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SDMARY

The distribution and activity of certain enzymes within rat
testis has been gtudied in the normal animal and after the administra-
tion of 1) busulphan, &nd 2) T,12«dimethylbenz(a)anthracene (IMBA),
The arrest of spermatogenesis so effected has been found to be associa-
ted with increases in the activity of B-glucuronidase,; 5'-nucleotidase,
malate dehydrogenase, and glucose-6-phosphate dehydrogenase; and with
decreages in the activity of acid phosphatase, alkaline phosphatase,
glutanine synthetase, and hyaluronidase.

The activity of malate dehydrogenase has been shown to be primarily
confined to the interstitial tissue in the normal animals a marked
change in distribution of this and other dehydrogenase enzymes was found
to accompany atrophy of the testis. Experimental evidence suggests
that the Sertoli cells exhibit a high activity of B-glucuronidase and
of 5'-nucleotidase.

The work of earlier suthors in releation to IMBA has been confirmed
and extended, It has been shown by fertility triel that in addition to
a primary toxic effect upon spermatogonia and early spermatocytes, the
administration of IMBA produces a functional impairment of spermatid
cells with a subsequent prompt reduction of fertility.

Extension of the established methods for the study of anti-
fertility compounds by the development of accompanying enzymological

investigations is proposed,
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ZHTRODUCTION

The testis of rat is a valuable experimental tissue since the
spermatogenic cells within the seminiferous tubules offer a model
of cellular proliferation and differentiation subject to well-
defined cyclic development. A number of causes may induce the arrest
of normal spermatogenesis. Our understanding of the changes in
metabolism and morphological pattern of such effects is far from
complete, Aside from the intrinsic scientific interest of the topic,
its practical bearing in the context of subefertility in domestic
animals and its relevance to problems of human population control are
of considerable importance. Furthermore, it has been suggested that
carcinogenesis and anti-fertility represent metabolic aberrations with
certain features in common, and that "selestive antifertility effects
«ss must include some of the pharmacological ections representative
of the pree-malignant changes operative in chemiecal omimgmods"“.

In a recent text by an authority in the field of male reproduce

tive bioohemistry'%®

¢ it is stateds "little is known about the
chemical nature of the developmental factors, posoibly hormone-like
in nature, which control the successive stages of cellular transformae
tions during spermatogenesis (p. 10)§5 s+s 80 far the biochemical
changes accompanying spermatocytogenesis and spormiogenesis have

been mainly studied by histochemical methods (pe 10)5 sses A8 yet
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ses these phenomena are poorly understood ... the biochemical
mechanisms of antigpermatogenic activity have not been studied in
detail” (p. 11).

In peinting out that most antifertility substances have been
brought to light by scerendipity, or otherwise prospectively by the
use of timew-consuming and tedious fertility or sperm sampling tech-
nigues, Jackson®? observes that "thore is a great need for experimental
techniques which would enable a more rapid screening of compounds for
potential activity".

Particular interest was stimulated by the report from Ford and
Huggins of a selective toxic effect upon testis of the potent carcino-
gen T,12-dimethylbenz(a)anthracene (IMBA), this being associated,
pari passu, with a change in the activity, as measured in yvitro, of
the enzyme malate &WW”. The present work is concerned with
the verification and extension of these findings.

In addition to IMBA, the therapeutic alkylating drug busulphan
[iyleran; 114-di(methanesulphonyloxy)butang/ has been used. It has
been shown by Bollag'® and further investigated by Jackson et al.®?
that busulphan inhibite spermatogenesis, It was thought to be of
interest to correlate the response of testis to these two contrasted
compounds, particularly in relation to zmy changes in the activity of
malate dehydrogenase and of other selected enzymes.
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The experimental approach has been basically exploratory,
aspiring to yield a base for more detailed investigation. A review
of the known literature relating to the field investigated is presented
as no review on this topic appears to be publisheds, This review is
not in general comprehensive, but an attempt has been made to include
the main body of work on the engymes under particular discussion,

It was hoped that the investigations might suggest a means of
rapid screening of potential antifertility drugs and add to basic
knowledge of cell proliferating and differentiating systems.
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The rat testis is an orgen generally of weight sbout 1.5 g,

It consists of an outer coat, the tuniea albuginea, bounding an
intricate arrangement of convoluted tubules -« the seminiferous
tubules -~ some 30 em, in length and 200u in diameter, The walls

of the tubules are lined by a proliferating cell system - the semie
niferous (spermatogenic) epithelium - in which generation of the
male fertilising cell, the spermatozoon (pl. spermatozoa) is effected.
The space between the tubules is occupied by the interstitial tissue,
which is composed of blood vessels, Leydig cells, and supporting
connective tissue, The Leydig cells subserve an endoerine functiong
they are the source of the male sex hormone, testosterone., Mature
spermatozoa (sperm) are released from the seminiferous epithelium
into the lumen of the tubules and rapidly flushed by a liquid flow
into the collection system of the rete testis, and thence pass into
the epididymis, a highly extended tubule reservoir in which the
spermatozoa are subjected to a "ripening' process end into which a
fluid secretion is made., Spermatozoa are available in this
repository for ejaculation.

At intervals of twelve days primordial germ cells (stem eells)
at the periphery of the tubules commence a process of division and
differentiation, finally producing mature spermatozoa., A sequence
of morphologically distinet spermatogenic eell types is involved:
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Type A spermatogoniaj intermediate type spermatogonias Type B
spermatogonias primary spermatooytes; secondary spermatocytes;
spermatidsy and finally spermatozoa., This is a process of
mitotic division, except in the unique case of the primary spermatoe
oytes, which undergo meiosis: the derived secondary spermatocytes
contein segregated sexual chromatin and half the original number of
chromosomes.

The duration of this process has been shown to be forty-eight
days in the mﬁs 6.' Spermatozoa are next retained in the epididymis
for spproximately a further two weeks. The time sequence of this
process is outlined in Table 1, p.6 , modified from Jackson O?*7,

At each point along a tubule where histological examination is made
after cross-sectiony a particular association of cell types is
exhibited, The course of development has on this bagis been divided
for descriptive purposes into fourteen distinet utaaus}. Some
photographic illustration of the various cell types within the normal
spermatogenic epithelium is given in Figure 14 p. 8,

At the periphery of the tubules, adjacent to the basement
membrene, lie the Sertoli (or sustentacular) cells, the function of
which is not fully understood. A good deal of evidence suggests
that they masy serve to nourish the developing spermatids, Studies
employing electron microscopy appear to show that the Sertoli cell
acts as a "bridge cell" between the basal membrane and the
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spermatogenic cells, Cytoplasmic processes of the Sertoli cells
appear to fill all spaces between the latter, Chemical transfers
between the intertubular vessels and the spermatogonia may be

effected directly through the tubular well, Transfers to the other
spermatogenic cells must necessarily be via the Sertoli aytoplan‘”.
High activity of many enzymes has been observed in the Sertoli
001181920199 214 both ensymatic and morphologicsl changes of the cells
shown to accompany differentiation of the aparmtidlﬁa.

The testis and male accessory sex organs are subjeet to a trophie
regulation effected from the pituitary gland, The details of this
are not fully understood, but it is believed that both follicle—
stimulating hormone (FSH) and interstitial cellestimulating hormone
(ICSH) « the "gonadotrophic hormones" - are required for full develope
ment of the tissues, acting mergisticall.yas. Furthermore, the
anterior pituitary has an indireet influence on the male sex organs
by reason of its interaction with the thyroid snd adrenal a-l.andlws’p'm.
The classical criterion of androgen output from the Leydig cells has
been change in the weight of the ventral prostate, or, better, the
measurement of fructose and eitric acid in the seminal plasma, a
related parameter, Such indirect methods are likely to present
a rather insensitive indication of androgen output.

The Leydig cells and the spermatogenic epithelium are morpho-
logically distinet, yet functionally are intimately related.
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Certain studies have indicated that the spermatogenic and endocrine
functions of testis have a common physiologieal 1ink!'06s P15,

Normal spermatogenesis demands an adequate balance hetween gonado-
trophic hormones and testosterone, Much evidence supports the
concept of a testicular-pituitary feed-back mechanism, but the details
of this remain obscure. Recent studies have suggested that this

may operate via a substance named "inhibin" which ie secreted within
the seminiferous tubules at a late stage of spermatogenesis, and which
normally suppresses gonadotrophic output. Thus, if the spermatogenic
cells are deficient, output of gonadotrophic hormone is inereased,
this accounting for the hypertrophy of lLeydig cells ofton observed in
such oonditiomsc +« However, it is elsewhere noted that Leydig cells
may appear hypertrophied altheugh deficient in androgen, thereby, in
accord with more established views, eliciting an increase of
gonadotrophic hormone output 42,

The recent development of methods for the direcet measurement of
testosterone and its precursor dehydroepiandrostorone (DHA) in plasma
do, however; give further evidence of & testicular-pituitary a::ls”.
and such direet methods of study will no doubt clarify many details

of testis metabolisme



TABLE 1

Days to emission

Phase ag mature spermatozoa
Stem cells 63+
Type A spermatogonia
Type A spermatogonia 57 = 63
Intermediate spermatogonia
Type B spermatogonia 50 « 56
Resting spermatocytes
Spermatocytes (dividing) 36 - 49
Spermatids 15 « 35

Spermatozoa in epididymis 0«14
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REVIEW
LUTRODUCTION

The disposition of certain enzymes within the rat testis, as
delineated by the techniques of enzyme histochemistry and by
homogenisation methods, will be discussed. Attention is restricted
to a few only of more than seven hundred enzymes ocurrently mmded46.
Of these, perhaps three hundred may be considered to be of impor-
tance in mammalien phyaioloa1 29.

Hormal tissue is considered in Section A, Section B is con-
cerned with tissue modified experimentally by the following meanss
artificial cryptorchidisms X-irrsdiationy hypophysectomy/hormone
administration; selectively toxic chemical agents.

An indication of the general nature of the enzyme discussed
precedes each relevant part of Section A. The distribution in
testis is next recorded, then an outline is given of any known or
suggested specific testicular function. Our conclusions are
aggregated in Table 34, page 24, Trivial names have been used.
The classification number and the systematic name suggested by the
Commission on Enzymes of the International Union of Biochemistry
have also been given (denoted by the letters E.C. in the text) .

Where species other than rat have been referred to, this will
be made plain. The relevance of such findings to the rat can only
be postulated with caution, since species differences are often

marked,
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SECTION A

i. 4gid plhosphabasos

The texm "acid phosphatase" refers to nonespecific phosphorie
monoester hydrolase exinlbiting an optimum activity at a pH of
about 5.0,
E.C, 3¢143.2 3 CUrthophosphoric monoester phosphohydrolase.
The enzyme may act as a hydrolase or as a phosphotransferase.
Where R/R' represents an aromatic or aliphatic moietys

(a) 4s hydrolase =

GH OH
. 14 7
R.04 0 + HZO —-> RO0H + BO-T)O
\m OH
(b) As phosphotransferase -

P ¥
R0.P=20 + R'.m —> R.O0H + R'.O.t)o
\m CH

Phenol/aleochol
It is richly concentrated in the prostate gland, Both
acid and alkaline phosphatases are in general of very wide distri-
bution and are often present in high activity, yet their precise
function in yivo is unknown.
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In an early application of the Gomori technique’ the
presence of acid phosphatase was reported in both Sertoli and
spermatogenic cells (MOUSE), preponderating in the less mature
forms of the latter and generally being absent from spermatozoa,
with particular exceptions. The staining was of both nuclei and
oytoplasm' 07,  Certain defects in the Gomori method later beceme
apparent, but it was found that the method was suitable for
testis at the pH employed, 5.0121-

A phosphatase active at pH 4.9 has been found in extracts
of RABBIT testis1 19. Recent workers have found acid phosphatase
in the nucleus of younger cell types of the seminiferous epithelium,
with negative oytopla.n: * « Interstitial cells showed a very weak
reaction. The enzyme has also been found, by electron microscopy,
associated with Sertoli cells, and with all spesmatogenic eells .

Acid phosphatase is coneiderod histochemically generally use-
ful as an indicator of mitochondrial activity, or, with diffuse

reaction, of mitochondrial damge127.

This is an enzyme of low specificity functioning in a similar
menner to acid phosphatase but with an optimum pH of 8«10,
BeCe  3e143.1 @ Orthophosphoric monoester hydrolase,
Alkaline phosphatase is particularly associated with processes of

bone formation.
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Within testis the enzyme has been found concentrated in a
narrow gone in the basement membrane of seminiferous tuhu13331,

445 152y 154 ong sssociated with eapillary walls in the intertu-
bular tiasuo44’ 154. Other early spermatogenic cells show a
moderate activity44’ 159 as do Leydig oells?*’ 194,  glectron
microscopy has shown activity in the Sertoli cells °°  and also
in pinocytic vesicles in connective tissue cells underlying the
tubulen1 52.

In HUMAN testis intense nuclear staining has been reported in
all spermatogenic cells with least in the spermatids, with a slight
reaction in immature Leydig cells and in Sertold cells 2. Other
workers found a negligible reaction in all but the basement mem-
branes and arterial vam1a160-

It has been suggested that the observed strong activity in the
boundary tissue of seminiferous tubules indicates the enzyme to be
concerned with the transport of sodium and potassium ions across
the border tissue, and with the exchange of glucose and fructose
between the seminiferous epithelium and the interstitial tissue.

In nitrofurantoin intoxication, producing degeneration of the semi-
niferous epithelium, no change in boundary alkaline phosphatase
(or of adenosine triphosphatase) was observed, this being said to

indicate unchanged transport across the tubular wal130.



w18 -

iii. '.Nucleotidages
This enzyme is a substrate-specific type of phosphoric
monoester hydrolase,
EeCos  3.1¢3.5 ¢ S'=Ribonucleotide phosphohydrolase.
e

Py
&
J\Q/N\\ + 4.0 ? A /(\\\ + #hPoy

| u cK — 3y c /"\ ///
‘\\\ o ofak,_ o ‘\\\ CH,oH
D} )
oH O
Adenceine-5'-phosphate Adenosine
(AVP ; muscle adenyllc scid)

A variety of other 5*'-ribonucleotides may similarly be hydro-
lysed by this enzyme, as may 5'-deoxyribonucleotides, Non-specific
alkaline phosphatase may also hydrolase these substrates.

