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ABSTRACT

Surgically induced adult and prepubertal rat cryptorchidism was
histologically studied at various times following abdominallretention.
Similar histological observations were noted in both types of surgically
created cryptorchidism, namely, the predominance of the Sertoli cell
retinaculum with numerous Type "B'" spermatogonia and occasional pachytene
primary spermatocytes. The Sertoli»cell retinaculum following 30 days of
exposure to intra—abdominal temperature demonstrated cytoplasmic fibrosis
and nuclear pleomorphism. All other germinal cells were spontaneously
exfoliated during this period of surgically created crypforchidismf

In comparing the incorporation of tritiated lysine into protein of cells
of the cryptorchid versus the scrotal rat testis, it was found that a 40
fold increase in protein anabolism occurred in the "normal apﬁearing
Sertoli cells of the cryptorchid testis and a 12 fold increase in the
atrophic appearing Sertoli cells. 1In addition, cryptorchidism produced a
4 fold increase in protein labeling in both 'crust' spermatogonia and
pachytene primary spermatocytes. The reéults of these studies demonstrated
that the greatest degree of protein labeling in the cryptorchid testis
occurs in the Sertoli cells.

Further studies concerned with the effect of glucose on the in vitro
incorporation of tritiated lysine into protein of cells of the cycle of the
seminiferous epithelium were performed. 1In the control system the greatest
degree of protein labeling occurs in the resting primary.spermatocytes with
little or no labeling over the remaining cells of the spermatogenic cycie.

lThe addition of glucose to incubating slices of rat seminiferous epithelium

produced a profound increase in protein labeling in all the cells of the




spermatogenic cycle. However, the greatest degree of labeling occurred in
the pachytene primary spermatocytes, whose chromosomes were crossing-over,
and in the spermatids.

Finally, radiocautographic studies of the effect of glucose on the
incorporation of tritiated lysine into the successive cells of the cycle
of the human seminiferous epithelium were performed. Following a 1 hour
incubation period, slices of human testis in the presence and absence of
glucose demonstrated a pattern of protein anabélism remarkably similar to
that described for tﬁe rat. The principal cell types stimulated by the
addition of glucose were the primary spermatocytes and spermatids, with
the greatest degree of over-all stimulation occurring in the spermétids.

The fact that glucose exerts such a profound effect onm the spermatids
may offer a partial explanation for/the atrophic appearance of the semi-
niferous epithelium associated with‘hypoglycemia. Any differences in
protein biosynthesis of those cells of the spermatogenic cycle responsible
for cell proliferation and renewal as compared to the more mature spermatids
may have importance not:only in investigatidns dealing with regulétion of
male fertility, but also in studies dealing with potential side-effects of

drugs that may cause genetic damage with resulting congenital malformations.
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CHAPTER I

INTRODUCTION



STATEMENT OF THE PROBLEM

A number of investigators have studied the morphologic changes. which
occur in the cryptorchid testis of the rat (Campbell, 1942; Clegg, 1963a,
1963b; Gross and Jewett, 1957; Kiesewetter, 1959; Moore and Quick, 1924;
and Niemi and Koromano, 1965), however, in all these instances, cryptor-
chidism was experimentaliy induced in adult animals by transplanting a
previously descended testis from the scrotal sac to the abdominal cavity.

The question arose in our minds as to the physioldgic significance of such
an experimental procedure fqr inducing cryptorchidism in animals inasmuch
as cryptorchidism is known to éccur in the human when an anominal testis
fails to descend normally into the scrotal sac.

The present experiments were designed to investigate the morphologic
changes observed in cryptorchidism experimentally induced by fixation of an
immature, abdominal testis to the dorsolateral abdominal wall as well as
transposing a scrotal testis into the abdominal cavity of the adﬁlt rat.

In producing cryptorchidism by these two different procedures it was possible
to compare the histologic appearance of a cryptorchid testis induced by
prevention of normal testicular descént with that induced by transplantation
of a previously descended testis back into an abdominal environment.

Studies by Davis, Morris and Hollinger (1964 and 1965) have indicated‘
that the incorporation of L-lysine-U-C14 into protein of slices of cryptorchid
testes of the rat is markedly greater than the incorporation of L-lysine-U-
cl4 into protein of slices of scrotal testes obtained from the same animal.J
It is well known that the predominant histological feature of the cryptorchid
testis is the absence of spérmatids (Davis, et al., 1964). The question arose
*as to whether the increased protein labeling.of the cryptorchid testis of the
rat was, on the one hand, a reflection of this altered histological architecture

with a resulting unmasking of the spermatogonia,primary spermatocytes and Serto.



cells, or, on the other hand, represented a true change in the protein-
synthesizing capacity of the remaining testicular cell types of the germinal
epithelium. The present experiments were designed to ascertain which of the
cells of the seminiferous tubules of the rat testis remained 30 days after the
experimental induction of cryptorchidism. The incorporation of tritiated
lysine into protein of the remaining cells of the germinal epithelium of the
abdominal testis was determined and a comparison made of the incorporation of
tritiated lysine into protein of the corresponding cells found in the scrotal
testis of the same animal.

Although numeyous histologicél and biochemical studies hgve been performed
on mature ejacﬁlated spermatozoa, relatively few investigations have been
performed on the metabolism of the spermatogenic cycle existing in the testis.

It has been démonstrated that the e€ffects of chronic, experimentally induced
hypoglycemia in rats results in loss of germinél cellular maturation, suggesting
the dependency of testicular cellular maturation upon glucose (Manéine, et al.,
1960). Because of the highly complex nature of the process of cellular maturation
precisé metabolic functions of the various testicular cell types have been
exceedingly difficult to ascertain.

