetivity 100 we=3.8 myg)

14C~l-glucose (glucose labeled in carbon-l-position,
specific activity 50 pyc/2.9 mg)

14C—G—glucose (glucose labeled in carbon-6-position,
specific activity 50 pc/3.0 mg

.54 M Krebs Ringer buffer

Hyamine hydroxide insodium hydroxide

10% Trichloracetic acid

Ik Wsiellosaeetis aedd

Calcium hydroxide, powder

2N scdium chloride

10% glycogen solution

1% glucose solution

95% ethanol

Chleoroform

Methanol

Heptane

3. Interpretation of metabolism data

The scintillation data from each fraction were con-
verted to specific yields (percent of total counts).
Estimation of the pentose cycle was calculated according
to Katz et al. (106)}.

Method I.

Pentose Cycle (PC) = FfLmﬁ where

3-28
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g (G-1-C0,) - (G-6-CO,)
l—(G—G—COz) '
ana G-1-Co, and G~-6-—CO2 represent the specific yields
of carbon dioxide from glucose—l—14c and glucose-
6«14C.
Method IX.
BC = %%%? ; Wwhere y = %%% , and GlL and G6&L

represent the specific yields from lactic acid.

B. Quantitative enzyme assay

1. Procedural theory

So that the major steps and pathways of.glucose
metabolism in the fhesus vaginal epithelium could be more
precisely quantified, seven selected enzymes, representing
the major steps of predominant pathways determined in
glucose métabolism stiudies, were assayed: 'glquse?Gu
phosphate dehydrogenase,'phosphofructokinasé, glyceralde-
hyde~3~phosphate dehydrogenase, pyruvate kinase, lactate
dehydrogenase, isocitrate dehydrogenase, énd malate
dehydrogenase. Frozen sections (30 p) of vaginal biopsy
specimens were lyophilized. Dissections of the epithelium
from the stroma were facilitated by the use of an angular
piece of raéox blade under a dissecting microscope. In

parts of the study the epithelium was further dissected
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into basal, malpighian, and corneal layers. Pieces of
the epithelium weigﬁing 1 ug + 0.4 pg (determined with a
"fishpole" guartz fiber balance) were,used for the enzyme
assay procedures.

| Both epidermal homogenates and lybphilized sections
of normal rhesus epidermis haVe been used in this labora-
tory to study the partial proﬁérties and characteristics
of the seven enzymes assayed in this thesis. (3, 4, 98,
) B 0)) Enzjmes‘were assayed within the limits at which
reaction fates were proportional to reaction time and
enzyme amount. The optimal COnditions determined in the
previous studies for lyophilized tissues of rhesus epi-
dermis were used in the enzyme éssays of the rhesgus vagin-
al epithelium. The assay conditions and constituents of
the reaction mixtures_for the seven enzymes appear with

‘the detailed assay procedures in Appendix H.

a. .The native fluorescence method for assay of NADH and
NADPH

The assay for NADP~-dependent enzymes depends on the
stoichiometric reduction of NADPT to NADPH and the subse-
gquent measurement of NADPH by virtue of its native
fluorescence. In this thesis enzymes dependent on napp
were G-6~PDH and ICDH. A similar mechanism is the basis
of the assay for NAD+~dependen£ G-3-PDH.

After an appropriate incubation period, the reaction
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was stopped by placing the tubes into water at 4°c. 7o
-maintain the natural fluorescence of the reduced pyridine
nucleotide, the reaction mixture was diluted with 1 ml of
0.1 M carbonate buffer, pH 10.5.

In the Farrand fluorometer (Model A the 3265 mu

2)r
excitation wavelength was produced via the primary filter
(Corning XNo. 5960). The emission-wavelength was limited

‘below 470 mu by a secondary filtercomplex (Corning No.'s
4308, 5562, 3387). The excitation and emission maxima
.of reduced pyridine nucleotide are 360 muy and 460 my,
respectively. .

The intensity of the fluorescence from reduced
pyridine nucleotide is diiectly proportional to its con-
sEntratiow IR solution. That intensity, as smpiified in

the fluorometer, was measured on a galvanometer.

b. The Strong alkali method for assay of NAD+

Four of the seven enzymes studied required NADH as
a cofactor. Those enzymes were PFK, pyruvate kinase,
LDH, and MDH, The resultant NAD+ had no native fluores-
cence.but.could be made fluorescent by the following
treatment.