AMP is a precursor of the diphosphate (ADP), and this of
triphosphate (ATP), and is also required for the synthesis of histi-
dine, ATP is a compound vital to large areas of energyeproducing
and anabolic metabolism. Adenosine, the nucleoside product of
hydrolysis of AMP, can act as a source of ribose phosphates, and may
be deaminated to inosine by the enzyme adenosine deaminase, which is
known to be present in testia39 It is also a component of several
nucleotide coenzymes (e.g. aminoacyl adenosine monophosphate,

concerned in the activation of amino-acids for protein synthesis).
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The enzyme 5'-nucleotidase is concermed generally with the
degradation of purine bases, and in nucleotide metabolism. It is

105 Pe20. ¢ has & weak

said to act primarily as a catabolic enzyme
activity against ADP and ATP, 1t occurs in several mammalian
tissues, also in seminal plasma,

Aetivity has been detected in the "germinal elements" of rat

taatilwo. Localisation has been reported predominantly in the

nuoleus of thess, with & lesser astivity in the Leydig eslla'®C,
An intense activity has been found at the interface between Sertoli
cells and late, but not early, apmatidlﬁz.

It has been suggested that the enzyme is concerned with the forme
ation of germ cells rather than their ﬁmotim16°. HUMAN sperm
washed free of seminal fluid will effect the hydrolysis of ATP but

they are not active against AI[P1°1.

iv. Dehydrogensses:

Dehydrogenation is a common means of oxidation in biologiscal
systems. The biocatalyst "dehydrogenases" generally require one of
the coenzymes nicotinamide-adenine dinucleotide (NAD; DPN3 Coenzyme 1)
or nicotinamide-adenine dinucleotide phosphate (NADP; TPNj
Coenzyme 2) es a hydrogen earrier., Succinate dehydrogenase, a
metalloflavoprotein, is unusual in that it incorporates its owm
coengyme, The re-oxidation of reduced coenzyme is catalysed by
specific flavoprotein dehydrogenases termed "diaphorases".
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The general action of dehydrogenasos may be indicated thusi

NAD == +
Bt T T uom)
(- 2¥ - ?m
r + NAD e % + NAM,
- ™
COOH COOH
Malic acid Oxaloacetic acid

Since a variety of dehydrogenases will be under discussion,
particular reactions will not be detailed. Malate dehydrogenase
and glucose=G-phosphate dehydrogenase are, however, considered in
the Methods section (pp. 40 and 41). Some areas of metabolism in
which partienlar dehydrogenases are especially concermed are oute-
lined in Table 2, p. 15

The following dehydrogenases have been found greatly prepone-
derant in the Leydig cells of rat 3 3B-hydroxysteroid dehydrogenase
(38-HSD); lactate dehydrogenase (ID); glycerophosphate dehydrogenases
glutamate dehydrogenase; p-hydroxybutyrate dehydrogenasej
glucose-6-phosphate dehydrogenase (G6PD)s; and NAD- / NADP-
disphorases®>? 1239154, 4 noderate sctivity was generally found
in the spermatogonia, with reaction also in the midpiece of spermae
tozoa. The most intense reaction was given by LD and by the dia-
phorages. SD alone showed activity in all layers of the seminiferous



TABLE 2

Dohyﬂ:z-;gvnm

Area of metabolism

Malate D Citric acid coyele 3 final oxidative pathway
Succinate D of 02 units.
Lactate D Glycolytic pathways muscle metabolism.
Glycerophog=
phate D Glycolytic pathway.
p-Hydroxy-
butyrate D Degradation of fatty acids.
Glutamate D Oxidative deamination of amino aecids,
Glucoso=6-
phosphate D Pentose~phosphate pathways
oxidation of carbohydrates
formation of ribose (nucleic acid metabolism)
generation of NADPH, (necessary for steroid
synthesis)
3-hydroxy-
steroid D Steroid metabolisms

38HSD
@.g« Dehydroepiandrosterone = Androstenedione

A 2=3-hydroxy A %xeto

(Testosterone)
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epithelium, with a weak reaction in the Leydig cells 23154,

Other workers have considered SD to be more active in the intere

stitial cells than within the tubules®>, Strong activity of SD

has been reported in Sertold cells'?#19,  iamied activity of

G6PD has been observed in the Leydig ocells of HUMAN FOBPAL testis’®,
3p-HSD has been further studied in the MOUSE Leydig cell’.

It is postulated that there are three dehydrogenases appropriate

to three steroid substrates (17 o-hydroxypregnenolone; pregnen-

olone; dehydroepiandrosterone /MHA/). In later work it has been

found that in addition to the several 3-HSDs already investigated,

distributed solely in the interstitial tissue, substrate DHA

gulphate elicits the demonstration of activity in the mature germinal

epithelium, with no activity in the interstitial tissue’.

Additional investigations of 3p~HSDs are reported by other wrkemlso.

v. Egterages
Thie term, as generally employed in histochemiocnl invepbigation,

generally refers to arylesterase.

E.C. 3e1e12 : Aﬂl ester hydrolase.
mauoo Ar <+ 320 — C}IBONK + Ar,0H
- where Ar indicates an aryl radical.
Arylesterase is of wide distribution in mammalian tissues.
It has been found in testis particularly associated with the leydig

0011592 TT91220156 1010 abgent before puberty’”®, and is also
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122
reported in the Sertoli cells .

A study of interstitisl esterase in relation to steroid
synthesis indicated that activity was associated with the produce
tion of progesterone and testosterons '>'. Investigation of the
activity of Sertoli cells revealed a localisation to the cytoplasmic
processes wherein the spermatids become embedded just prior to their
release, and that the distribution of the enzyme in the tubules undere
went cyelic changes corresponding to those seen in the morphology of

12
the Sertoli cells 3-

vi. (Clubamine gynthetagos
EeCe 6e3e1e2 ¢ LeGlutamates ammonia ligese (ADP).

o
e

+3+An%?nz+m+n3?o

- E:;:Bz

L=Glutamic secid L-0lutamine

R

This enzyme occurs in many memmalisn tissues, where it appears
t0 be the same engyme as that sometimes designated "glutamyltrans-
ferase" 94198 mng reaction catalysed is thought to proceed via an
enzymeebound activated glutamie acid, ADP having a eatalytic function
in this binding, The mechanism for glutamine synthesis is thought
to be integrated with that for Yeglutamyl transfer 94. Study of the

solubilisation of the microsomal enzyme has suggested that the



gynthesis of glutamine is not an intrinsic function of the ribonu-
cleoprotein component, since the activity could very readily be
detached 8,

Glutamine synthetase acts generally as an anabolic enzyme % p '31.

Ite product, glutamine, is a common cell constituent and acts
generally as an intermediate carrier of amino groups in processes

of amination and amidation, It effects a provision of exchangeable
base, particularly in kidney, and serves to fix metabolic ammonia and
phenylacetic acids The N at positions 3 and 9 of purines is derived
from glutamine, which thus is & necessary precursor of nucleic acids

and of NAD/WADP,

Recent workerg have shown that the activity of glutamine
synthetase in the neural retina of the chick embryo increases
sharply during differentiation of this tissue at a stage when
proliferation of cells is minimal, The increase in activity was
associated with continuous protein synthesis, and this implies the

induction of enzyme a.ynthea:ls“?)‘(see Pe 84).

The enzyme has been found present in testis axtmta98. No

histochemical method of demonstration appears to be available.
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vii. g=Glucuronidases

E.Ce 34241431 1 peDeGlucuronide glucuronohydrolase.

fe=D=Glucuronide ' feD=Glucuronic acid
(R.OH = a phenol or alecohol)
The enzyme occurs in most snimsl tissues, and is active
against & wide voricty of p«Deglucosiduronic zcids ("glucurenidea")
and also against f-D-galactosiduronic ascids. It does not hydrolyse
the o~Destereoisomers, nor glucosides. Fvidence for a transglue-
curonsse function has been gims‘.
Fishman describes three general functions of Beglucuronidases
(a) the conjugation of steroid hormones; (b) the hydrolysis of cone
jugated glucuronides, and (e) perticipation in cellular proliferation.
Conjugnbtion may be either metabolic or detoxicatory, and commonly
promotes water-solubility, Experimental evidence of (¢) is con-

flieting and final conclusions are not yet poasi‘nlesa.

The enzyme is found in crude testicular homgenatu"s’ l"2‘“,.
It has been shown to be present in the seminiforous epithelium, a

perticularly intense reaction being noted in the primary spermatocytes,
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with less activity in spermatids. Only slight activity was found
in spermatogonia, Sertoli cells, and spermatozoa. Residual bodies

in the lumen of the tubule and interstitial cells were also highly

v 70, s navked £al1 in activity from birth to maturity

was noted, after which a steady level was mintaimd&.

acti

Evidenoe has boon given indicating a riee in peglusuronidase
activity in tissue (LYMPHOID) which is atrophic, whether after
futing131or after local 1rra.diation132. In the histochemical
investigation of atrophic states both acid phosphatase and
B-glucuronidase appear to increase in level since they are common
to lysosomes and under such circumstances may be expected to leak
from these organelles. It is considered by Hayashi that changes
in the content of Peglucuronidase may be taken as a sensitive

indieator of the state of the seminiferous tubules '°,

viii, Hyaluronidage:

The only engyme of this type listed by the nzyme Commission
is paid to be of bacterial origin,
EeCe  442.99.1 1 Hyaluronate lyase.

Mammalian testis has long been known as a cource of hyaluron.
idase. This enzyme effects the hydrolysis of hyaluronic acid,
a constituent of conneetive tissues, and also is active against
some chondroitin sulphates. Hyaluronate is considered to be a
polymer of a disaccharide unit consisting of glucosiduronic acid
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(glucuronic aeid) and Neacetylglucosamine,

Hyaluronidase acts biphasicallys there is first s rapid
depolymerisation to a series of oligosaccharides, then a slower

hydrolyeis during which acetylglucosamine and gluogiduronic acid

are relemd111. Some of the oligosaccharides are subject to

further attack by peglucuronidase’-. Chloride is known to be a

nec¢essary activator,
Activity hes been reported genuinely present in a number of
tissues other than testis, not belng derived from bacterial action
as previously beliwad.”. Its function must be considered as con-
cerned with the catabolic metubolism of connective tissue constituents.
Since methods for the histochemical demonstration of the
enzyme do not appear %o be available, reported work is based
generally upon tissue extract studies. It is considered to be

produced within testis solely by the seminiferous 0p1thel:l.m1 54.

and to be associated only with the more mature sperm a911'113’P‘226; 146
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namely secondary spermatocytes, spermatids, and spermatozoa.

Recent histo-immunological evidence has directly confirmed th:ls1 03 .
Testicular hyaluronidase has been extensively studied by

Meyer &8 a), 12 113,

Its role is not fully understood, but is
thought to be probably confined to the dispersion of the cumulus

cells in the process of fertilisation, thus facilitating union of

Gomori demonstrated "phosphoamidase" activity against the

N-P bonds of the artificial substrate p-chlorocanilidophosphonie
acid in many normal tinsnu63.
i

e

p-chloroenilidophosphonic aecid.

CY:

This would appear to accord with phosphoamide hydrolage, an engyme
active against e number of phosphoamides,
E.C. 3.9.1.1 ) msphomda M‘dﬂlﬂl&.

0
//
HN~ P=OH HNH
i \\ ‘ 0
I OH ; /]
HN=C + B0 =5 HE=C +  HO=P=OH
I | OH
mzcooa 0320005
Creatine phosphate Creatine

(~ ropresents a higheenergy bond)
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It has been shown that both acid and alkaline phosphatases
may act against the histochemical subsirate , as may proteclytiec
enzymes -, Pearse considers that phosphoemidase activity is often
confused with that of acid phosphatase’ -0 P+ 449,

It is well established that mammalian testis contains creatine
phosphate, the only body tissue of higher content being skeletal
106, P. 216, 14 44 designated & "phosphagen”, representing
a readily available source of free energy, in providing which ADP

mugele

is utilised as an acceptor for the higheenergy phosphate grouping,
yielding ATP, This reaction is catalysed by the enzyme creatine
kinage (E.C. 2.7+3.2 ¢ ATP p creatine phosphotransferase) =

Creatine phosphate + ADP == creatine + ATP

Phosphoamidase, by contrast, promotes the simple hydrolysis of the
oreatine phosphate, with no energy-trapping mechanism, and the free
energy is presumably dissipateds Its metabolic role is obscure.
It is to be noted further that the testis of many mammalian
species is also rich in arginine, although the distribution of the
selated phosphagen, atginine phosyhate, S8 waoentain 'O Po 216,
The latter can act as a substrate for phosphoemidase, It has been
observed that an arginineedeficient diet in man will effect a greoat
impairment of spemtbganoaism. Temporary deficiency of the
amino-acid is met by atrophy of the seminiferous tubules, which

have a riech content of this compound,



w24 -

Meyer and wginmauygobnerved thot "the order of phosphoamidase
activity in some stages of spermatogenesis was s0 high as to place
the cells of these stages among the most phosphoamidase-active
cells in the rat". A detalled study was made. Nil activity was
found in undifferentiated spermatogonia but activity increased
rapidly with tho onset of differentistion, reaching & maximum at
the leptotene stage of spermatocyte development, subsequently
declining and reaching zero before the reduction divisions. A
second phase of activity was noted in concert with spermiogenesis
(meturation of spermatids), a peak being reached before the spermae
tids reached the Sertoli cells, this level being maintained in the
released sperm. In an investigation of a HUMAN seminal phosphatase
preparation, however, "phosphoamidase" was considered identiecal with
the phosphatase 114,

General study of the distribution of phosphoamidase in rat
tissues has indicated that the engyme does not occur in all cells,
but is particularly essociated with epithelial cells and is concermed
with (1) the performance of physico-chemical work, (ii) processes of
non-protein synthesis, and (4ii) adult histodifferentiations A role

in energy metabolism is tentatively sugseatod109.

Our general conclusione reogarding the distribution of enzymes
in testis have been summarised in tabuler form and arc presented in

Table 34, p. 24.



TABLE 3A

cellsy Sertold
cells.

En Main Suggested Specifiec
e Localisation Testicular Funetion
Aecid phosphatase | Early germinal

spermatids.