In addition, althcugh numerous cytological studies have been carried out on
the meiotic behaviour of chromosomes, very little is known about protein synthesis
occurring in cells undergoing meiotic division (Rhoaées, 1961). Not only is
meiosis the mechanism by which the diploid number of chromosomes is reduced to
the haploid‘humber of chromosomes found in the gametes, but, also the recombination
of chromosomal segments during the crossing-over phase of meiosis provides for
constant changing of the cells genotype. The biochemical events associated
with the transition from somatic mitosis to meiésis are almost entirely unkﬁown.
However, the definition by Leblond and Clermont of the cycle of the seminiferous

epithelium of the rat in relation to the differentiation of the spermatids offers
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an excellent opportunity to investigate this problem using radioautographic
techniques. The present studies were designed to investigate the effect of
exogenous glucose on protein labeling from L-lysine-H3 in each of the successive
cells of the cycle of the seminiferous epitheliuﬁ of the rat as measured by
radioautographic techniques.

Finally, the question as to whether the pattern of protein labeling in
various suecessive cells of the seminiferous germinal epithelium of the rat
would be similar in slices of human testis incubated with tritiated lysine
will be presented. The problems of comparing experimental animal data versus
human .data are well known and the difficulties involved in performing dynamic
biochemical studies on viable human testicular slices is no exception.

It is therefore the purpose of these studies to obtain information concerning
metabolic aspects of the testicular germinal epithelium by specifically investi-
gating protein anabolism utilizing radioautographic methods. It is hoped that
fhe data obtained may be of value in treating clinical problems of male infertilit;

TESTICULAR PROTEINS

Miescher (1897) reported the earliest studies on testicular proteins by
observing changes in salmon sperm nucleohistones. Since then numerdus histo-
chemical studies describing nucleohistones in other species as well as localizatio:

. of testicular enzymes have appeared in the 1i£erature. As -a result ofrtesticular

- enzyme localization, the complex hiétological pattern of the seminiferous
epitheliﬁm has been widely investigated. However, still largely unexplored is
the metabolism of the cells of the spermatogenic cycle. Although numerous
biochemical studies have been performed on mature ejaculated spermatozoa,
relatively few studies 1ave been performed on the developing germ cells of the

seminiferous epithelium.



1. Nuclear Proteins

A. HISTONES

The major proteins present in the nuclei of cells are histones, forming an
essential constituent of chromatin. According to Zubay and Doty (1959), these
proteins are chemically attached to the surface of deoxyribonucleic acid molecules
(DNA) and comprise the outer surface of the chromosomes. The intimate association
of histones with DNA moleculgs.containing the genetic information required for
cell division and self—perpetafion of species has provided increasing evidence
in recent years to suggest that histones may play a role in the regulation of
genetic expression. |

One important feature of histones is their high content of basic amino
acids. With the development of better separation techniques, histones have
been chemically divided into four principal heterdgenous.fractions ea;h of ~
which can be-further resolved into numerous miﬁof histone fractions (Rasmussen
et al,; 1962). 1In comparing thé amino acid‘content of histones from different
tissues, Hnilica et al. (1962) have shown the same spectrum of histones in the
thymus, spleen and'iiver of the calf. Similar results were obtained by Neelin
and Butler (1961) for histones isolated from the chicken spleen, liver, kidnéy
and heart. These data indicate that, in.general, all cells in an animal may
. contain similar histones. One exception to this generalization involves nuclear
proteins of the maturing germ cellslof the testis.

B. HISTONE TRANSITION

During the latter stages of spermatogenesis the typically somatic-type
histone, high in lysine content compared to arginine, is replaced by a new type
of histone with a greater arginine content and highec basiciEy. In‘many species,
this arginine-rich histone is replaced in the sperm by a nucleoprotamine. -
Protamines differ from histones in that they are shoct-chain polyamines containing

mainly arginine and relatively few other amino acids, while histones have generall;



a full complement of amino acids. According to Alfert (1956), proteminesirepresent
the extreme in basicity and simplicity of composition and structure of all the
pasic nuclear proteins.

The earliest reports of the chemical differentiation of nuclear proteins
during spermatogenesis originated from the studies of Miescher (1897) and later
from those of Kossel (1928). Their data indicated the presence of nucleo-
histones in the immature salmon sperm. More tecent studies on salmon sperm by
Alfert (1956), using the alkaline fast green method of Alfert and Geschwind
(1953), have indicated that the change to a protamine-type nuclear protein
occurs abruptly at a late stage of spermiogenesis. By extracting DNA and
protamine with.hot trichloroacetic acid (TCA) followed by histone staining
with alkaline fast green, the stage 6f spermiogenesis when the fast green stainable
histone is replaced by protamine can be deteeted by the absence of fast green
staining in the spermatid nuclei.

' Numerous other studies in vertebrates and invertebrases have described a
transition in the basic nuclear protein of germ cells from the somatic lysine-
rich type of histone tc an arginine-tich histone, and finally to protamine in
the maturing spermatozoa. The cytochemical methods used in addition to alkaline
fast green are the Napltol yellow S (Deitch 1955), Bromphenol blue (Block and
- Hew_1960a) and Sakaguichi reaction (McLeish et al. 1957; Deitch 1961). In some
species of fish such as the genus Peecilia the transition from somatic type
histones to protamines is so abrupt that the conversion nay not involve a
transition through an intermediate arginine-rich histone (Rasch et al., 1966).
In other species, including the bull (Gledhill et gl.; 1966a), the grasshopper,

Chortophaga viridifasciata (Bloch and Brack; 1964), and the fruit fly, Drosophila

melanogaster (Das et al., 1964) the transition of nucleohistones is terminated

at an arginine-rich histone stage. In the testis of the frog, Rana pipiens,

however, Vendrely (1957) and Bloch (1962) have described no nucleohistone



transition either during spermatogenesis or in the mature sperm.
C. HISTONE SYNTHESTIS
The shift to an arginine-rich histone in the nuclei of developing germ cells
has been reinvestigated using radioautographic techniques and the results ;f such
studies have suggested that the transition involves synthesig of a new hiéfone
rather than conversion of a prétein initially present. Blach énd Hew (1960a)