After incubatioh, the reaction was stopped by thé
addition of hydrochloric acidl(to a Einal pomcentration of

0.2 - 0.5 N} which also destroyed unreacted NADH. Sodium
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hydroxide (6.6 N, 100}X) was added to the acidified reac-
tion mixture and incubated 15 minutes at 60°C (alterna-
tives: 30 minutes at 37°C or one hour at room tempera-
ture). Such treatmenﬁ‘produced a stable fluorescent
agent, which after a five- to tenfold dilution with dis-
tilled water could be measured in the fluorometer as above.

Monthly standardization of nicotinamide adenine
dinucleotide (NAD+) and nicotinamide adenine dinucleotide
phosphate (NADP+) facilitated the monitoring of the stabil-
ity of the reagents, The standardization procedure is
given in Appendix E. The standardization depends on the
reduction of NAD+ (6 NADP+ tc NADH or NADPH. Freshly
prepared 50 mM NADH was used as a spectrophotometric

standard.

2. Reagents

a. - gubstrates

Glucose-6-phosphate (Sigma), disodium salt, 100 mM
Fructose-1,6-diphosphate {(Calbiochem), 50 mM
Isocitrate (Sigma), trisodium salt, 100 mM
Pyruvate, (Sigma), trisodium salt, 100 mM
Oxalcacetic acid (Sigmal, 100 mM

b. Auxiliary Enzymes

Aldolase (Sigma), 10 mg/ml

Trioseigomerase (Sigma), 10 mg/ml

alpha glycerophosphate dehydrogenase (Sigma), 10 mg/ml.
Lactate dehydrogenase {(Sigma) 10 mg/ml

Alcohol dehydrogenase. {Sigma), 5-6 mg/300 ml
Gluccse-6-phosphate dehydrogenase
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¢. Buffers
Tris (hydroxymethyl) amino methane, 0.5 M, pH 7.5,

PubeB. 0, 7:&8=8.2, 8.7=3.38
AMP2(2 amino-2-methyl-1,3~propanediol}, 0.5 M, pH

#.8~8.8

d, Coenzymes and cofactors.

NAD+.(nicotinamide adenine dinucleotide) {(Sigma),
100 mM :
NADH (reduced nicotinamide adenine dinucleotide)
{(Sigma), 50 mM

NADP' (nicotinamide adenine dinucleotide phosphate)
(Sigma), 10 mM ,

Albumin (5% bovine plasma)

Adenosine diphosphate, 50 mM

Adenosine triphosphate, 100 mM

Imidazole. 0.2M, pH 7.0

Phogsphoenolpyruvate, 100 mM

MgCl,, 100 mM

MnClz, 1M
MgS0,, 1M
KCI,, 1M

e, Inhibitors
EDTA (ethylenediaminetetraacetic acid), 100 mM
Arsenate(sodium salt), 0.4 M
“Mercaptoethancl, 1M = '

f. Flucrescenge reagents

Carbonate buffer, ¢.1M, pH 10.5
NaQH, 6.6N
HCL, 1N, 2N, 6N

VII. Statistical analyses

The raw data of the enzyme assay studies, corrected
and converted to yield information in terms of moles/kg/hr,
were subjected to analysis of variance considering popula-

tion (i.e. the animal from which a biopsy specimen was
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taken), time of menstrual cycle, and repetitions (i.e.
determinations done under the same conditions). When
significant differences were demonstrated, student's
t-test was used to more éxactly define the significance.
The student's t-test was also used to determine the
significance of differences within the glucose metabollsm

studies.



CEAPTER THREE. OBSERVATIONS AND RESULTS

I. Morphologic studies of the vagina

A. Epithelium

1. Gross morphology

a. Periqggm and vulwva

Macroscopic examinations of the rhesus vaginal tract
provided the background against which the metabolic,
histological, and guantitative biochemical studies could
be contrasted.

The perineal skin of the adult female rhesus with
normally functioning ovaries was.always'red; the intensity
varied with age. The perineum of the younger adults grew
progressively more flushed throughout the cycle and
blanched periodically. I was not able to correlate
blanching with impending menstruation as Corner suggested
(44) . fThe "sex skin" of the older adults remained a
brilliant red throughout the cycle; the hue of the aged
animals was dull when compared to that of the maximally
flushed young. The color of the aged adult skin suggests
that the‘vascular1spaces lie deeper than those producing
the more brilliant red: this point will be discussed in
the section on microscopic anatomy.