Alkaline Tubule and arterial | Metabolic transport
phosphatasge wallsy Sertold across tubule wall.
cells.
5'«Nucleotidase | "Germinal cells" Hourishment of late
Sertoli cells spermatids.
Malate dehy-
&vogenase Hot known See Table 2, p. 15.
Suecinate
dehydrogenase All germinal cells. | See Table 2, p. 15.
Glucose=6-
phosphate Leydig cells. See Table 2, p. 15.
dehydrogenase
Estexrase Leydig cells. Associated with testo-
sterone production.
Sertoli cells. Nourdshment of late
spermatids,
Glutamine
synthetase Hot known -
B-Glucuronidase | Primary spermatoe
cytes and =
spermatids.
Interstitial cells.
Hyaluronidase Secondary spermato- | Mechanism of fertilisa-
cytess spermatids tion.
spermatozoa.
Phosphoanidase Spermatocytess




here methods of investigation involving homogenisation and
ecentrifugation have been employed, it is necessary to consider the
intracellular distribution of the enzymes, Most available informa-
tion in this context refers to liver (rat/mouse) and is not neces-
sarily relevant to testis, as observed by Dixon and Webb46' p"62?..
Some details pertaining to certain of the engymes under discussion

are given in Table 3B, p. 25.

The multiple nature of many mammalian enzymes, within the
species, is a topic of great current interest, The term "isocenzyme"
is commonly used to designate the individu-l enzymes. The classifi-
cation of the Enzyme Commission has disregarded this current
development, [Furthermore, dififerences between species are often
marked,

Acid phosphatase comprises a group of enzymes variously affected
by inhivitory a.gentjaga' p'431. and direet evidence has been given for
the occurrence of multiple forms of the enzyme in rat me Con-
siderable species differences in this enzyme are known to ooou;:?g P+433,
Alkaline phosphatase has been separated into as many as sixteen
varieties by starch gel electrophoresis'®,

Of the dehydrogenases LD 1s commonly lmown in five forms and D
in two or more 04® PPe1351TY  mioo isoenzymic Lbs have been

separated, by vertical starch gel electrophoresis, from HUMAN testis



TABLE 3B

Enzyme Primary site Other gites Ref.

Acid phosphatase Lysosomes Various 46

42

Alkaline phosphatase | Microsomes 46

1D, ICD, G6PD Supernasant 46

MD Supernatant | Mitochondria, also 46
microsomes

Esterases Miorosomes 144

Glutamine synthetase | Microsomes 168

144

feGlucurcnidase Mitochondria | Microsomes 46

Lysosones 42

S5telucleotidase Nueleus Mitochondria 46
Microsomes Supernatant
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and sperm, plus an additional "Band X" considered to be uniquely

characteristic of postpubertal teltia13 ’136.

The LD of washed
HUMAN, RABBIT, and BULL sperm was shown to be 807 of the Band X type,
this activity not appearing until the onset of spermatogenesis in

RABBIT ' 12 Genetic studies of maltiple LDs in PIGEON testis arve also

reportad173.

The separation of HUMAN spermatogoal extracts by acrylamide
disec electrophoresis showed five distinet LDs and two m“.

This study is of particular interest since, using as it does & unie
form cell type, it is taken to indicate that "molecular heterogeneity
of engymes is cheracteristic of the individual cell and is not a
reflection of heterogeneity of cell types within a tissue".
Idtochondrial 1D of PIG HEART has been separated into six forms on
starch 391151.

Fegterases of rat testls have been separeted into eight bands on
starch gai22. and aleo grouped into classes either unaffected ox
inhibited by certain orgenophosphorus compounds such as tetraethyl
pyrophosphate (TirP) [Types Ae and B- esterase respectively/?.
Histochemical studies of rat LIVER have suggested that several
5tenucleotidases may ocour 124,  Two types of phosphoamidase have
been prapared from a BACTERIAL aornmo74.

xii  Epididymal Enzymess

The forego ng discussion refers to testis proper. The eple

didymis, however, is also rich in certain ongymes, B-N-acetylgluco=-

saminidase in particular being very active in the mature rat. In
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common with other glycosidases present (e~mannosidasej
Begalactosidase) peak epididymal activity is not reached until
late maturity. These enzymes are a secretion of the gland itself
and not merely & component of spermp their function is obscure 35.
Appreciable activity of feglucuronidase and of hyaluronidase has
also been observed 3‘6- In contrast with the esterase of inter-

stitial cells, absent before puberty, epididymal esterase appears
156

twenty-one days after birth in the rat

Involution of the spermatogenic elements of testis is a common
consequence of a variety of experimental procedures, Findings
pertaining to enzyme changes associated with certain of these will
be outlined,

i. Aztificlel oryptorchidisms

Mammelian testis functions optimally at & temperature rather
lower than that of the general body temperature, as in the serotum.
Episodes of hyperthermia induce degeneration of the germinal cells
and may result in sterility., Such a condition may be experimentally
produced by surgically fixing testis within the abdominal eavity
(artificial eryptorchidiem).

Heat locally applied to testis of rat (44°C, 20 minutes) was
shown to produce histologically evident damage to the seminiferous
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epithelium twenty-four hours after treatment, but no change in
hyaluronidase, SDy; acid or alkaline phosphatase was detected at
thet time '+ Since marked enzyme changes wewe evident later,
it would appear that damage to the seminiferous epithelium was
not a primary consequence of the inasotivation of any of the
assayed enzymes.

The weight of testis was reduced to about 297 at twenty-one,
thirty, and gixtyenine days. Hyaluronidese, whether expressed as
units/g. wet weight or as unite/whole testis, was markedly reduced
at twentyeone and thirty days, with partial recovery at sixty-nine
days. Aclid phosphatase and SDy normally present mainly in the
seminiferous epithelium, were found much increased irn the intersti.
tial tissue at twentyecne and thirty days, with slight recovery
towarde normel at sixtyenine days. The change appeared to be one
of distribution rather than one of total activity. Alkaline phose
phatase showed little chenge in activity. No detectable damage to
the interstitial tiscue resulted. It was considered that the
treatment offected a stimulation of the metabolism of the intersti-
tial tissue.

In a study of the umilaterally eryptorchid rat, sampling at
timos from two to sixty-four days after operationy, decreases were
noted of interstitial NAD- and NADP-diaphoreses, P-hydroxybutyrate
dehydrogenase, and 3p-HSD, which became almost tmdoteotable%.
Intoratitial G6PD and LD remained unchanged, whereas SD showed an
increase., Of enzymes within the tubules increases were shown in
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the diaphorases, LD, G6PD, and B-hydroxybutyrate dehydrogenase.
Tubular SD rapidly decreaseds this decrease was apparent from
four days, and appeared concurrent with the observed interstitial
increase. The weight of testis was reduced to about 35% at days
twenty-one, thirty-two, and sixty-four,

The respiratory quotient of normal rat testis was found to be
0.93, falling to 0.50 in the exyptorchid stat¢150- It was con-
eluded that the germinal epithelium and "other testis cells" have
qualitatively different types of metabolism. The hypothesis was
advanced that the germinal cells are characterised by a low oxygen
uptakes in the adult the high proportion of these cells "dilutes
out" the larger contribution made by the other (interstitial) cells.
It was also pointed out that the contribution of the Sertoli cells
to the total metabolism in the oryptorchid animal should be borne
in mind, since ecell counts indicate that these may equal in number
the interstitial cells.

An investigation of endogenous respiration in testis indicated
that the Q, (rate of respiration) falls to maturity, then is cone
stant, but rises after injury to the testis. It was concluded, by
correlating variocus experimentel studies, that the changes in Q°2
are related to the levels of pituitary gonadotrophins. No adequate
explanation for the rise in Q, of damaged tissue could be suggested .
Short-term studies have been made of the effect of temperature

elevation in wivo on subsequent metabolic asectivity of tiseue slices
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in yitzo®”*?', It was reported that the Q_, of the tissue showed
& trangient increase but then a decrease, and that twenty-four hours
after hyperthermia the tissue contained 12% less glucose and 27%
less lactate than control tissues. It was suggested that the sperme
atogenic arrest was due to a substrate deficiency, noting that testis
is particularly dependent on exogenous sources of metsbolic substrate.
The gross weight loss of testis in cryptorchidism is oclearly
evident, but microscopy also reveals that the proportion of seminie
ferous tubules drops from about 90% to sbout 65%°°. Clegs made
quentitative studies of the interstitial cells of rat after artifli-
cial eryptorehidism>®, He comments that the majority view is that
"there is probably an actual inorease in the amount of intexrstitial
tissue" under these circumstances, A transient increase in the
number of interstitial and lLeydig cells was found to occur at
twentyw~one days after operation, the total numbers at other times
not being significantly altered, However, the proportion of none-
senile Leydig cells was increased over the whole experimental period,
It is the genersl view that it is these cells which are most active
in the production of androgen. They may also reasonsbly be supposed
to be particularly astive in othor metabolie pathe, not necessarily
under gonadotrophic control, In this context it is of interest to
note that a disassociation has been noted between changes in G6PD
and 3-BHSD activity of the interstitial tissue in oryptorchidisms
the former was unchanged whilst 3~pHSD was reduced to a very low
level?3,
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An increase in testis esterase (units/g. wet weight) has been
found in ertificiel cryptorchidism, although the total content per
testis slowly decreased TT. f=glucuronidase has been ghown to
increase in accordance with the severity of the destruction of the
seminiferous apithelium@. In work using rats of unspecified age
there was found & ninefold increase in Peglucuronidase four weeks
after bilateral operation, and a fivefold increase after unilateral
operation, Only a slight increase in esterase was reported, also
an increase in lipase. The f-glucuronidase and lipage activities
of the eontralaterasl testes were significantly elevated in the unie
laterally cryptorchid animal¢67.

A marked decrease in hyaluronidase hss been recorded in crype-
torchidy, significant on the fourth day after operation, values

being nil by the tenth ﬂay146.

ii. X-Irradiations

The effects of local irradiation upon rat testis are well docu-
mented as producing destruction of the germinal epithelium with no
evident demaze to the interstitial tissue. Recent workers confirmed
this and found an associated progressive increase in the testis
p-glucuronidase, whether expressed as units/g., wet weight or as units/
whole testisq3o. The change was statistically significant at days
forty and fifty after treatment, Changes in esterase were poorly

defined,
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The comparative radioresistance of interstitial and Sertoli
celles hag been demonstrated by the observation of active mitosis in
these cells after irradiation sufficient to effeet degeneration of
the seminiferous epithelium 45,  Such treatment has been shown to
leave the interstitial cells morphologically unchanged and able to
respond to exogenous gonadotrophin (HCG) by hyperplasia and hypers
trophy142. In yitro, sndrogen blosynthesis was much diminished,
certzin necessary engymes being reduced in setivity (17 e~hydroxylases
17 g-desmolasey 20 ae~hydroxysteroid dehydrogenase). This indicates
that the histological appearance and steroidogenie function of

interstitial cells are not necessarily correlated.

Surgical removal of the adult rat pituitary (hypophysectomy)
has heen shown to effect marked decreases in the activity of testis
alkaline phosphataae44, astar33977'15§ and hyaluronidase146. The
subgequent administration of gonadotrophin (whole pituitary)
reatored alkaline phosphatase to normal44, and part restored
estersse |, Histoohemical sbudies have shown B-hydroxybutyrate
hydrogenase to be completely absent and 3B=HSD to be greatly decreased
after this ablative procadure12§ whereas an investigator employing
homogenates has noted am ineresse of 38-HSD, expressed as units/ge

140

wet weight ' 4 a further marked increase ensuing upon the administrae

tion of chorionic gonadotrophin,
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The administration of gonadotrophin (human pregnancy urine)
to the mature snimal produced a marked inorease in testis esterase,
with hyperplasis of the interstitisl cells * . The fifteen-day-old
rat was normally histochemically negative for esterase, but after
the urine injection activity was found in the intergtitial cells,

Homogenate studies in the immature rat revealed significant
increases after hypophysectomy of ICD and GEPD, but not of LD.

The effeet was thought to be organe-specifics: liver preparations
did not show the etfeet143 +« Newborn rats treated with chorionie
gonadotrophin exhibited a large increase in the histochemical
activity of 3p-HSD; B-glucuronidesey sulphatase; S'-nuclectidase;
and esterase ? .

The administration of testosterone has been shown to produce
an increase in S'«nucleotidase activity in the normal adult rat
testis -, and to maintain normsl levels of hysluronidase in
hypophysectomised rats, having no effect on this enzyme in the
normal aninal146. It has also been found greatly to depress the

activity of B-hydrexybutyrate dehydrogenase and 38-HSD -,

Oestradiol administration is said to produce a decrease in

46 and in estorm156. Vasectomy has been shown

to produce an increase in entorau1 56. and inanition to cause a
depression of the activity of B-hydroxybutyrate dehydrogenase and

38-HSD ' 25,

l‘wﬂwm.1



iv.

a) Generals

A wide range of compounds has a selective toxic effect upon
testis. A number of types of alkylating agent (ethyleneiminess
alkane sulphonic esters) produce specific effects of various .
The administration of thalidomide to male RABBIT has been shown to
regult in a deleterious effect upon subsequent progm‘w. Fluoro-
acetate produces damage to the seminiferous epithelium'*C, A
dietary deficiency of Vitamin E also produces demage' ', and effects
changes in testis P-glucuronidase and esterase >0, Delayed and
minimal inoreases in Peglucuronidase were found in Vitemin E
deficiency, in contrast to the marked changes observed in association
with the degenerative changes ensuing upon mtorahidi-&.

Certain bise(dichloroacetyl)diamines have s markedly selective
effest upon testis, yet leydig cell morphology and androgen produce-
tion remain wnaffected’>, The nitroefursn drug Furedroxyl has been
shown t0 cause loss of the ability of seminiferous tubules to oxidise

pyravate in vitze'®3, A similar effect may be shown after
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X-irradiation or after hypophysectomy. Degeneration of the
seminiferous epithelium has been produced by treating rats with

toxic doses of mitrofurantoins therapeutic dosage was ineffective .
A diet in which Vitamin A alcohecl had been replaced by Vitamin A
acid was shown to effect lesions of the germinal epithelium in

the rat 75-

Hutriticnal deficieney of zinc, an element normally present in
the prostate gland, is known to cause characteristic injury to the
testis, Cadmium, unlike zinec, is very toxic to testis. This
toxic eifect oan be prevented by the simultaneous administration
of zine'%, It may be noted that certain dehydrogenases contein
zim46' 9-456.