have shown in the maturing sperm of the pulmonate snail, Helix aspersa that the

histone change is accompanied by incorporation of 3H—arginine into spermatid
nuclei. They also demonstrated; by comparing the timing of 3H-arginine and
3H-thymidine incorporation with independent DNA measurements, that histone
synthésis was not accompanied by DNA synthesis--which is the normal case in
premitotic chromosome duplication. In the moﬁse, Monesi (1964) has also demqnstrated
nuclear incorporation of 3H—arginine at approximately the same time as the
histone transition. In the nucléi of late spermatids, the incorporation of the
label occurs as early as 15 minutes after administration beginning at stage 11
of spermiogenesis, increasing in stage 12, and reaching a peak in early stage 13
of spermiogenesis. Nuclear labeling then decreases through stage 14 and early
stage 15, and is absent in late stages 15 and 16 of spermiogenesis. Injections
of tritiated lysine, leucine, histidine, tryptophan, tyrosine and phenylalanine
produced no corresponding spermatid nucléar labeling which supported the concept
of a nuclear synthesis of an arginine-rich histone. 1In addition, the ratio of
cytoélasmic to nuclear labeling was low indicatigg that the label was incorpofated
directly in the nucleus rather than in the cytoplasm and transferred later to
the nﬁcleus. |
D. FINE STRUCTURAL CHANGES

Specific changes in the fine structure of the spermatid ndcleus also parallel

the replacement of the somatic-type histone. 1In the snail, fine filaments bétween

120 and 150A° in diameter are formed in the spade-stage spermatid nucleus, which
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later aggrega;e into folded convoluted lamellar structures parallel to the long
axis of the enlarging spermatid head (Bloch and Hew, 1960a). Later stages of
spermatid development and maturing spérmatOphore sperm are characterized by a
joss of these structures and appear relatively homogenous. This formation and
aggregation of filaments into lamellae occurs at the same time as the histoﬁe
transition to protamine. Dass and Ris (1958) have also reported the appearance
of thin fibers in the nucleus of the grasshopper during mid-spermiogenesis.

The authors have suggested that the thin fibers are derived from chromatin fibers>
by assuming that the f;bers are comprised of DNA-histone molecules.

In the shell stage of developing cricket spermatids, a different phenomenon
has been described by Kaye and McMaster-Kaye (1966). Thin.nonhistone protein o
fibers, free of DNA and histone were formed in addition to the thicker chromatin
fibers. The appearance of these nonhistone protein fibers occurred well before
the transition to an arginine-rich histone and‘protamine. Their formation
appeared to be by de gggg synthesis and not derived from chromatin fibers since
the loss of most of the granular nonhistone protein, eliminated from the nucleus
‘earlier in épermatééenesis, did not affect the‘structure or diameter of the
remaining chromatin fibers.
E, SIGNIFICANCE OF HISTONE CHANGE
Although a histone transition is a relatively general occurrence durihg-

spermatogenesis, the implications of the event are obscure. The timing of the
vtransition occurs during the later stages of spermatid development and is constant
in any one species, variable among different species, and terminates at either

a protamine stage or an arginine-rich stage. The unique characteristic of a
sperm in producing a DNA-protamine complex must be advantageéus and necessary

to the sperm for the successful fertilization and development of the_zygote.
Allfrey et al. (1963) have demonétrated that argininc-rich histones are capable

of inhibiting the DMA-primed synthesis of messenger "\NA in isolated calf thymus



I T nuclei. Evidence is also accumulating to indicate that during eariy developmeng
up to the blastula stage, genetic activity is largely suppressed (Brachet and
Denis, 1963; Gross and Cousineau, 1964; Gross et al., 1964). A histone transition
could therefore be considered as providing a mechanism for the suppression of
the génetic activity of cellsf Any alteration or inhibition of this histone
change could lead to infertility. Several reports of reduced fértility'in men

(Leuchtenberger et al., 1953) and in bulls_(Leuchtenberger et al., 1956; Parez

t al., Gledhill et al., 1966b) have suggested that the reduction in fertility

—_— —_——

may be due to a defective or.immature sperm deoxyribonucleoprotein complex.

2. Cytoplasmic Proteins

A. RESIDUAL BODIES

A regular feature of the testis is the release of a large proportion of
cytoplasm by ﬁhe developing spermatids during thé termihal events of spermio-
genesis. Some of this cytoplasm is released in the seminiferous tubular lumen

‘while the remainder isvphagocytosed by the Sertoli cells. Regaud (1901) first
described thgse detached cytoplasmic masseé as residﬁal bodies containing a |

. large safranophilié mass, the sphere chromatophile. The content of this sphere
chromatophile consists of ribonucleoprotein wﬁich becomes progressively concen-
trated into largé basophilic globules (Daoust and Clermont, 1955) and glycogen
(Firlit and Davis, 1965). The body arises from a fusion of numerous RNA-
containing spermatic granules terméd von Ebner granules (Regaud, 1901; Daoust
and Clermont, 1955; Sud, 1961).

‘The protein of. the sphere chromatophile has recently been suggested by
Vaughn (1965, 1966) to be a nuclear protein derived from the lysine-rich
histones which are displaced during the histone transition of the maturing
spermatid nuclei. According to Vaughn, the histone transition begins at

stage 13 of spermiogenesis in the rat (alkaline fas: green), occurring
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simultaneously with the appearance of basic protein granules (picric acid-
bromphenol blue). 1In stages 15 and 16 of spermiogenesis, similar staining
protein granules appear in the cytoplasm of the spermatids which ¢6a1esce to
partially forﬁ the sphere ¢hromatophile. In stage 17 and 18 of spermiogenesis,
the homogénously distributed cytoplasmic ribonucléic acid (RNA) granules

(azure B) coalesce to form the larger von Ebner granules. The majority of these
granules localize in the sphere chromatophile éf the spermatids found during
early stage 19 of spermiogenesis. The precise origin of the baéic protein of
the sphere chromatophile could not, however, be deduced from cytochemicai
observations alone. Additional evidence has come from radioautographic and
microspectrophotometric studiés (Vaughn, 1966). The radioautographic data haQe
indicated that the sphere chromatophile does not synthesize protein or RNA; nor
is there any évidence of cytoplasmic synthesis of the basic protein. Micro-
spectrophotometric data have shown that the amount of protein-bound lysine
relative to the amountvof RNA increases with increasing sphere chromatophile
diameter. This indicates that the lysine and the RNA forming the body have
different sources, rather than originating from the cytopiasmic ribonucleo-~
protein (RNP) granules. According to Vaughn, if both von Ebner granules and
sphere chromatophile bodies arise by coalescence of ribosomes, the ratio of
basic protein to RNA would be constant, but Qould not be constant if ﬁhe ﬁaéic
protein component of the enlarging sphere chromatophile has a nonribosomal
source. To demonstrate the hypothesis that the basic proteins of the chromato-
phile originate in the spermatid nucleus, two phases of nuclear lysine decreases
were demonstrated. The first decrease in nuclear lysine content, amounting to
70% occurs between stazes 9 and 12 of spermiogenesis, while the second decrease
in nuclear lysine content occurs during the somatic-type histone replacement

by arginine-rich histoaie. The first decrease in nuclear lysine content has



r""