The sex skin had a sparse but definite population of
terminal (large) hairs and a larger number of short, fine

vellus hairs.
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There was no special structure at the vaginal ori-
fice and no swelling to suggest the presence of a labium
major; more importantly, the skin withiﬁ 4 cm. of the
orifice did not have the appearance of labia majora seen
in other higher subhuman primates, e.g. the chimpanzee
(62 ) s

The skin about the orifice was rather planar and

made a sharp angle with the opening, The inner aspect of

the vaginal orifice was glabrous, an observation borne

out by later histological study. The hairs about the rima
were all vellus(Fig. 3); the relationship between these

hairs and the presence or absence of labia minora will be

discussed in Chapter IV.



Figure 3. Split preparation to demonstrate vellus
hairs at the edge of the vaginal orifice.
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b. Vaginal wall

The smooth outer 1-2 cm. of the vaginal tract has
been termed ﬁhe vestibule, even though the average
diameter is so narrow that the smooth epithelium is the
only feature to distinguish the region from the vagina
proper., The urethra opened into the anterior aspect of
this poFtiog of the trédet,

The clitoris was prominent in’the anteriormost part
of £he vestibule. The rﬁesus clitoris, like that of the
chimpanzee, prdbablybis not larger than that of women,
but because-of its reduced prepuce and frenula merely
‘appears so.

A seriés of irregular longitudinal (parallel to the
axis of the vagina) folds extending from the vestibule to
the fornix appéared in éreater or lesser numbers around
the entire parietal circumference. Thelanterior and poste-
Iriof rﬁgée we?e alwéyé more.definitely deiineateﬁ; ridges
of hillocks and rather deep valleys caused their irregu-
larity. The surfaces of the hillocks were covered with,
or thrown into, myriad acuminate processes projecting like
teeth into the lumen and directed somewhat toward the
cervical orifice. In the fornical half of the vagina, the
foids spread until the valleys betweeﬁ were not well
defined. 8ince the height of the combs of téeth was main-

tained in that region; the folds could not be said to have
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flattened. The keratinized teeth are rather sharp to the
touch, yet bend with pressure (Figs. 4 and 5).

Keratinized teeth lined the vaginal wall conly in the
female rhesus with functioning ovaries. Prepuberal, senile,
and castrate animals had smooth vaginal epithelia from the

vestibule to the cervix {Table II}.



Figure 4. Surface view of keratinized teeth arranged
in rows midway along length of vagina






Figure 5. Cross~sectional view of keratinized teeth.
Stained for elastic fibers with acid
Orcein-Verhoeff. Initial magnification
44 x. ;
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Table IT. Jepggrapiy' Bf Wagihal linshg

ORERE XI.D. Na. Toeothed Smooth Ovaries Age
305-216 0 X no Adult
305=230 X b4 X Adult
305-2300 X ' X (one) Adult
3U5-28585 X X Adult
305-35¢28 X X Aclult
305-3587 X X Adult
305-0086 X X Adult
305-0664 X X Adult
305-2074 X X Adult
305-2259 X X Adult
305-0098 X X {one) Adult
305-4283 0 X 1 yr.
305-5034 0 X 80 day
305-2089 % X e Adult
305-254 0 X Senile?
305-~3115 0 X no Adult
305-3584 0 X no Adult
305-411 X X Adult
305-87 X Adult
305-233 O X X 2dult

(vestibule)

305-106 0 X X Senile
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c. Fornix and cervix

The usually smooth epithelium of the fornix was less
smooth than that of the vestibule, for low folds fre-
guently passed through it from the vaginal wall to and
over the pars vaginalis of the cervix (Fig. 6). Sometimes
the fornix looked like a fold circumscribing the cervix.
Such a presentation may have been a reflection of parity.

The cervix protruded as much as a centimeter into
the vaginal lumen at a very slight angle to the axis of
the vagina. It appeared like a firm, even solid, button
with pucker folds radiating from the center (the os cervix).
The level of the os lay about even with the uppermost limit
cf the toothed portion of the vaginal wall. The fornical
side of the cervix gave the impression of greater resil-
ience than the inner aspect of the cervical canal. Cervi-
cal mucus fllled the canal exuded from tha ox cerv1x, and _
was usually found over the surface gf' ‘Fhe vaglnal wall.

The average length of the vagina was 3.7 cm..to the os
cervix and 4.5 cm. to the limit of the posterior fornix,

which was usually 0.5 cm. deepér than the anterior.

2. Microscopic anatony

a. Undersculpturing

In the female rhesus with adeguately functional

ovaries, the undersculpturing of the vaginal epithelium
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(epithelio-stromal interdigitation) is very complex, con-
sisting of majof ridges encompassing many finer ridges to
produce the cribriform (irregular honeycomb) appearance
of the epithelial s