The present work is particularly concerned with the changes
in testicular function and enzyme content produced by the chemical
agents IMBA and Myleran.

b) Ty12-Dimethylbenz(a)anthracene (IMBA)

7,12 - Dimethylbenz(x)anthracene
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A selective ADRENAL necrosis was elicited by Huggins and Morii
in both male and female rats by the administration of a single dose
of the highly ecareinogenic hydrocarbon IMBA /20-30 mg. orallys
1.5+10 mg. intravenous (1.v.)/77., Homogenate levels of G6PD, ICD,
and 6-phosphogluconic dehydrogenase were shown to decline on the
second day; to reach a minimum at three days; %o be increasing at
gix days; and to be restored to normal at fourteen days. The
effect was not secondary to pltuitary stimlation, since the same
result followed after hypophysectomy.

Pord and Huggins later produced severe and selective damage
to the TESTIS of young adult and of immature rats by a single feede-
ing of similar amounts of nm”. It was shown that testis MD
(as units/g. wet weight) increased steadily in inverse ratio to
the weight of testis, reaching twofold levels at thirty-eight to
forty days after administration of the carcinogen, Damage was
restricted to spermatogenia and spermatocytess other tubulaxr cells
became affected secondarily at a later date, Studies of histo-
logy and of prostate weight changees indicated that the Leydig
cells were “not compromised by the hydrocarbon".

¢) Busulphan flyleran; 114-di(nethanesulphonyloxy)buteng/s

CH, + Gl 4 050, CH 5
caz.cmz.osozen3

The induction of temporary infertility in the male rat by



- 3

the administration of busulphan (10 mg,./kg.) is recorded by Jackson
et a1.°7%%  Quantitative histological studies have indicated that
damage to Type A spermatogonia and possibly to the stem cells
results’!, whereas fertility studies suggest that some interference
with other spermatogonial types and even with early spermatocytes
is also incurred,

A single dose had no effect on fertility for seven weeks,
the germinal cells present at the time of treatment continuing to
develop into mature sperm. The toxie effect upon early spermato-
genie cell types resulted in a sequential depletion within the
tubules of spermatogonia, spermatocytes, spermatids, and finally

spermatozoa.
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i. Animalss

Adult white Wistar rats were used throughout. These were fed
a commercial ration with water ad libitum, Killing was effected by
stunning the animsl with a sharp blow to the back of the head,
followed by decapitation, The testes were immediately execised,
weighed, and sampled as required,

i1, Sempling of tissuees

For the general engyme studics, immediately after execision and
weighing the whole testis was bisected and dropped into 2 ml, of
ice~cold 0,158 NaCl containing 0,003M 3103003, homogenisation then
being effected by fifteen seconds mixing with the Ultra-Turrax
TF 18/2 mixer, which has & castellated shearing knife rotating at
24,000 repete The resulting suspension was poured into a plastic
centrifuge tube and the homogenisation tube briefly rinsed and
agitated with a further 1 ml, of the saline, The whole suspension
was mixed by inversion and then centrifuged for ten minutes at
11,000g in a refrigerated centrifuge (4°C). The clear supernatant
obtained was removed by Pasteur pipette and stored in ice-water until
requireds storage after a few hours, if required, was continued
at -18°C,
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Testes for the estimation of hyaluronidase were wrapped in
Parafilm immediately after exeision and stored in solid €0, until
assay was made within forty-eight hours., The testis was allowed
briefly to thaw, bisected, and dropped into twice its weight of
M/10 acetate buffer, pH 3.8, Homogenisation with the Ultrae
Turrax was carried out for one minute, with chilling, the resulting
suspension then being centrifuged in the cold at 30,000g for ten
minutes, The resulting clear supernatant was removed by pipette
and stored as above,

a) Generals

The testis extracts were diluted appropriately and used thus
in a variety of procedures, most of which normally have been applied
to the estimotion of serum enzymes.

It was considered necessary to establish that the methods
used were adequate. To this end limited activity studies were
carried out in each case, and the relevant data are presented in
Figures 2-12. 1Ideally, all the activity curves should be linear
in the regions employed. The primary purpose of the investigations
was to seek gross changes in engyme activity and it is believed the
methods utilised were suitable, Details of the methods employed are
given in Table 4y pe “Y« The first four methods are common routine
methods in the medical laboratory and will not be discussed further,

The last four methods are described in the following text.



TABIE 4

Dilution

(Light's)

Enzyme Substrate of sntrest lMethod
Acid Phenyl phosphate 1119, with Gutman and
phosphatase saline Gutm65

Alkaline Phenyl phosphate 1119, with Kind and
phosphatase saline xu‘%
5'«nuclectidase | Adenosine 1219, with Dixon and
monophosphate saline Purdon”
f=glucuronidase | Phenolphthalein 112, with Talalay et
glucuronide saline a1.149
Malate dehye Pre-formed 1279 or 1199 Boehringer
dro e oxaloacetate with phos~ Test Com=-
(l!lig phate-aspartate | bination
pe-11?
(See below)
Glucose«bephose | Glucose-6~ 0.05 ml, of Boehringer
phate dehye phosphate raw extract Test Come
drogenase diluted to bination
(a6rD) 2.85 ml, with PR AL
triethanolamine (See below)
buffer pH 7.6
Glutamine LeGlutamic 0,05 ml, of See p. 42
synthetase acid raw extract
Hyaluronidase Hyaluronate Ot ml. of See p. 43
ex tumour raw extract
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b) Malate dehydrogenasei

The method employed involved the preliminery generation in situ,
within the optical cuvette, of the required subsltrate; oxaloacetnte.
This is desirable since the compound is rather unstable, Following
addition of the test material, the fall in optical density of NADH,,
which was associated with the enzymic oxidation, was recorded at
366 mp., This wavelength was used instead of the preferred wavelength
of 340 mp, where the molar extinction of HA.IH2 is greater, since an
ultraviolet spectrophotometer was not readily aveilable, The optical
density was recorded at one minute intervals for eight minutes from
completion of the test mixture, and the mean fall per minute used
for purposes of caloulation,

Constant temperature cuvette faclilitles were not available,
Measurements were therefore made at the ambient temperature and
correction to 25"0 made assuming a temperature coefficient of
1.7°, s sssumption was checked, Details of the method of
calenlation are given on pege 44, and a representative sbsorption
ourve in Figure 6, p. 41.

1. PFormation of oxaloacetater catalysed by glutamie oxalo-
acetic transaminase (supplied).

COO0H COOH

b, b, . oo y
w1 b = § =
umic a-O:a:;:mi.c @;::stie Gll:;f:iﬂ.
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2« Dehydrogenation of malic acid - back reactions
catalysed by malate dehydrogenase.

oo oy
NAD
o = I 4+
doon Coon
Oula:::otio lelic aeid

¢) Clucose-6-phosphate dehydrogenases

The optical density increase accompanying the reduction of NADP
was followed at 366 mu at one minute intervels from one and a half
to gix and a half minutes after completion of the test mixture,
The mean increase per minute was used for purposes of caloulation.

Details of the method of calculation are given on page /4, and

a representative absorption curve in Figure 6, p. /1.

CE,0(F)
B /u

+ BNADP w—==s> COOH + KADPBz

OH H
+ 820
H
Glucose=6=-phosphate Gluconie acide6-phosphate
_~OH



Figl 6 .

Representative absorption curves :

MD methed - &

G6PD 1] - +
«56_
OOD.
AE.D-/mln.:.OIIB
052 | \“\.
\\\ 0.D.
MD '“\\\\\\\ £ZO.D./min.= L0176 | +20
(5 g oy
: ; i
.48 | - +/ 18§67
\‘f)
%, .16
+ \\\ -
44 | - Y | 434
+ -
£ . .12
+
@ 1 2 3 4 s 6 7 & mins.
Abscissa, incremental time (mins.) Ordinate, 0O.D.,366 mu
1 em. cuvette.

MD
Sample dilution - example :

Dilution 1:99, 28.0°C., 0.D. change/min. = .Ol41

Calculated activity 41.5 u./g.

Dilution 1:79, 27.3°C., 0.D. change/min. = .0168

Calculated activity 41.9 u./g.

MD method

» 603
O0.D. at 10 mins.

Initial O.D.
596 (98.9%)

¢ test mixture with the omission of NADH -~
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d@) Glutamine synthetase:

The method used was adapted from one employed for nervous tissue
by Utley'>’, This utilises the finding that N,OH can act as the
nitrogen source in place of HB with an unchanged rate of mb&m‘"
the product then being Y-glutamylhydroxsmic acid (GHA), which may be

estimated by the colour given with ferrie ion.

o n?’—m

2, | CH,

?52 + NHOH + ATP --9 ' + HP0, + ADP

G, m

o Hydroxylamine

Glutamic acdd Y-Glutamylhydroxamic acid
L (hydroxamic form)
rlz-:x.on
e
r.-H-+

-
(hydroximic form) EED internal

complex
!g" and BAL (213-dimercapto-propane1=0l) were used as activa-
tors, the energy source being ATP (Sigma). The following two solu-

tions were made up and neutralised to pH 7.23
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1o MgCl, 407 mg.
NHZOK.HCI 347 mg.

per 25 ml, TRIS buffer, 0.094M, pH T.2

2. L-Glutamic acid m mng. per 25 ml, TRIS burt“. 0.094". PH 702

The test mixture was composed of
0.05 ml. testis extract
0,95 ml, TRIS buffer, pH 7.2, 0.094M
0.75 ml MgCl,/NH,0H

0.75 mlc glutmc acid
0.5 mle ATP (22.1 mg., in TRIS buffer)
0,03 ml. BAL (0.18 mg., in ethanol)

The blank mixture was identical with the omission of ATP, After
thirty minutes incubation at 37°C, 0.5 ml, of 0,5 HC1 containing
1074 MIB. 8% trichloracetic acid, was added to each tube and mixed
in, After centrifugation the optical density of the clear superna~
tant was read at 500mu, the point of maximal absorption shown in
Figure 9, pe 43+« Calibration was against Yeglutamylhydroxamic acid
(sigme) [Figure 7, pet3_7e

e) FHyaluronidaset

The method used was taken from Bollet et 31.17. employing the
colorimetric estimation of enzymically produced Neacetylglucosamine
by the method of Relssig et al,'3%, The test mixture was composed ofs



Glutamine synthetase method.

.70 /Jf
+
.50 71 /
+

O0.Do
//// - Calibration curve.
+

Fig- To

30+ Abscissa,ulM. GHA in
final test mixture.
Ordinate,0.D.,500 m,
1l em. cuvette.
+.
.10
O.l5 t 1.15 t 2.i5
: }JM. GHA
.20
20 +
0.D.
.15 +
+
.10-— ]
+
.05 /
\ .O“"I' é Ol6 ml .
- -02 20 30 mins.

. - Abscissa, time of incubation
8 (mins.) + - Abscissa, amount of
Flg. = test material (ml.) Ordinate,0.D.,
500 mu, 1 cm. cuvette.



+ 1001
" 460 = s0O = B40 =S80 ) mp
F1g.9 . Glutamine synthetase method - absorptlion curve.
. - sample test mixture ; + - GHA standard mixture.
3 312
0.D. K
L \ OUD.
Vo X
« 40 | ¥ x 1 .10
X
‘/ '
.O-—--.\' /
\' ’ \ '008
30, Nt
*
e 006
20 ‘ : { , |
520 540 560 5E0 mp
Flg’lo ' Hyaluronidase method - absorption cyrve.

. - sample test mixture ; + - standard mixture.



Hyaluronidase method.

- +
0.D.
._50 _ /
-+ »
« 20
10 4 *
- ; { G ke '
05 .38 15480 90 mins.
. - Abscissa, time of incubation
F1gll (mins.) + - Abscissa, amouat of test
material (mls.) Ordinate,0.D.,
580 mp , 1 cm. cuvette.
4.80
0{D. /.'/ Figde .
1.040 /‘
e Calibration curve.
Absclssa,ng N-acetyl-
,/////// glucosamine in final
_ . . test mixture.
10 20 30 pg. Ordinate,0.D.,580mu ,

1 em. cuvette.



Flgure 13 :

Hyaluronidase method - aldehyde reaction.

Cit o
Q
H
N - Agcetyleglucosamlne
H wy.Coay
Alkall
CH0K He=o
S +
Ho o i /o
W N=C e %
the \cu3
p - Dimethylaminobenzaldehyce
A
CHLOH
°_H

) Clf.
_~CHz
N:.-c/-'—'c&-—-' CH -——@—‘ N\
s

RED reaction product.
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01 mls of testis extract

0.2 ml, ¥/10 acetate buffer, pH 3.8

0.15 ml, hyaluronate, 1 mg./ml, in buffer,
The mixtuve was incubated for one hour et 37°C. The two test com-
pénents were incubated nopa&ately to provide a blank, being mixed Rt
one hours, The reaction was stopped with 0,1 ml, of potassium tetra=-
borate (pH 9.1). The tubes were then heated at 100°C for three
ninutesy; and then cooled in water., The intermediate compound
formed (7 gluommnm)"s (see Figure 13, p. 43) was then allowed
to react with 3 ml, of p-dimethylbensaldehyde reagent (twenty mimmtes
at 37°C) to yield a red colour, After brief centrifugation the
optical density was read at 580mp, Calibration was against
N-acetylglucosamine (see Figure 12, p. 43).

f) Caloulation and expression of enzyme results:

For purposes of consistency and clarity in presentation all
results have been expressed in terms of International Units (I.U.),
as recommended by the Clinical Enzyme SubeCommission of the Intermae
tional Union of Biochemistry. All activities are thus expressed in
terms of micromoles of substrate transformed per ninntou. Details
of the unit conversions are given in Table 5, p. 46.