11
been stated by Vaughn not to involve histones since the histone transition has

been noted to occur later in stage 13 of spermiogenesis. The second decrease
in nuclear lysine content can only be demonstrated indirectly since no net
change of lysine has been found to occur. The loss of lysine-rich histone is
probably compensated for b} the appreciable quantity of lysine contained in
the newly synthesized, arginine-rich histone.

3. Protein Anabolism

A. TIMING AND SITE-OF SYNTHESIS

Although numerous cytologicai studies have been carried out on the meiotic
behavior of chromosomes, extremely little is known concerning protein synthesis
occurring in cells undergoing meiotic division (Rhoades, 1961). Moreover, the
biochemical eyents‘associated with the transition from mitotic to meiotic cell
division are almost entirely unknown. The continuous nature of the spermatogenic
cycle, beginning with a stem cell spermatogonium and ending With‘the mature
spermatid has theréfore made the radioautographic approach a pnique opportunity
to investigate protein labeling during the three main phases of spermatogenesis,
namely, mitosis, meiosis and morphogenic differentiation.

In vitro incubation studies employing thé incorporation of tritiated lysine
into protein of the various cells of the seminiferoﬁs epithelium of the rat
testis have indicated that the cells which incorporate the largest amounts of
lysine into protein are the‘young primary spermatocytes (Davis and Firlit,
1965). The spermatogonia incorporated ﬁoderate"amounts of tritiated lysine,

with the highest degree of spermatogonial protein labeling occurring in type

A spermatogonia, resulting from the second peak of spermatogonial mitosis at

stage XII of the spermatogenic cycle. Immediately after the division of'type
B spermatogonia into rasting primary spermatocytes, a marked increase in the

degree of labeling over the resting primary spermatocytes occurs, followed by



a gradual decline in grain counts over the area of the transition primary
spermatocytes, with little or no label appearing over the remaining cells of

the cycle of the seminiferous epithelium. The in vivo incorporation of radio-
active amino acids into mouse testicular proteins,‘followed by squash prepara-
tions of the isolated labeled seminiferous'tubulés, has been inyeétigated by
Monesi (1965). In spermatogonia, both nuclear and cytoplasmic protein éynthesis
has been found to occur at all stages of the cell division cycle following the
intraperitoneal or subcutaneous injections of tritiated arginine, leucine,
lysine, tryosine, histidine, phenylalanine or tryptophane. During interphase
and prophase, the rate of protein synthesis is almost equal, but declines during
late prophase, metaphase, and anaphase; this diffgrs from ribonucleic acid

(RNA) synthesis which ceases during metaphase and anaphase (Monesi,.1964),'

In the diffe?ent types of spermatogonia, the rate of synthesis varies from

being much greater in type A and intermediate as compared to that found in

type B spermatogonia,’and lower in dormant type A tﬁan dividing type A
spermatogonia. A similar difference in the rate of synthesis between the
different types of spermatogonia occurs for RNA synthesis and has been suggested
by Monesi (1964) to be possibly due to the greater degree of nuclear condensation
found in type B spermatogonia. Although protein lebeling occurs in both the
chromosomeé and nuclear sap, incorporation into the nucleoli has not been
determined because of their limitéd size in type A spermatogonia and their
apparent ébsence in type B spermatogonia.

In primary spermatdcytes, labeled amino acids are incorporated into both
nuclear and cytoplasmic proteins at all stages of the meiotic cycle, with the
greatest degree of lzbeling occurring in pachytene spermatocytes in stages II
"to V of the spermatogenic cycie. Chromosomal studies‘indicate a much‘greater

incorporation occurring in the autosomal chromosomes than the sex chromosomes.



r

The presence of protein labeling in nucleoli, however, has been impoésible to
detect because of their small size during prophasé. Monesi (1964) has SQggesfed
that a significant part of the chromosomal protein synthesized during meiotic
prophase-may be preserved within the chromosomes through cell division.

Cytoplasmic incorporation of tritiated amino acids occurs in most stages
of spermibgenesis, with the highest amount occurring during stages 1 fo 11 of
spermiogenesis, then decreasing to zero in thé mature spermatid found during
stage 16 of spermiogenesis. Residual bodies shed from mature spermatids become
labeled only after 3 days following injection of the isotopef Nuclear labeling‘
is either small or absent during all stages of spermiogenesis except 11 and 14.
Spermatid nuclei at these stages of development incorporate large quantities
of 3H-arginine, but are insensitive to the other tritiatea amino acids.
Incorporatioh of large quantities of 3H-arginine dgmonstrates the timing of
the nuclear histone transitioﬁ as described above, Tritiated amino acids
are readily incorporated in the cytoplasm and nucleus of the Sertoli cells.
Rapid labeling of the nucleolus also occurs at about an equal density of
labeling as the nucleoplasm. The satellite karyoscmes which flank the nucleus
however, are very poorly labeled. In contrast, Carneio and Leblong (1959)
failed to obsefve any nucleolar incorporation of lsbeled amino acids in the
Sertoli cells.

B. EFFECT OF TEMPERATURE
1, Incubation Temperature

Since the scrotal temperature is known tolbe decide@W’lower than normal

body tempefature (Moore and Quick, 1923), studies were initiated bvaavis et al.