1t must be noted that we have expressed hyaluronidese in torms of
a unit such that 1 unit produces 1 umole of N~acetylglucosamine per
minute, Activity has actually been expressed in "milli-I.U." on this
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basis in order to distinguish our unit from the established Internationsl
Biological Standard of the W,H.0., which is already denoted the I.U.
Both normal and atrophic testes were desiccated to constant
weight, The water content was found to be 86% and 87% respoctively,
The total volume of saline-homogenate was therefore caleculated as
(3 + /[B6/100 x weight testig/) ml. in each case. On this basis the
respective units/testis and units/g. testis (wet weight) were calou-
lated for each engyme,
The dehydrogenase results were calculated as in the examples
given belows

1« Caleulation of MD regultss
From the known molar extinetion of NADs

(Change in 0.D,/minute at 366 mu) x 9.11 = Intermational
Units per ml,

Testis weight = 1.82 g.
Total volume of extract = (3 + /86/100 x 1.827 ml.
= 4.56 ml,
Observed change in 0,D./min, at 366 mu = 0.016 (at 26°C)
1.U. per testis = 0,016 x 9.11 x 4,56 x 100 at 26°C

" = 62.1 at 25%
IoUo/sc testis = 62.1/1092
- 340‘
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v

'Tenpmtwe correction e Vt = t‘zr
1 1+ (0.07Tx A7)

where V, = units at lower temperature, t, (generally 25°C)
1

V, = units at higher temperature, t, (ambient)
2

A-r-tz-t1

2s Caloulation of G6PD resultss
From the knowm molar extinetion of Hmzc

(Change in 0.D./minute at 366 mu) x .910 = International
Units per ml,

Tostds weight = 1.55 g
Total volume of extrect = (3 + /86/100 x 1.53/) ml.
Observed change in 0,D,/min, at 366 mu = ,0104 (at 26,3°C)
I,Us per testis = ,0104 x 4910 x 4433 x 1,00/0,05 at 26,3°
= 751 at 25°C
1.0./g. testis = .751/1.55
= .485
ive [Histologys
Selected testes were fixed in Bouin's fluid or 10% formole-saline
and later processed o give paraffin sections (7 mu) stained with
Mayer's haematoxylin, A few sechions were further stained with
eogines Sections were examined by light microscopy and illustrative
photomicrographs taken,



TABLE 5

Original Unit Conversion Units
Enzyme (ue ) Factor Employed
Acid phosphatase King-Armstrong u. X 18 1.0,
> 1 mg. phenol/60 mins.
Alkaline King-Armstrong u. X .72 I.U.
phosphatase ~> 1 mg. phenol/15 mins.
Ste=lluclectidase Reis u. "’ 1 mg. x «535 I.U.
phosphate P/60 mins,
p-Glucuronidase Fishman ue =2 1 ug. x ,0524 | milli-I.U,
phenolphthalein/60 mins,
Halati - - I.U.
dehydrogenase
Glucose«b-phosphate - - 1.0,
dehydrogenase
Glutamine synthetase| 1 us =2 1 il Yeglutemo- 330 I.U.
hydroxamic acid/30 mins.
Hyaluronidase 1 ue = 10 pg. Neacetyl- -:- « 754 "millieI.U."

g_luoosamﬁm 60 mins.




The distribution within testis of LD, MD, 5D, and ICD was
investigated. Selected testes were wrapped in Parafilm after
excision and stored in solid 002 until required, generally within
twenty-four hours. Sections were cut at 10«15 u in the S,L.E,E,
Cryostat, at =20°C., These were taken on to cover slips, stored at
«70°C, and stained by the methods of Pearse -0? P*I11  conerally
within a few hours, The coenzyme used throughout was NAD (Boehringer)
and the finul electron acceptor was Nitro-BT /Z,2'-Di-p-nitro-phenyle
5¢5'~diphenyle3,3'=(3,3'~dinethoxy-4,4'~biphenylene) ditetrazolium
chloridg/' >3, The times of incubation were somewhat varisble, but
in all cases control normal slices were treated in parallel. By
illustration, the details of the technique as uoed for MD are given

below, and the chemical basis for the method is shown in Figure 14,
Pe 47.

The section mounted on a coverslip was allowed to dry in air for
a few moments and then covered with about 0.2 ml, of incubating
medim.. After thirty minutes at 31°G the exceses stain was gently
washed away and the section fixed in 10% formolesaline for ten minutes.
After brief washing the coverslip was mounted on to a slide using
glycerine«jelly as mountant.
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Histochemical demonstration of malate dehydrogenase.

COOH ¥ s CODH
1. 2 |pow. Me Ol
IJ S » e y
funH + 2 NAD ? &0 + 2 NAD82
EooH boon
Malic zacid Oxaloacetic
acld

Nitro -« BT : dlitetrazolium salt ; colourless ; soluble.

N=nN N‘=N/{
+ ZH® + ZnAD

Nitro - 3" diformazan : deep purple ; insoluble.



* Incubating mediums

This was freshly prepared beiore use.
U Sodim-lwmlate. I.0 K 'y ® e oo 0.5 ml,
t NAD (BMMW)' 0.2 M .. .o e 0.5 ml,

T Sodium oysnides Out M 40 we oo O,5ml,
Magnesium chloride, 0,05 M er s 0.5 ml.
Tris buffery pH T.0y 0.2 M se  ae 1425 ml,
Hitro = BTy 1.25 mg. in water .. 44 1+25 ml.

Distilled water to make &% 5.0 ml.

Polyvinylpyrrolidone se w5 4% 3718 mgs

T Adjusted to pH 7.0 before use. The pH of the final
mixture was checked and adjusted if necessary to T.0.

vi, Experimentals

The atrophic response of rat testis to the injection of INMBA
and of busulphan was investigated. Nine independent groups of
animals were employed, allowing the harvesting of testis at selected
time intervals after injection (Experiments A«I : Tables 6 and 7,
Pe 49)s

An initial sbortive exporiment was carried out giving an intra-
peritoneal injection of IMBA : the solid carcinogen (Kodak) was first
purified by column chromatography and the purity checked by thine
layer chromatogrophy. Subsoquent prosentation of IMBA was intravenous
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(caudal vein), ueing IMBA in Lipomul Beulsion (157 cottonseed oil)
kindly made available through the courtesy of Dr, R, H, Smith,

The Upjohn Compeny, Kalamazoos, Michigan. DBugulphan was given throughe
out intraperitoneally dissclved in arechis oil,

Only a few true experimental controls were utilised. Fuxther
normal animals were sacrificed throughout the course of the experi-
ments and tissues sampled in parcllel with test samples, The enzyme
results obtalned with these Aid not appenr to differ from those found
with the genuine contwools,

The results presented are based upon eggregated experimental data,

vii., Fertility teials

An experimentel trial of the effect of DMBA (2.5 mgey i.v.)
upon the fertility of male rats was also carried out, This was
desicned as described previously hy Bock and Jacksen'd.

Bight treated adult male rats were paired with females of known
fertility in separate boxes., The females were changed each week.
Vaginal smears were taken on four days of the week and examined for
sperm, The ocourrence of ingemination and the number of resulting

offepring were recorded,



TABLE 6

ANIMAL EXPTRINENTS o ADMINTISTRATION OF IMBA
Expexri- | No. of Dose Samha Prematbure Sampling
ment rats Administered Deaths
No. | day
A ? 20 | 10 mg./0.4 ml, i.ps | See text
¢ 10 olive oil,
C «» 2live o0il
only,
B T 8 | 5mg./1 nl, fet i.v, Tod T4 | o
c 4 emulsicon. Csd
C « fat emulsion
only.
C T 6 2.5 mg./0.5 mlo 1.v. - 4 35
fat emulsion. 2 41
D T 10 | 5 mg./1 1, i.v. 2 2 8
fat emulsion, 3 20
3 35
5 T 40 | 2.5 mg./0.5 ml, i.v, - 3|35
fat emulsion, 3 | 4
4 |73
P T 14 | 5 mg/1 ml, i.v, 2 4 | 35
fat emmlsion, 4 49
4 75
Abbreviationss T ~ Test animals
C « Qontrol animals
i.ps = intraperitoneal injection
i.ve =« dintravenous injection (caudal vein)




TABLE 7

' TION O
Sampling
Experi- | No. of Dose Route Premature
ment rats Administered Deaths
No. | day
G T 6 | 10 mg./kg. body | i.pe - 3 21
weight, in 3 29
arachis oil,
H T 12 | 10 mgs/kg. body | 1.p. - 4 35
weight, in 4 48
arachis oil, 4
I T 12 10 ﬂgq_/keo body i.pe - 4 5‘
welght, in 4 67
arachis 0110 4 75
Abbreviations: See Table 6.
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i. [Histologys
Cross-sections of testis tubules of control and treated rats

were examined by light microscopy in order to define gross changes
in the spermatocyte, epermatid, and opermateozoon population of the
seminiferous eplthelium. Changes in spermatogonia have not been

recorded since this is a cell type generally sparse in occurrence

and not readily identified.

Our histologieal observations are given briefly in the following
text, and are aggregated in Table 8, p. 53, Illustrative photo=-
micrographs are then displayed (Figures 15 to 42).

a) IDMBA, 5 mg./rat (intravenous):

Day Eights
Some reduction in the number of resting spermatocytes
was apparent, the tubules otherwise appearing normal
(Pigure 15 and 16).

Day Twenty~twos
In the more severely affected testes the majority of
tubules contained only Sertoli cells (Figure 17).
In those testes in which the gross weight reduction
was less marked, most tubules were depleted of
spermatocytes and early spermatids, and many contained
late spermatids and Sertoli cells only (Figure 18).
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Day Thirty-five:
With rare exceptions the tubules were empty of all
but Sertoli cells (Figures 19 and 20), The intersti-
tial area was much increased, Leydig cells being planted
within a matrix the area of which, relative to the
tubules, was often considerable., This matrix stained
well with eosin, and was present only in trace amounts
in the normal testis. The involuted testis thus
presented the appearance of greatly shrunken tubules

embedded within this matrix,

A11 the tubules examined remained empty of all sperm~
atogenic cells, and showed a prominent intertubular
matrix (Figures 21 end 22). The interstitial cells
remained unchanged.

b) DMBA, 2.5 mg./rat (intravenous)s

Day Thirty-fives

A fair proportion of tubules appeared normal in
appearance. lMany showed & reduction of spermatogenic
cells, particularly of spermatids, Intertudbuler
matrix was insignificant (Figure 23).
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Day Forty=ones
Few spermatozoa were observed. Spermatocytes were
abundant, yet spermatids were reduced in number
(Figure 24). Some large arens of matrix were evident,
Dy Forty-nines
A total depletion of spermatogenic cells was seen in
some tubules but moat contained spermatoaytes, often
in divieion. Spermatids end spermatozoa were generally
absent (Figure 25).
Day Seventy-fives
A number of empty tubules remained, but in most early
spermatogenic cells were plentiful, Spermatozoa were
very limited in number, A few tubules appeared normal.
Intertubular matrix was prominent (Figure 26).

Busulphan, 10 mg./kg. body weight (intraperitoneal):

Day Twenty-ones
Some reduction of the number of early spermatocytes
was evident.

Day Thirty-fives
Many tubules contained only late spermatids and Sertoli
cells (Figure 27) In the other tubules spermatocytes
were very scarce (Figure 28).



Day Forty-eights
Most tubules were empty of spermatogenic cells.

A few spermatocytes and spermatozoa were observed
(Figure 29).

Day Fifty-sixe
The tubules were depleted of lato gpermatogenic colls,
but moat contained spermatocytes (Figure 30). The
intertubnlar matrix had shown a gradual increase in areca
and now was abundant, A few spermatids were obsexved
(Figure 31).

Doy _Seventy-fives
Almost all tubules contained spermatogenic cells, and

many had spermatozoa present. The appearance of the

seminiferous epithelium had largely returned to normal

(Migure 32).

Normal testiss

Intense purple deposits of diformazan were prominent in the
interstitial regions. Around the periphery within the tubules,
black granules were seen in some quantity, but only scattered
granules appeared to be associlated with the later spermatogenie cells.
This pattern of distribution appeared similar in regard to LD, MD,



TABLE 8

CHANGES IN THE GROSS CELL POPULATION OF TESTIS

nFFPECTED BY THE ATMINISTRATION OF DUMBA AND OF BUSULPHAI
Treatment me cm Effect produced
IMBA 8 r spermatocytes
5 mge 22 d spermatocytes, spermatids,
and spermatozoa
isve
35
49 - 40 =
75
IMBA 35 r gpermatids
2.5 mg. 41 d spermatogeca; r spermatids
i.ve 49 d spermatids and spermatozoa
r spermatocytes
7 d spermatozoas » spermatids
Busulphan 21 r spermatocytes
10 mg-/ks-
35 d spermatocytes and spermatids
1.p.
48 d spermatocytes, spermatids,
and spermatozoa
56 d sepermatocytes and spermatozoa
75 r spermatozoa

r « reductiony d - complete depletion
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Fig. 17 ¢ DiBA,5 mg., day 22,
Note absence of spermatogenic

cells - Sertoli cells only.
X 225)
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Fig. 16 : DMBA,S MZe, day 8.
Note depletion of resting

( z25)

spermatocytes.

F’-Ro 18 H D?B&,S mgo’ day 22.
Showing Sertoli cells and

late spermatids only.
(X 225)



Fig. 19 : DVMRA,S mg., day 35.
Sertoll cells only. Note the
(¥ 90)

intertubular matrix.
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Fie. 20 : D¥BA,5 mg., day 35.
Detaill of tubules with

Sertoli cells only.

(y 225)

Fig. 21 : DMBA,5 mg.. day 75.

Sertoll cells only. Note the

intertubular matrix,.

Fint 22 H Dm.S mg., d&y 75.
Detail of intertubular

0( 9) matrix « ? protein exudate.

(¥ 225)
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Fie. 27 : Busulphan, day 35. Fig. 28 ; Busulph:n , day 35.
Note tubule containing Sertoll y.+o tubule deficient of

celle and late spermatids only. e
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Fig. 29 : Busulphan , day 48. Fig. 30 : Busulphan , day 56.

Note empty tubules & tubule  Note resenerating tubules with

with dividine spermatocytes. spermatocytes & no spermatids.
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Fig. 31 : Busulphan , day 56.
Note tubule with regenerating

gpermatocytes.

(Y 225)
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Fig. 33 : Normal , ¥D stain.
Note intense interstitial

staining. (X 99)

_ S
L ] Ve Y,

Note, on left, tubule with

normal epithelium.