(1963) to determine a proper incubation temperature for investigating the in

vitro incorporation cf radioactive lysine into protein of rat testicular

slices. Simultaneous incubations of testicular slices ranging from 20 to 40°C



I"A were performed utilizing several temperature-controlled water batﬁs surrounding
a main Warburg apparatus. The manometers were ;rranged so that each flask was
allowed to shake at the same rate during the incubation beriod. The results
of the effect of temperature on the incorporation of radioactive lysine into
protein of slices of adult rat testis, liver, kidney and spleen demonstrated
thaf in the testis, maximal incorporation of lysine into protein occu?red at
32°C. In the liver, kidney and spleen, maximal incorporation of isotope into
protein occurred at 37.5°C. No radioactivity was found in protein when these
tissues were incubated at 44°C. These data indicate that the protein-
synthesizing systems’of the rat testis are more sensitive to heat as compared
to the protein-synthesizing éystems of the raf liver, kidney and spleen. It
would therefore appear that this increased heat lability of the protein-
synthesizing-systems of the testis may offer a partialAbiochemical explanation
for the injurious effeéts of an increased abdominal temperature on spermatogesis
which occurs in cases of cryptorchidism.

In order to determine the viability of the rat testis siices incubated

—— m_—

for 1 hour at various temperatures, Davis, et al. (1963) carried out studies
employing uniformly labeled glucose as a precursor for the biosynthesis of 002
and glutamic acid. The amount of isotope transferred from radiocactive glucose
to COy and glutamic acid in slices of rat testis was determined at 26, 32 and
37.5°C. In both instances, a lineér increase of labeling with increasing
temperatures of incubation was observed. It would therefore appear tﬁat slices
of rat testes are still ?iable after a 1 hour incubation period at 37.§°C and
that the enzyme systems responsible for protein biosynthesis in the testis may

be selectively inhibited by an increase in temperature above the normal scrotal

‘temperature.
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2, Species Variation

Similér temperature experiments were repeafed using slices of rabbit
testes. During these experiments, the in XEEEQ incorporation of radioactive
lysine into rabbit testicular protein was found to be maximal, not at 32°C,
but at 37.5°C (Buyer and Davis, 1966; Hall, 1965). By further studying the
peritoneai and scrotal temperatures of the rabbit versus the rat, it §as found

“that the scrotal and peritoneal temperatures of the rat were statistically
lower than the corresponding temperatures of the rabbit. This difference in
the effect of temperature on testicular protein labeling of the rat and the
rabbit suggested that optimal testicular protein synthesis may occur at a
temperature which is closest to that found in the scrotum of each animal,

In the rat, mouse, and hamster, maximal incorporation of labeled lysine into
testicular pfotein occurred at 32°C. On the other hand, maximal incorporation
of isotope into testicﬁlar protein was at 37;5°C for the rabbit, guinea pig
and dog, each having a higher pefiténeal and scrotal temperature. It would
therefore appear that optimal activity for protein labeling for each species
of animél occurs at a temperature closest to that found in the scrotal sac

and that the deleterious effects of temperaturg on the incorporation ofilysine
into testicular protein occur at a temperature closest to that of the normal
body temperature of each animal.

c. EFFECT OF CRYPTORCHIDISM

1. General Effects

Cryptorchidism can be experimentally induced in the rat by gently forcing
the testis into the abdominal cavity by applying pressure to the bottom of
the scrotal sac. A fine silk suture is passed under the capsule of the testis

"and anchored to the lateral abdominal body muéculature. The contralaterai
testis of the same animal isvallowed to remain in the scrotal sac to serve

as a control. The predominant histological feature of the cryptorchid testis
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appears to be the absence of all of the spermatids and mature spermatozoa as

well as most of the spermatocytes. However, the spermatogonia, Sertoli cells
and the interstitial cells of Leydig appeaf to resist degeneration (Glegg,
1961; Davis and Firlit, 1966; Nelson, 1951; Niemi and Kormano, 1965; Williams
andVCunningham,,l940).

The éhanges in testicular weights during a period of 30 days followiﬁg
abdominal fixétion of the undescended prepubertal testis on the left and the
abdominél transplantation of the adult testis on the right were studied. 1In
both instances, the weight of thé cryptorchid testis was markedly lower than
that of the scrotal testis. In addition, thé in vitro incorporation of
L-lysine-U—C14 into protein 6f slices of the two different experimentally
induced cryptorchid testes were studied. Protein labeling of both types of
cryptorchid testes were found to be about four times as great as that of the
normal scrotal testis (Davis et al. 1964, 1965).

The significancerf a preater uptake of radioactive lysine in£o protein
in the cfyptorchid testis than that found in tﬁe normal scrotal testis appears
.to be at least partially associated with the complex histological structure
of the testis. The concept that a tissue which was rapidly regressing in size
should have an increase rate of protein synthesis seemed most unusual. Because
of this unusual display of protein synthesis, it would seem extremely interesting
to determine which of the several cell types of the seminiferous germinal
epithelium of the testis wére particularly susceptible to the effects of
temperatufe on protein biosynthesis.

2. Temperature Sensitivity in Various Céll Types

Since it is not possible to physically separate and isolate all the cells
'qf the germinal epithelium at the present time, the technique of studying
various preparatibns of testes which consiséed of only a few ceil types offer

one partial approach to this problem. Davis et al. (1964) made a comparison
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of the incorporation of labeled lysine into protein of slices of four different

testicular preparations. Davis demqnstrated that the adult normal écrotal
testis consists of spermatogonia, spermatocytes, spermatids and Sertoli cells
as well as interstitial cells of Leydig. The cryptorchid testis consists of
spermatogonia, Sertoli cells and Leydig cells, with only a few remaining
spermatocytes and a total absence ofISpermatids. The immature testis consists
largely of primary spermatocytes. An interstitial cell testicular tumor of
the mouse consists of only Leydig cells.' The‘effecf of incubation témperatdre
on the incorporation of L-lysine-U-Cl4 into protein of slices of the adult
scrotal testis the cryptorchid testis, the immature testis and the interstitial
cell testicular tumor., With the exception of the‘gdult scrotal testis which
was the only testicular preparation containing spermatids, protein labeling

in each testicular tissue studied increased with an elevated temperature of

incubation (Davis et al. 1964). These results point ﬁo the poséibility that
the inhibitory effect of an increased temperature on testiéuiar protein |
synthesisloccurs mainly in the spermatids which are the more differentiated
seminiferous gérminal epithelial cells.