(X 225)

Fig. 34 ; Normal , MD stain.
Note granular appearance of

stain under hiech power.

(X 225)
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Fig. 35 : Normal , ICD stain. Fig. 36 : Normal , LD staln.
Note the peritubular Note the peritubular
granules of stain. (Y 225) eranules of stain.  (Y225)
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Fig. 37 3+ Normal , SD stain.

Fig. 38 ;: Normal , SD stain.
Note poor interstitial stain-

Note intense staining of
ing & prominent intratubular
gpermatozoa. (Y 225)
staining. (X 90) X
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Fig. 39 : Buaulphan , MD stain, Fig. 40 3 Buau1phan.lm stain,

Note the sreatly reduged Note epranulee asgsociated wit

interstitial staining. (Y 90) Sertoll cells and/or early
spermatogenic cells. (X z225)

L ]

41 : DVMBA, 5 m:.,HD a+ain.
day 49. Fig. 42 : DMBA,S mg.,SD stain,
Note anomaloua staining within

day .
Note the intense interstitial
a tubule devoild of spermatogenic

gtaining. (X 99)
cells. (Y 225)
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and ICD, although LD stained up most readily (Figures 33 to 36).
In the case of SDy however, Mtorstifial gtaining was much less
epparent, although spermatogenic cells stained well, Again,
peritubular granules were evident, and, in contrast to the other
enzymes, intense staining was found associated with the spermatozoa
(Figures 37 and 38).

Busulphan, 10 mg./kg. body weight (intraperitoneal),

day fifty-sixs

Interstitial staining for LD, MD, snd ICD was very much less
marked than in the nommal tissue (Figure 39). Perdtubular gramles
were prominent, as were granules evidently associated with regencrate
ing early spermatogenic cells (Figure 40)., In tho esse of SD, an
intense interstitial purple stainiug was noted, with litsle staining
within the tubules.

DBA, 5 mg_./mt (intravenous), day foriy-ninet

A vesponse was given very similer to that observed for

busulphan (Figures 41 and 42).

114, Intraperitoneal injection of MBA (10 mg./0.4 ml,
olive eil per rat)s

All animals appeared normal al seven days., At twenty-six days
several had become visibly swollen by an accumulation of ascitic fluid
in the peritoneal cavity. Two of four test animals killed at
twenty-gix days were grossly uoitic_, with ascitic fluid total
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protein of 3.5 and 2.9 g%, and with evidence of acute nephritis,

A further rat, although not showing ascites, had jaundiced plasma,
Within the next few days three further sick test animals were killed,
two of which were ascitic, the third being paralysed in the leg,
Three animals killed at thirty-seven days had evident pathological
changes in tissues within the peritoneal cavity, and one was asecitic.
Although a variety of affeected tissues were excised from these sick
animals subseguent histological examination (Dr. J. P. Smith)
revealed no evidence of tumour formation, all changes being inflam-
matory in nature, suggesting a fibrous reaction to the introduced
hydrocarbon.,

Of the twenty test animals,; thirteen showed evidence of a
fibrous reaction within the peritoneal cavity, and six of these were
ascitics In two of the ascitic animals, unilateral testicular
atrophy was seens both animals were grossly ascitic and the atrophy
could well be a conmsequence of this. At day fiftye-seven, one of
three test animels killed hed very small testes, these both being
very {labby snd of weight only 0.75 g The MD activity (per g.
testis) did not, however, appear to be increased significently,
although the Beglucuronidase was about twofold normal,



iv.

After the intraperitoncal administration of busulphan or the
intravenous administration of DMBA, marked and consistent decreases of
testis weight were apparent, Some recovery toward normal was
evident in the busulphan and the half-dose DMBA series, whilst after
5 mge. INBA, weights remained at minimal levels at seventy-five days.

The changes in ongyme activity are recorded graphically, plotting
activity per g. testis (wet weight) and per (whole) testis ageinet
the time from administration of 1) busulphan, 10 mg./kg. body weight,
i.pe 2) TNBA, 5 mg./raty i.v., and 3) IMBA, 2.5 mg./rat, i.v.
These serial samples are denoted A, B, and C respectively.

Since small numbers only are involved, the results have been
expressed in tormp of the group mean : one standard deviation, as
hags been recommended sppropria.te‘zm, rather than quoting the standard

error.
a) Aeid phosphatese (Figure 44)s

- per g&. testiss A trend to decreased levels was epperent in
each case, being most marked in B, 1In A and C, recovery to within
the normal range was evident at day seventy-five. The activities
recorded at day thirty-five showed an excessive range., This was
due to several values greatly in excess of normal, FNo experimental
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reason for this could be found, However, experimental error

would be considered much more likely to result in low levels,

- per testisy Levels of activity were uniformly severely
reduced, with some recovery at day seventyefive in A and C, but a
continuing fall in B at this time.

b) Alkaline phosphatase (Figure 45)1

« per g, testing Activity was found normal throughout, with
the exception of a slight increase at day twentye-one in A,

- per testis: A marked reduction pari passu with fall in
testis weight was evident, A and C showing recovery toward normal at

day seventy-five,
e) S'-Nucleotidase (Figure 46):

- per g. testiss Inecresses were noled in each case,; being most
pronounced in B, where a 2,2«fold increase was obgerved at forty-nine

and seventy-five days.

« per testisy Aeotvivities eppeoared slightly reduced only, the
highest levela per g. testis in B being associntad with activities

rer testis within the normal range,

d) Malate dehydrogenase (Figure 47)s

- per g. testis: An Increuse of activity was noted in oach
cage, rising to a maximum of a little below two-fold levels at the
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time of maximum testis weight loss, with later recovery toward normal,
The activity at day forty-nine in B was only slightly raised, Since
these determinations were carried out together with the C series =
these being elevated - it is thought that the apparent discrepancy

is genuine and not experimental,

~ per testis: A decrease of activity was evident in each case,

being least noticeable in A.

e) Glucose-6-Phosphate Dehydrogenase (Figure 48):
A very limited sample only was investigated.

- per g. testiss A marked increase was evident in each case,
levels rising about 2,5-fold in B,

- per testiss Little change from normal was apparent.

f) Glutamine synthetase (Figure 49):

- per g. testiss In B, duplicate samples $aken at twenty
days showed high activity. These determinations were carried out in
parallel with other normals and are thus thought to reflect a genmine
change. Increased levels were also noted at day fortye-nine, simi-
larly with C, and at day seventy-five with A,

- per testiss With the exception of B, day twenty, all
activities were reduced, Some recrvery toward normal was evident in

A and C, but not in B,
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g) PB-Glucuronidase (Figure 50)3

- per g. testiss IHMarked increases in asotivity were apparent.
With series B, at thirty-five days, the increase was five-fold normalj
with Cy 1.5~folds With A at day {ifty-six the increase was almost
four-fold. At day seventy-Live activities appeared to be falling
in A and C.

- per testis: The highest levels of activity per g. testis were
assoclated with increases per testis, this being most evident in B.

h) Hyaluronidase (Figure 51):

- per g. testis: Levels of activity were found very greatly
reduced, minimal levels being about 12% of normal. In only one case,
however, (A, day fifty-seven) was nil activity recorded.

= per testisy Levels were maximally reduced to a level about
6% of normal. Some activity recovery was noted at day seventy-five
with A and C.

vi. TFertility trial:
The results obtained in the fertility trial of IMBA are given
in Table 9, p. 59, and are discussed on p. 93.
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Figure 45 ¢ Changes in Testis Weight.

A @ Busulphan , 10 mg. / kg. body weight .
B s+ IMBA, 5mg. / rat .
C &+ IMBA , 2,5 mg. / mat .

Abscissa - daye from injection.Ordinate - testis weight ( g. )

Range marks indicate mean # 1 S.D., & numerals number of testes.

FNormal range : mean of 58 testes # 1 S.D.
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Figure Lk : Changes in Acid FPhosphatase .

A : Busulphan , 10 mg. / kg. body weight .

B s IMBA , 5mge / rat »

C ¢ IMBA , 2.5 mg. / rat .
Abscissa - days from injeotion., Ordinate - acid phosphatase ( I.Us )
Range marks indicate mean 4 1 S.D., and numerals number of testes.
Normal range ¢ mean of 12 testes # 1 S.D.
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C

m’5m./rﬂt.
m,Q.SIﬂg./mt.

Abscissa - days from injection. Ordinate - alkaline phosphatase (I.U.)
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Figure 46 : Changes in 5'-Nucleotidase .

A ¢ Busulphan , 10 mg. / kg. body weight.

B s IMBA, Smgs, / rat .

C ¢ IMBA , 2,5 mg, / rat .
Abscissa - daye from injection. Ordinate - 5'-nucleotidase ( I.U. )
Range marks indicate mean & 1 S.D., and numerals number of testes .

Normal range : mean of 12 testes + 1 S.D.
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Figure L7 ¢ Changes in Malate Deh;mae .
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20 0 60 so DAYS

A 3 Busulphan,10 mg./kg. body weight 3 B & DUBA,5 mg./rat 3

c

¢ IMBA, 2.5 mg./ rate

D s IMBA, S5 ﬁs./mt, from Ford and Huggi.nssS. Each group consists of
four testes.Activity per testis has been calculated.
Abscissa - days from injection, Ordinate - malate dehydrogenase(I.U.)

Range marks indicate méan & 1 S.D., & numerals mumber of testes .
Normal range @ mean of 25 testes & 1 S.D.
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Figure 48 : Changes in Glucose-6-Phosphate Dehydrogenase .

A & DBusulphan , 10 mg. / kg, body weight.
B & IMBA , 5mg. / rat »
c'm,?.ﬁm./ﬁtt

Abscissa - days from injection. Ordinate - glucose-6-phosphate
dehydrogenase (I.U.)
Range marks indicate mean + 1 S.D., and numerals number of testes .

Hormal range : mean of 5 testes + 1 8.0
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TABLE 9

EFFECT OF SINGLE DOSE OF MBA (0,25 mges iev.) O THE
FERTILITY OF MALE RATS

Mating

period 1 e 3 4 5 6 7 8 9
Days from
oo 0=6 |T=13 | 14-20 | 21=2T | 28=34 | 3541 | 4248 | 49=55 | 56=62
R&t Nﬂo
1 A |5(1) 0 10 0 0 0 0 0 0
B | nil | few | abun, - few nil nil mod, | nil
2 Al 9 0 0 0 (2) 0 0 0 0
3 Al © 9 0 0 1 12 0 7 0
B | nil |[mods | nil - abun. |abun. | nil nil few
4 Al 1 5 0 0 0 (2) 0 0 0
B| few |[mod., | nil - mod. |abun, | nil nil nil
5 Al © 0 8 0 0 o) 0 0 0
B few | few | few - nil |abun. | nil mods | nil
6 Al 10 6 8 4 0 6 0 0 0
7 Al 1 0 6 0 8 4 2 0 0
B |mode | nil | nil - abun, |abun., | few modes | nil
3 A 0 3 0 9(1) 0 0 0 0 0
B| nil | nil | nil - nil | nil few | few | nil
imnm 5.3 (2.9 | 4.0 | 1.6 | 1.4 | 3.0 | 0.25]| 0.9 | o

A denotes individual litter size (in brackets - born dead)

B denotes number of sperm seen in vaginal smear

mod. « moderate numberj abun, - abundant number.

Bach vertical column shows the results of pairing eight treated
male rats for nine consecutive weeks with females known fexrtile.




i.

ii.

iii.

i'.

Ve

vi.

vii.

Intraperitoneal administration of IMBA

Histology + o«

Histochemistry

Homogenate studies

Lysosomes « o

Enzyme synthesis ,

DMBA and busulphan - mode of action

Fertility trial

-

.

.

L 4

65

(4

81

93



ie
The intraperitoneal administration of 7,12-dimethylbenz(a)

anthracene (IMBA) produced an unexpected response of a pathological
nature, For this reason this part of our experimental work proved
abortive, and will be fully discussed before examining our subsequent
work. Since this compound is so markedly offeotive as a carcinogen
it was suspected that tumour formation had been induced. However, no
histological evidence for this was found,

In work on female rabs Huggins et al. obtained 100% (mammary)
tumours in seven hundred rats given 20 mg, IMBA orally™®, Similar
results followed injection of IMBA into the lumen of the colon, oxr

8

intravenous .‘mjutimT e lamnary tumours are not induced in male

rats by painting the skin®® or by the sdministration of mBAST,
Ford and Huggins, after extensive experiments with IMBA given to male
rats, commenteds "ecancer did not arise in the present experiments,
and it is inferred that the absence of neoplastic transformation is
due to the lethal effects which T,12-IMBA exerted on cells vulnerable
to 1892,

The intraperitoneal injection of INMBA with Lipomul emulsion as
medium did not cause tumours of the peritoneum or ebdominal viscera
in newborn male, or in female, rats, whereas a compressed pellet of

the compound embedded within the peritoneum caused tumour formation
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at the site of mﬂpnlatim“. It is supposed that Lipomul-INBA

disappears rapidly from the peritoneal cavity, before adequate contact
with a cell in a state susoceptible to the malignant transformation.

It is stated by Huggins that the intraperitoneal injection of
concentrated oil solutions of polynuclear aromatic hydrocarbons is
unsatisfactory, because "they elicit large amounts of fibrin and
fibrous tissue which cover all the abdominal viscera and cause death
in many an:l.mala"m. Reference may be made to Iaelm, who administered
intraperiteoneally to rats a benzanthracene in sesame oil, and detected
many fibrous adhesions throughout the peritoneal ecavity at autopsy.
Twenty-one of fortye-eight animals died within sixty-four days, eleven
of twenty-one deaths being at forty to sixty-four days. Other workers
have reported severe ascites and death of the test rats after the
intraperitonesl injection of IMBA in arachis 0il’l,

Boyland'? and Haddow®

suggested means of emulsification of
hydrocarbons for animal injection, and such preparations are still in
use. For example, Bathet’ induced malignant lymphoma in mice by
giving 60 puge IMBA in 0,02 ml, of 1% gelatin, subcutaneously. The
lipomul preparation, however, would appear to be a great advance in
the convenient presentation of carcinogenic hydrocarbons. It is
reconnended by Huggins as being "equally effective, less hazardous to
laboratory personnel, more convenient, and less costly" as compared
with oral pmaentutionu. Furthermore, variations in the rate of

absorption after oral dosage are obviated.
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It is clear that our findings after the intraperitoneal injection
of DMBA are in accord generally with the literature discusced above,
and no conclusions as to selective testicular effects ecan be drawm.

ii. |Histologys

We have shown the intraperitoneal injeation of busulphan to produce
histological effects in rat testis similar to those reported by
Jackson et 21,26, notably a selective toxie effeot upon spermatogonia
and possibly primary spermatocytes,; with a later regeneration toward
normal spermatogenic epithelium, Intravenous IEBA in our hands
produced a more severe effect than that reported by Ford and
Huganl%. the same dosage (5 mg.) causing irveversible destruction of
the spermatogenic epithelium, However, we have used Wistar rats in
contrast to the Sprague-Dawley strain used by the other authors, and a
gtrain difference in susceptibility is quite likely., The half-dose of
DMBA (2.5 mg.) did eause the degeneration of testis choracterised by
Ford and Huggins??, indicating damsge primsrily to spermstogonis. By
both of these treatments we have therefore effected a subsequent wave
of depletion of particular spermatogenic cell types. It was our
intention to investigate the enzymic concomitants of this.

A number of premsture deaths occurred following the injection of
mBA (5 mg.s intravenous) /See Table 6, pe 487/, The production of
adrenal necrosis in rat by the administration of IMBA reported by
Huggine and xlozlr:l.:l79 has been confirmed by others, A group of seventy=
five rats given 20 mg, TMBA orally in sesame oil showed 100% survival



at three days, but 84% had suffered adrenal neerosis'®’. Total
destruction of the outer two zones of the adrenal cortex (zona
fascicularis, zona reticularis) is produced, the zona glomerulosa
and medulla being unaffected. Fatal adrenal insufficiency does not
usuelly occur, and tissue regeneration subsequently takes plmaz;

It is suggested that the few premature deaths observed in our
present experiments may have been a consequence of adrenal erisis,
since death was not immediate but commonly occurred at an interval of
about three days from injection, at waich time adrenal damage is
reported most severe, Animals which survive adrenal necrosis are likely
to have a poor adrenal reserve, and this factor may have a bearing upon
the changes in spermatogenesis observed later.

It is kmown that the nutritional status of the amm ean have a
marked effect upon apemtogcnuilws. Since our rats were not care-
fully controlled by recording body weight and food intake, thio should
be borne in mind, as also the fact that the ral is able o withdraw
the testes into the abdominal cavity at will’4,

The changes in testis weight observed in our experimental work
(Pigure |3, pe 59) appeared to correlate with changes in spermatogenio
cell population. The fall for this reason was least abrupt after
busulphan, and no recovery of weight loss was observed in the 5 mg.
TMBA series, where destruction of the spermatogenic epithelium was
evidently irreversible, The minimal weight attained in each case
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was shout 40% of normal, as compared with Ford and Huggins' 55%
normal’?, It may be emphasised that other workers have observed a
fall in testis weight (after hypophysectomy) down to as little as
22% normal yet have considered the histological appearance of the
Leydig cells to have remained mm1123.

A feature of the testicular atrophy induced in the present inves-
tigations was the clearly evident shrinkage of tubules and the appearance
of "intertubular matrix". The latter phenomenom would appear to core
relate with the changes observed by others following Xeirradiation, when
it was reported that irradiation of the upper abdomen of human subjects
would frequently oceasion & "post-radiation nephritis" in which extensive
degensration of kidney tubules was produced'>?, The most radiation-
sengitive tissue component being mesenchymal, arteriolar necrosis so
induced effects a profound disturbance of the local blood circulation
and hence malfunction of the organ. The associated interstitial
oedema "will lead to a state where each tubule is separated from ite
neighbouring tubules and capillaries by protein exudate, and as time
passes this exudate will become the site of collagen precipitation ..."
(arteriolar hyaline necrosis). Such a reaction was reported evident
in several extra-renal sites. Atrophic changes within testis similar
to those observed in the present work were noted, It is suggested
therefore that a disturbance of interstitial circulation could therefore
be a factor of significance in tubular degenoration effected by INBA

and by busulphan,
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iil. Histochemigtrys
In interpreting enzymic changes in testis homogenates we must

take account of three particmlar fumctionsal aress -« a) spermatogenic
cells, b) Sertoli cells, and e¢) Leydig cells, together with other
structural tissues such as tubular walls, connective tissues, and
blood vessels. Since no study appears to have been made of the dise
tribution of malate dehydrogenase (MD) in rat testis it was thought
necessary to investigate this. The related citric acid oycle enzyme
isocitrate dehydrogenase (ICD), of unknown distribution, was also
studied, together with lactate dehydrogenase (ID) and succinate dehye
drogenase (SD), which have been investigated by other workers

(see p.15) and study of which was desirable in order to confirm the
methodology. It wse also considered of general value to undertake some
study and to gain practical experience of enzyme~hiptochemical methods
gince engyme changes within tissues maey be assessed both by these means
end by homogenate studies. The two approaches are complementary,
though both imperfect.

Whereas the enzyme content of tissue extroocts may be quantileted,
enzyme histochemistry, particularly of the dehydrogenases, offers
precise localisation via the distribution of particulate reaction
products not susceptible of measurement even by methods of oytophotometry.
In interpreting histochemical findings it must be remembered, as
observed by Pearse 22, that "we have ... very little evidence in the
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cago of most histochemically demonstrable enzymes that thoy are identical
with the biochemical enzyme whose name they bear, or that their relative
performances can be correlated in any way". Bnzyme activity as
measured in vitro, however, employing homogenates; bears an uncertain
relation to the actual concentration of the enzyme, since many variable
factors influence the activity, such as coenzymes, activators, and
inhibitors., TFurthermore, the effective activity of enzymes in vive

ie largely determined by varieble features such as membrane permeability
to substrate and spatial organisation within the cell (e.g. endoplasmic
reticulum).

About fifty enzymes may be detected histochemically'??, The
functional significance of most of these is obscure. lMethods for
dehydrogonases are particalarly applied since the metabolic function of
this group is kmown to some extent. They are especially associated
with the mitochondria, whose integrity is essential to the cell since
they comprise the main energy-generating source. Insult to the cell
may effect an increase in mitochondrial permeability. Reecent dehy-
drogenase methods can give rise to particles of insoluble coloured
formagan of diameter ca. 0.3 py several of which may be present within
a single mitochondrion (length ca. 3 p)s Damaged mitochondria readily
show particularly marked deposits, their permeability to reaction
ingredients being increased, On this basis has been developed a
technique of "mitochondrial assay" by which tissue damage can be finely

localised by microscopic examination at high magnification,
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By illustration of thie technique we may inetance the effects of
magnesiun deficiency upon kidney. Gross changes may be detected
histologloally after about nine days'deficiency (caleification),
whilet mitochondrial changes are evident upon histochemical examination
at the same site within hom127. Discussing such methods, Pearse
observes "... a further application of these techniques can be foreseon
in the field of experimental pharmacology, where it will be possibvle to
demonstrate the earliest effects of drugs upon cells in sections, smears,
or tissue cultures s..."« BSuch methods have already given direct
evidence that histologically similar cells do not necessarily have
the same enzymic mpos:ltim"z?‘

Certain discrepancies between histochemical and biochemical
findings have been recorded. For example, both ICD and glucosewbe
phosphate dehydrogenase (GEPD) have been found intramitochondrially
whereas they are recorded in the supernatant after centrifugation
following homogenisation of tissue'2!, BeGlucuronidase distribution
appears uncertain'20* Pe492, 4 sumber of dohydrogenase enzymes have
been assayed in yitro both by direet measurement of oxygen uptake by
the system and by measuremsnt of the amount of formazen derived during
the oxidation., It was found that the latter values were only about
one-tenth of the former, It was considered that the formazan

reaction mixture inhibited activity of the mﬁa' Pe343,
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The Gomori mthod‘s for the demonstration of phosphoamidase has been
severely criticised after comparison with a biochemical mthois. It
was found that only 8% of the original activity of (kidney) sections
survived the histological procedures recommended by Gomori, This
would appear to account for the notorious difficulty in applying the
method, and to lay the quantitative findings of Meyer and Weimmann, in
relation to testis (see p. 24 ), open to eriticism. It is to be antici-
pated that our understanding of the enzymic composition of tissues is
likely to be fruitfully enhanced by similar parallel histochemical and
biochemical (homogenate) studies.

In the present invesptigations we have applied standard histochemical
methods and examined the resulting stained sections by light microscopy
at low magnification, The granules of stain have been considered to
originate within the mitochondria, although these could not of course
be visualised. In the normal testis MD and ICD were found predominantly
in the interstitial tissue, as was LD, The greatly altered staining
pattern apparent after busulphan or DMBA treatment wes unexpected.
Interstitial staining of LD, HD, and ICD was markedly reduced. This
altered pattern was repeatedly elicited and contrasted with the normal
distribution.

Since the atrophic testis is extremely friable to handle as a
frozen section it was thought possible that the interstitial tissue

might have dropped away from the shrunken tubules. Confirmation
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of the continued presence of the interstitial tissue in our eryostat
aeo‘l;iom was made by using nuclear stains. The contrasted staining
pattern of SD (post-treatment), with intense interstitial staining,
also sexved to confirm the integrity of the sections 1nwatigated.
Staining for SD was prominent in the spermatozoa of normal testiss
the middle-piece of the spermatozoon is known to be rich in
nitoohondri&'os' P23,

Some staining, particularly with the postetreatment sections, was
diffuse and not evidently particulate, It was considered that this
could have been due to the solution of diformazan in 1lipid deposits.
The application of lipid stains to eryostat sections yielded negative
results however,

It should be noted that intense staining in our dehydrogenase
method may indicate a high local concentration of enzyme or a sgite of
particular mitochondrial damage, or both, If we assume minimsl mitoe
chondrial damage in the normal testis sections, staining may be taken
to indicate the sites of natural ocourrence of the enzyme, Thus MD
is seen to be primarily distributed in the interstitial tissuve., The
perietubular granules we have observed could be associated with Sertoli
cells or with early spermatogenic cells, or with both,

Testis examined for MD forty-nine days after IMBA, 5 mg., still
presented this feature of perietubular gronules, although our histology
indicated a complete absence of spermatogenic cells, We therefore

conclude that the staining is associated with Sertoli cells.
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Staining well within the lumen of the tubules was also noted, This
is thought to arise in the cytoplasm of the Sertoli cells, which
can form a gynctoytium within the tubules. The minor degree of
interstitial staining indicates a low concentration of enzyme at
this site.

¥e have demonstrated granular steining within the tubule after
busulphan, at fiftyesix dayss This could be associated with early
regenerating spermatogenic celle or with Sertoli eells, or with beth,
The methods used have not allowed us to clarify this point, and it
must be emphasised that granuler staining within the lumen of the
tubulea could be essentially a feature of Sertoli ecytoplasm and not
of spermatogenic cells.

The general tentative conclusion we may draw from our histochemical
studies of the atrophic testes is that the activity of MD appears to
remain unchanged in the Sertoli cells and to be much reduced in the
Leydig cells.

Our findings may be compared with those of Kommano et al.”>, where
histochemical concomitants of unilateral cryptorchidism were investie
gated, It was found by these authors that interstitial LD and G6PD
remained unchanged, whereas interstitial SD appeared inecreased in
activity. We have found a severe reduction of interstitial LD, MD,
and ICD, with an increase of SDs Kormano et al.,, however, observed
a marked interstitial decrease in certain other enzymes, and it is
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possible that our experimental conditions heve provoked & more intense
metabolic inhibition than is ont upon cryptorchidism. Furthere
more, adequate quentitative comparisons are not possible, since methods
of assessment must neceassarily be subjective, For example, Kormano

et al., report unchanged interstitiasl LD and G6PD with an increased
tubule activity of these enzymes, although with a shorter time of
incubation & revort of reduced interstitial activity with unchanged
tubule activity could have been offered.

Since a basgic purpose of the present work was to confirm the
findings of Ford and Enminlss. enzyme studios were made on an extruct of
testis obtained likewise with isotoniec saline., However, these authors
gave no details of the method of homogenisation used,

The ideal "homogenate™ is a whole tissue preparation in which cell
disruption is as complete as possible whilst the destruction of all cell
partioulates is nin:l.ma.l‘”t this ideal cannot be realised in practice.
The most favoured method of homogenisation utilises the Potter~Elvejchm
rotating-piston type of homogenisers the speed of rotation of the piston
must be low, its fit within the sample tube loose, and the period of
homogenisation brief'4!, Variable results are perhaps inevitable.

In illustration of the importance of the technique of obtaining homo-
genatesy, we may quote the conclusion of Bucher et o,l..25 after investiga-

ting the biosynthesis of cholesterol from acetate by rat livers
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"the principal factor in obtaining homogenates capable of synthesising
cholesterol appearcd to be the kind of mechanical force employed to
disrupt the tissue".

For reasons of convenience homogenisation was effected in the
present work using the UltraeTurrex TP 18/2 mixer (Janke-Kunkel,
Staufen), a stainless steel shearing device, which has a particular
advantage in that the shearing gap is known and constent. Such
devices may be expected to yield reproducible :*mmlta"n « The period
of mixing was srbitrarily fixed at fifteen seconds,

Adequate investigation of the resulting homogenate demands the
use of eleectron microscopy, a facility not at hand. The evidence
available indicates that the end result compares with that obtained
after prolonged ultrasonic disintegration.s It is therefore likely that
enzymes were extracted from most intracellular organelles. No real
attempt at cellular fractionation was made, although the homogenate
was subjected to centrifugation at 11,000 g for ten minutes to
simulate the conditions of Ford and Huggins, Our investigations thus
have an empirical basis. However, as will be seen,; agreement with
the results of Ford and Hugging is quite close., It may be observed
that details of centrifugation techniques are in the best current
practice defined in terms of "g-minutes",; a method of expressing an
integrated complete schedule of centrifugation; as suggested by de mw41

.
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The normel level of activity of testicular MD (per g, testis)
reported in the present work /32,3 ¥ 5 International Units (I1.U.)s x 247
is in substantial agreement with that given by Ford and Buggiuss
/[39.8 2 51,0, + x 427. The latter workers, however, employed a dif-
ferent strain of rat and give inadequate detail regarding their method
of estimating MD, Moreover their method of homogenisation of testis
was not defined, Strain differences in regard to IMBA response are
known to be mzkod‘ws

Comparison of our experimental results, however, with those of Ford
and Huggins reveals a close similarity., The latter reported an increase
of WD (per g. testis) in inverse relation to the loss of testis weight,
attaining to a maximum of about twoefold at day thirityeeight, when testis
weight was minimal, The spermatogenic epithelium was almost restored
to normal by day seventy-five, with normal testis weight and MD activity.