The question whether the increased protein labeling of the cryptorchid
testis was a reflection of an unmasking of the spermatogonia, primary spermato-
cytes, and Sertoli cells resulting from the disappearance of the spermatids,
or represented a true température-induced change in the protein-synthesizing
capacity of these remaining testicular.cell types. In an attempt to answer
this question, the in vitro radioautographic incorporation of tritiated lysine
into each of the remaining cells of the cryptorchid rat testis 30 days follow-
ing abdominal transplantation of the Festis was carried out at 37.5°C

(Firlit and Davis, 1966).



Three types of seminiferous tubules are found in approximately equal
numbers in the cryptorchid rat testis 30 days after abdominal transplantation
and have been designated as type A, B, and C cryptorchid tubules. Type A
tubules contain spermatogonia of the '“crust" variety, primary spermatocytes
in the pachytene stage of meiosis and Sertoii cells. Type B tubules contain
only spermatogonia of the "crust" variety and Sertoli cells, with the cytoplasm
of the Sertoli cell extending as an apparent syncytium from the basement
membrane to the lumen of the seminiferous tubule. Type C tubules contain
essentially Sertoli cells with pleomorphic-appéaring nuclei and fibrotic,
gyalinized_cytoplasm; Only four cell types therefore were found to occur in
the germinal epithelium of the abdominal testis 30 days following experimenfal
induction of cryptorchidism. These cell types were ”cfust” spermatogonia,
pachytene primary spermatocytes, normal-appéaring Sertoli cells and atrophié-
appearing Sertoli cells, accounting for 31, 3, 28 and 38% respectively éf the
tofal»qells remaining in the germinal epithelium of the seminiferous tubules
of the cryptorchid testis. Grain counts over these respec;ive cell types
demonstratéd that the induction of experimental cryptorchidism produced a
marked increase in protéin labeling in each of the remaining cells of the
germinal epithelium. This data would indicate that the increase in protein
labeling of the cryptorchid rat testis is due not only to an unmasking of the
remaining éell types with a higher cépacity for protein synthesis but is also
due to a temperature induced stimulation of protein synthesis occurring in
these same testicular cell types.

D. . EFFECT OF GLUCOSE

1. Stimulation
Although glucose has been shown to maintain the'oxygen uptake of adult

testicular tissue (Ewing et al., 1966a; Paul et al., 1953; Schuler, 1944;
Serfaty and Boyer, 1956; Tepperman et al., 1949), few studies have been carried

out on the effect of this substrate on testicular protein biosynthesis. Davis
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and Morris (1963) studied the effect of glucose on the incorporation of

L-lysine-U-—C14 into protein of rat tissue slices at 37.5°C‘and one hour
incubation. In the case of the testis, the addition of 0.009M glucose to
alternate flasks increased the incorporation of radioactive lysine into
protein by over 600%. Protein labeling in slicés of the head of epididymis
was enhanced by approximately 1507 and values for the remaining tissues studied
ranged from essentially no change to only 507 sfimulation of protein labeling 
including jejunél mucosa, the-Walker 256 carcinésaréoma, spleen, thymus,
submaxillary’gland, pancreas, tail of the epididymis, kidney,‘brain, diaphragm,
heart, regenerating liver, normal liver, lung, and seminal vesicle. It there-
fore appears that with respect to 17 different tissues of the adult_rét,
glucose exerts an apparently unique and characterisﬁic enhancement of festiéular.
érotein biosynthesis. These data indicate that the enzymic systems involved
in the incorporation of labeled lysine into protein of the testié.are markedly
more sensitive to the addition of exogenous glucose than those of other tissues
of the raf.

The importance of glucose in maintaining the normal'morphological appear-
ance of rat testes has Been emphasizgd 5y reports of histological damage of
the seminiferous epithelium occurring in the presehce of either experimentélly
induced hypoglycemia (Mancine et al., 1960) ;r alloxan diabetes (Deb and
Chatterjee, 1963; Hunt and-Bailey, 1961). 1In addition, male rats, rendered .
diabetic by pancreatectomy have been foﬁnd to exhibit a decrease in feftility
(Foglia et al., 1963). Reproductive function in the human male has also been
shown to be markedly influencgd by the diabetic state with its associated

presence of hyperglyceomia, The diabetic human male has been reported to have

t al., 1958; Rubin, 1958),

an increased incidence of impotence (Babbott
a decreased sperm count (Schoffling et al., 1963), a deficiency of spermatozoa

motility (Klebanow anl Macleod, 1960), and atrophic changes in the seminiferous
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germinal epithelium of the testis (Schoffling et al., 1963).

2, Site of Stimulation

The affect of exogenous glucose on the incorporation of radioactive
lysine into protein of slices .of four different testicular preparations was
studied by Davis and Morris (1963) . The absolute level of protein labeling
of the immature testis, the cryptorchid testis and the interstitiai cell
testicular £umor were all greater than in the case of the adult scrotal testis,
these tissues, which in no instance contained any spermatids, displayed
essentially no effect of glucose on protein labeling as compared to the
scrotal testis. These data suggest the possibility that tpe spermatids are
the most sensitive to glucose with regard to regulation of protein synthesis.

Ih order to further investigate this possibility, as well as to compare
protein labeling in mitotic versus meiotic cell division on the effect of
exogenous glucose on protein labeling from tritiated lysine in each of the
successive cells of the cycle of ﬁhe seminiferous epithelium of the rat was
studied in vitro by means of radioautographic techniques (Davis and Firlit,
1965).

Slices of normal adult rat scrotal testes were incubated in Kreba-Ringef
bicarbonate buffer with 100yCi of tritiated lysine in the presence and abéence
of exogenbus glucose., At the end of the incubation period, the flask contents
were poured through a 90-mesh stainless-steel sieve to collect the testicular
slices which were then prOcesséd for.radioautography.

In the glucose-supplemented system a marked increase in the overall degree
of protein labeling from tritiéted lysine was observed in all of the cells of
the spermatogenic cycle. However, in contrast to the results obtained in the
. control system early pachytene primary spermétocytes were found to contain
the most dense grain distribution in the presence of added glucose. During the

two meiotic cell divisions a sharp decrease in the grain density was observed.



Whereas few grains were seen over the spermatids in the control system,'the
addition of exogenous glucbse was found to produce a marked inérease in_the
number of grains appearing over thevspermatids.

The data indicate that of the various cell types found in the seminiferous
epithelium of the rat, the primary spermatocytes demonstrate the highest degree
of protein labeling from radiocactive lysine. On the other hand, protein |
‘labeling of the spermatids appears to have the greatesf sensitivity to the
addition of glucose.

Further evidence which serves to support the finding that a major
stimulatory effect of glucose on testicular proteih labeling involves thé
spermatids is supported by Méans'and Hall (1968a) who found that marked
stimulation of testicular protein labei;ng by glucose did not occur in rats
before the age of 28 days. It is of interest to note that these biochemicai
results correlate with the prgvious histological studies of Clermont and Perey
(1957) which demonstrated that spermatids first appear in the germinal
epithelium of rats at approximately 20 to 30 days of age. Means and Hall also
reported a gradual decrease in the stimulation of protein biosynthesis in
hypqphysectomiZed rats such that at 15 days after the operation, the response
to glucose was only 50% of the control level and by 25 days there was no
stimulatioﬁ of protein biosynthesis by glucose. Spermatids have been reported
to decrease in number following hybophysectomy to about 50% at 15 days post-
operatively (Coombs and Marshall, 1956) and to disappear by 25 days after the
operation (Steinberger and Nelspn, 1955).

The data also suggest that glucose‘exerts a marked stimulation of protein
labeling in the primary spermatocytes whose nuclei are at pachynema and whose
‘chromosomes are undergoing crossing over. Thé possibility therefore exisfs

that glucose may be involved in the mechanisms of recombination of chromosomal
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segments during meiosis, thereby playing an important role in the constantly
éhanging patterns of the genome (Davis, 1968). In addition, the dafa also
suggest that the transition from somatic mitosis to the first meiotic prophase
is associated with a marked increase in protein labeling.
3. The Protective Effects of Glucose

It is well known that the effecf of temperature on biochemical systems
is a complex phenomenon whiéh involves not only changes in enzyme reaction
rates, but als§ involves enzymic denaturation. 1In érder to more accurately
establish the temperatures above which testicular protein labeling is heat’
labile, preincubation experiments were carried oﬁt in which the effects of
temperature on slices of rat testes were exerted ﬁrioy to'the'peribd of incuba~
tion with the radioactiﬁe amino acid (Davis and Morris, 1967). 1In the absénce
of glucose during the preincubation period, the incorporation of lysine_intd
protein remained constant following preincubation temperatures fanging from
30 to 32°C for the testis and 30.to 38?0 for both the spleen and liver,
A progressive decrease in protein labeling then occurred at a preincubation
tempéraﬁure of 34°C for the testis and 40°C for bothrthe spleen and liver.
When added glucose was present during the preincubation period, the incorpora-
tion of labeled lysine into testicular protgin noﬁ remained constant following
preincubation temperatures which ranged from 30 to 36°C. Thése data indicate
a partial reversal of température-induced inhibition during the preiﬁcubation
period. On the other hand, the presence of glﬁcose during the preincubation
period produced essentially no change in protein labeling‘in slices of spleen
and liver at any of the preincubation temperatureé studied, When glucose was
added after the prein:ubation»pefiod simultaneously with the radioactive lysine
a marked progressive decline in testicular protein labeling wés noted following
preincubation at each of the seven temperatures studied. It would appear that

glucose is not capable' of reversing the temperature induced inhibition of



of testicular protein labeling if added after exposure of the testis to these
preincubation temperatures. In the case of the spleen and liver, the addition
of glucose after the preincubation period resulted in a marked decrease in
protein labeling only after preincubation at a temperature of 42°C.

The data presented suggest that the in vitro inhibition of rat testicular
protein labeling caused by temperatures higher than the normal scrotal tempera-
ture of 32°C can be protected against by the addition of glucose. Glucose
protection against elevated temperatures has been observed in various species

of microorganisms (Allen, 1950). Escherichia coli exposed to a temperature

of 54°C for several minutes in the presence of glucose have been found to under-
go less thermal destruction fhan in the absence of glucoée (Baumgartner, 1938);
The tolerance of chicken hearts to elevated temperatufes in tissue culture
has also been shown to be increased by the addifion of glucose to the culture
medium (Hetherington and Craig, 1939). The éossibility therefore existérthat
témperatures exceediné 32°C may lead to the rapid utilization of glucose by
the maturing spermatids which have been shown to be most dependent upon
glucose. This iﬁéreaseq utilization of glucose by the maturing spermatids will
in turn lead to a rapid depletion of avaiiable glucose levels in the testis.
The resulting.inadequate supply of glucose will be incapable of protecting
certain enzymes associated with protein synthesis against an elevated tempera-
ture, leading to an irreversible damage to the testicular protein-synthesizing
systems of the rat (Davis and Morris, 1967).

~ Means and Hall (l968b) have recently suggested that the mechanism by
which glucose stimulates testicular protein biosynthesis ﬁay be by maintaining
the levels of testicular édenosine triphosphate (ATP). These authors .
‘demonstrated that glucose prevented the decline of ATP during aerobic in

vitro incubations, but under anaerobic conditions, glucose was unable to
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stimulate increases in ATP concentration or protein biosynthesis. 1In

addition, both the concentration of ATP and rate of protein biosynthesis
increased when glucose was added to the incubation medium after incubating
for 30 minutes without_glucose.- In immature rats, glucose was found to ﬁave
no effect on either the level of ATP or the rate of protein biosynthesis.
E. EFFECT OF DRUGS
1. . Nitrofurazone
Davis and Hollinger (1966) studied the effect of nitrofufazone on the in

vitro incorporation of radioactive lysine into testicular protein. The nitro-
furan grbup of chemotherapeutic agents has long been known to exert specific
histological changes in the testicular germipal epithelium involving the érrest
of spermatogenesis at. the primary spermatocyte stage (Nissim, 1957; Prior and
Ferguson, 1950; Rogers et al., 1956). The histological architecture of the
nitrofurazone treated testis of tﬁe rat therefore closely resembles that of
the cryptorchid rat testis in that it is characterized by a virtual absence
of all the spermatids and mature spermatozoa. It would seem that the loss of
spermatids and spermztozoa from a nitrofurazone treated testis offers. a unique
opportunity to make selective study of the metabolism of the remaining cells
of the seminiferous epithelium as they exist in the natural environmental
temperature of the scrotal sac rather than as they.exist after exposure to
the high environmental temperatﬁre of'the abdominal cavity as is the case in
experimental cryptorchidism.

| The effect of 0.1% nitrofﬁrazone in the diet for 30 days on the weight
of the rat festis demonstrated a progressive decrease in testicular weight,
.the uptake of labeled lysine into testicular brotein was found to progreséively
increase up to 30 days. At 30 days of nitrofurazone treatment, the uptake of

isotope into testicular protein was approximately four times that observed for
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testicular slices of nontreated control rats (Hollinger and Davis, 1966). It

would therefore appear that the remaining cells of the seminiferous germinal
epithelium, namely, the spermatogonia and early primary spermatocytes, found
at the lower physiological environmental temperature of the scrotal sac after
the administration éf nitrofurazone are responsible for the observed inc}eése
of testicular protein labeling. The possibility may therefore exis£ that.the
clinical administration of nitrofurazone might produce subtle biochemical side
effects on testicular protein biosynthesis which would not feadily be detected
employing ordinary histological_fésticular biopsy techniques,

2. Chlorpromazine .

The effect of chlorpromazine on endocrine function has been studied
extensively and reviewed by deWied (1967). Histologically, chlorpromazine
appears to interfere with testicular functioq, causing a similar reaction té
that seen after hybophysectomy (Chatterjee, 1965, 1967). Only recently,~how-
ever has a direct effect of chlorpromazine on testicular protein synthesis
been reported (Kirby et al., 1969). By comparing the in vitro effect of
chlorpromazine on the incorporation of radioaétive lysine into protein of
slices of rat testis, kidney, brain and liver, it was possible to demonstrate
that chlorpromazine causes a greater inhibition of festicular protein labeling
than that of brain, kidney and liver. At a concen?ration of 10-4M, chlor-
promazine resulted in a 547 inhibition of testicular protein labeling, while
causing only a 247 inhibition of protein labeling of both brain and kidney,
and essentially no effect in the liver. Protein labeling’ of the chlorpromaéine-
inhibited system of the testis can be more markedly stimulated by the addition

of exogenous glucose than that of the other three tissues studied.
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F. THE EMBRYOGENESIS OF THE MALE GENITAL SYSTEM (HUMAN)

The male genital tract is derived from the urogenital ridge. It begins
to differentiate at about the sixth week of fetal life. The medial portion
of the urogenital ridge proliferates to form a specialized genital ridge
which parallels the mesonephric urinary ridge. During the second month of
fetal devélopment the genital ridge of mesenchyme differentiates into an
outer, germinal epithelium and an inner, loosely arranged epithelial mass,.

At this stage in embryological development there is no sex differentiation
apd the primitive gonad is intersexual. By differential rates of growth and
by more marked prolifération of the Caudal end of this ridge, a recognizable
intraceolomic testis is produced. It comes to lie just above the pelvis by
approximately the third month of fetal development, a process termeﬁ the
internal descent.

The further passage of the testis into its definitive adult position in
the scrotum occurs in the 8th-9th months of fetal development and is designated
as the external descent. The internal structures of the testis develop during
the 3rd month of'gestation. The external germinal epithelium differentiates
into the tunica albugin;a and vasculosa of tﬁe testis. The inner epithelial
mass of included fotipotential cells give rise to the tubular structures of
the testis including the rete testis. At the time of birth, a well developed
branching system of seminiferous tubules is present. These still lack a lumen
and continue as solid cords until pubérty. At puberty, the testis cords
acquire lumens and undergo further maturation. Differentiation of secondary
spermatocytes into spermatids and spermatozoa, which begins at this age,
characterizes the adult form of spermatogenesis, which continues throughout
‘life into extreme old age,

The duct system of the testis is derived from the mesonephric ducts, in

reality the persistent pronephric ducts. Special .lucts, therefore are not



formed along with the development of the testis. However, during the eérly
stages of undifferentiated sexual development, a Mullerian female dﬁct is also
formed, which in the male almost coﬁpletely regresses except for the extreme
cephalad end that persists as the appendix of the testis and the extreme
caudal end that givés rise to two vestigial structures in adult males known
as the seﬁinal colliculus and the prostatic utricle. |

The external genitals begin to appear at about the sixth week of‘fetal
life in the form of a conical protuberance in the midline of the body about
midway between the umbilical cord and tail. This protuberance is desginated
as the genital tubercle. In the course of time it will develop a shallow
ventral groove with lateral ridges that fuse to create a urethral canal.
Progressive growth of fhis tubercle creates a cylindrical phallus that gives
rise to either the penis in thé male or the clitoris in the female. As with
the primary gonad, tha genital tubercle is a.sexually undifferentiated
structure that may giﬁe rise to either male or female external genitalia
(Arey, 1965).

G- GROSS AND MICROSCOPIC MORPHOLOGY OF THE ADULT HUMAN TESTIS

In the adult the testis weighs approximately 12 gms. and measures
approximately 5 x 3 x 3 em. It is covered by a serosal membrane, the visce£31
layer of tﬁe tunica vaginalis, which is reflected off the hilus of the testis
to form an inner lining of the scrotal sac, the parietal tunica vaginalis.
Thus, in the normal adult, therebis-a completely closed serosal-lined potential
space folded about the testis. AThe lining of this space is derived from the
processus vaginalis of the peritoneum. Beneath the Qisceral tunica vaginalis
there is a thick fibrous layer known as the tunica albuginea. Deep to this
fibrous layer 