We have ourselves found a similar pattern of initial response in
regard to both our administered doses of MBA and to busulphan, all
levels of MD rising two-fold at day thirty-five, However, regeneration
of the spermatogenic epithelium was less complete at day seventyefive,
and testis weight still clearly subnormal, The severe effect we have
elicited with 5 mg, DMBA appears anomalous in that testis weight remained
at minimal levels at day seventy-five, with no regencration of spermato-
genic epithelium, snd yet MD activity appeared to decrease as in the
experiments where regeneration did oeccur, It is suggested that this
indicates a toxiec inhibition of MD in this particular case,
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It is clear that our 5 mg. DMBA dose produced total destruetion
of the spermatogenic epithelium with no subsequent recovery. The 2.5 ag.
dose appeared to give an effect similar but rather more severe to that
obgserved by Ford and Huggins with a 5 mg. dose. The changes effected
by the administration of busulphan lagged behind those produced by
IMBA, This correlates with the lag in testis weight loss and would
appear to indicate that the main toxie effect was upon a spermatogenie
cell type rather earlier than that affected hy IMBA, It may be noted
that Ford and Huggins did not undertake spermatogonial cell type counts
and thus were not in a position to specify with precision the cell type
initially affected in their experiments,

Ford and Huggine offer no explanation for their observed changes in
Dy but note a similaxr two-fold increase of activity, expressed per g.
testis, in a) early infancy, b) post-hypophysectomy, o) unilateral
eryptorchidy, and d) after DMBA., They conclude that “estimation of
MD is a simple and useful measure of damage and subsequent repair in
tut:ll"sso It will be observed that every category listed here entails
an abnormally low proportion of spermatogenic tissue in relation %o
interstitial tissue, which generally is considered to remain unchanged,

Ford and Huggins report valuss solely in terms of activity per
&g« testis. For purposes of comparison with our own presented results
we have calculated and charted their values aleo in terms of activity

per whole testis (Figure 47, p. 59)e It is then clear that despite a
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marked reduction of testis weight, which was minimel at forty deys
(50% of normal), activity per whole testis remsined almost constant,
being decreased only slightly in the regenerating testis.

The rats used in the present investigations appeared to be more
sensitive to DiBA, The mean activity per testis recorded by Ford and
Huggins is calculated to be 68.5 I.U. This level was unchenged at
thirty-five days end maximally reduced to 56 1.U, (82%) at fifty-six
days., The strain of rat uselby these authors was evidently of rather
less body weight than those used in the present experimente (mean
weights 260 g. and 340 g. respectively)s Our dosage of 5 mg. per rat
thus is equivalent to 14.7 mg./kg. body weight as compared with Ford
and Huggins' 19.2 mg./kg. Nevertheless, the effect upon testis was
much more severe. Our normal activity was 51 I.U. per testis. This
level was reduced to 36 I.U. (70%) at day twenty and to 22 I.U. (43%)
at day forty-nine,

Our histochemieal findings would appear at first sight to be in
contradiction with these homogenate results, The former appear %o
indicate a reduction in interstitial MD activity, the latter the main-
tenance of high MD activity at the same site, if we minimise the contrie
bution of the Sertoli cells, Some eclarification of the apparent dise
exrepancy may be made if we attempt calculations based upon certain

reagonable assumptionsg
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a) that the number of Leydig cells remains constant, as has

been shown in oryptorchidim32;

b) that Leydig cells comprise the bulk of interstitial tissue,
and represent the predominant enzymic component of thisj

e) that the number of Sertoli cells per testis romains constantj

d) that normal testis is composed of 90% tubule tissue and 10%
interstitial tissue, by weight, whereas the atrophic testes

are 66% tubule and 337 interstitial tissue”;

@) +that in the normal testis 4/5 of the MD activity is associated
with the interstitial tissue, whilst only 1/3 of the MD is
80 disposed in the atrophic testis, This is a crude

approximation based upon our histochemical assessment,
Allowed these basie premises we may relate values thuss

Normal testis 3 MD activity = 32 I.U./g. whole testis

= 32 x 4/5 x 100/10 1.U./g.
interstitial tissue

= 260 1.U./g. interstitial tissue

Atrophic testis s MD activity = 61 I.U./g. whole testis
(DBA, 5 mge,y
day thirty=-five) = 61 x 1/3 x 100/33 1.U./g.

interstitial tissue
= 61 1.U./g. interstitial tissue
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Thus our observed values are seen to be consistent with a four-fold
decrease in MD aectivity of interstitial tissuey elthough the sctivity
per g. whole testls has incressed two-fold., However, such calculae
tions are no more than illustrative, for we have no adequate informe=
tion relating volume and weight of purticular functional arens of
testis, and the cellular composition of the atrophic testis is very
different from that of the normal,

We have undertaken a very limited study of changes in G6PD, Our
results (Figure/8, p. 59) would appear, however, clearly to follow
the same pattern observed for MD, The enzyme has been reported dise
tributed predominantly in the interstitial tissue® 16, 3 cur
considerations regerding MD may be applied to changes in G6PD, Our
normel value of G6PD was found to be 0,59 I.U, = 0.2 (x 5) [fer g.
taatig? as compared with a value given by Ford and Hv.g,g.lu55 of
0,63 ¥ 0.2 1.0, (x 42). The latter authors did not investigete
serial changes in G6PD following DMBA sdministration, but they assayed
both MD and LD in many experiments and reported that their respective
levels were "mot dissocisted but ren persllel to cach other"”2,

If we roview our discussions regerding dehydrogenase enzyme
chenges (MD, G6PD, 1D) we csn conclude that these are secondary o
destruction of the spermatogenic epithelium and give no direet

information sbout the spermatogenic cells,
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Our findings in relation to changes in Beglucuronidase may be
compared with those of Pecora and Arata'>C,  Although our normal
levels were only TO% of those reported by the other authors, who used
a different strain of rat (Long-Fvans), the experimental response was
strikingly similar. The Italian workers found a five~fold increase
per g. testis and 1.8-fold increase per testis forty days after
Xeirradiation of the rat testiss these increases accord exactly with
those observed in our experiments thirty~five days after IMBA, 5 mg.

Tissue Peglucuronidase can show an increase due to the presence
of invading macrophages rich in this enzyme?>0, No evidence of such
invasion was evident in the present experiments., Moreover, if
degenerating spermatogenic cells were subjected to digestion by such
phagoeytic cells, other associated acid hydrolases would be expected
to increase, whereas no such increase was evident in acid phosphatase
in our experiments.

The observed intense increase in the activitly of p-glucuronidase
could be supposed the result of either a) activation of existing
enzyme or b) induction of enzyme synthesis., Little activity has
generally been found associated with the Sertoli cells (see p. 20),
and it is therefore suggested that the observed increase in whole
testis activity derives from increased interstitial aectivity. Histo=
chemical studies of the changes observed would be of interest, since
it is feasible that the Sertoli cell activity may be increased. It
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may be noted that other workers have pointed out that this enzyme is
an unusual enzyme in that its activity in the cancer cell exoeeds that
observed in the normal cell, whereas most enzymes show a "decreased
astivity concomitant with the neoplastic transformstion"2S,

We have observed a marked decrease in acid phosphatase in the
course of tubular degeneration. The findings would appear to suggest
a primary association with the earlier spermatogenic cells. During
the recovery phase after busulphan and after 2.5 mg. DiBA some recovery
toward normal was apparent., Since activities did not fall to zero it
is evident that some activity is associated with another site, This
may be held to correlate with the report of a marked change in distribu-
tion of acid phosphatase after heat treatment of the rat testis,
Activity was found within the tubules in the normal testis and prepon-
derantly in the interstitial tissue after heat treatment, although no
definite change in total activity was reported'>?,

Our findings in relation to changes in 5'-mucleoctidase are distinet,
namely a marked increase per g. testis associated with a small decrease
in the activity per testis. Our limited histochemical information
indicates this engyme to be primarily localised in the nucleus of
spermatogenic cells (see ps 14 ). Such an observation does not agree
with our present findings, since after IMBA, 5 mg., when spermatogenic
eells are absent, the activity per testis is little changed. Our
findings are consistent with a localisation in the Sertoli cells or in
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the interstitial tissue, If the conclusions of Wachstein and Meisel'®®

be guestioned, activity in reality being detected in the Sertoli cell
processes, we arrive at a more acceptable correlation with electron
microscope studies'?> and our own results, We may thus suggest that
5t«nucleotidase is particularly associated with the Sertoli cells,

Interpretation of our results concerning glutamine synthetase is
not easy in the absence of any information regarding distribution in
the testis. No obvious correlation between the increased activities
expressed per g. testis is evident., Activities per testis would
appear to follow a more coherent plan, and to suggest that a large
part of the glutamine synthetase activity is associated with the
spermatogenic cells., This observation should be considered in
relation to the association of glutamine eynthetase activity with
cellular diffeventiation reported by others (see p, 18).

The merkedly decreased levels of hyaluronidase observed after
tubular degeneration ave in accord with the kmown association of the
enzyme with the later spermatogenic cells, On only one occasion,
however, was a nil level recorded (post-busulphan, fifty-seven days).
It is to be noted that our method of estimation of hyaluronidase has
been selected largely on the grounds of convenience, since all
present methods are subjeet to cr:lticinw" P14, me purity and
origin of the substrate employed have great influence upon the
activity raoordodﬂz. and the pH optimum is variable and dependent
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128. p.512; 70.

further upon the method of estimation used It has

also been shown that testiculer hyaluronidase is subject to reversible
deectivation at high dilutions, as also is feglucuronidase'l,

Our findings in relation to alkaline phosphatase appear to
correlate with a predominant localisation within the tubule wall,
activities per testis tending to parallel the tubule shrinkage and
regeneration.

Reviewing the foregoing discussion, we may conclude that the
most significent changes we have detected during degeneration of the
spermatogenic epithelium are in relation to Beglucuronidase,
5'-nucleotidase, and hyaluronidase. The effects following administra-
tion of busulphen and of DMBA were similax,

The virtual disappearance of hyaluronidase was quite to be
expected and has been reported by others in a different context
(pe31)s Our results indicate that in the case of p-glucuronidase
and possibly S'-nucleotidase the testicular degeneration produced
was associated with an actual increase in the measured sotivity of
enzyme., Our methods do not reveal whether or mot the actual amount

of enzyme was increased.

v.  Lysosomegs
Discussion of changes in Peglucuronidase and acid phosphatase
prompts a consideration of lysosomal faoctors. Having refined with
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particular care methods for the fractionation of rat liver tissue by
differential centrifugation, de Duve et al. described in 1955 a new
intracellular orgenelle associated with the "light mitochondrial"
fraction, This was denoted the "lysosome"¥, It was found to
occur in several different forms, and to be intimately associated
with processes of intracellular digestion. Lysosomes may now be
identified by electron microsecopys

Lysosomes were shown to consist of a group of acid hydrolase
enzymes contained within a lipoprotein bounding membrane. The
enzyme group included p-gluouronidase, acid phosphatase, ribonuclease,
deoxyribonuclease, and cathepsin. The activity of these enzymes in
tigsue is said to exhibit a "structure-linked latency". As
investigated in yitro, sedimented light mitochondrial fraction contains
lysosomes, with a proportion of "free" acid hydrolase in the superna~
tant. BRupture of the lysosomal membrane by means of surface-active
agents effects release of the organelle enzymes with a consequent
increase in activity of the apparent free component.

The study of lysosomes in tissues undergoing regressive or
neerotic changes has indicated an early release of tho ascociated
enzymes (transference to the unsedimentable fraction) and a selective
retention of these, the other cell constituents disappearing more
ra.p:lﬂyub « The lysosomal hydrolases are thus considered the main
agents of catabolic changes taking place in regressing ilssues.



It is believed that lysosomes are probably present in all animal
cells, although they do not appear to have been directly demonstrated
in testis?>®, The usual histochemical "marker" for lysosomes is

the acid phosphatase stain, However, the presence of any other of
the group of associated enzymes serves as an indicator of the entire
complement.

It may be observed that "membranes of various dimensions and
different organisation appear to represent a common and basie
prineiple of organisation in the cytoplm"“s. The lysosomal
membrane is thus only one of many within the cell. Lipoprotein is
an inherent structural part of all such biological membranes.

Among "membranee-active" compounds concerned in cell metabolism
are Vitaming A and E. It has been suggested that Vitamin A is
associated with a control mechanism operating with lipidesoluble
substances such as steroid hormones and cther fat-soluble vitniu” .
Vitamin A (alcohol) is known to have surface-active effects, and may
cause rupture of lysosomal mhmn45. Vitemin E is thought to
inhibit the peroxidation of unsaturated lipid. Muscular dystrophy
induced in rabbits by deficiency of Vitamin E has been found to be
associated with an increase in the (free) lysosomal activity of the
affected tissue'!', lention has earlier been made of the connection
of both these vitamins with spermatogenic arrest (p.34 ).
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Since lyﬁosoman are partieularly fragile organelles it is
certain thet the homogenates in our present experiments contained no
intact lysosomes, and clear that the associated hydrolases will have
been within our extraet fraction. The marked difference in scid
phosphatase and f-glucuronidase response is therefore unexpected,
However, acid hydrolases are not solely to be found in lysosomes. In
comparing histochemical 2nd biochemieal findings pertaining to acid
hydrolases it is evident that discrepancies could arise due to their
normal loculisation within lysosomes, for most methods of homogenisa-
tion would rupture these. It is perhaps for this reason that
studies on Beglucuronidase distribution in tissues are confused, as
noted above (p.67 ).

vi. Engyme gynthesiss
The synthesis within the e¢ell of any enzyme demands the necessary

gene. In many cases this acts only permissively and enzyme is not
produced unless a particular catabolic substance is either present
(induction) or absent (repreuiun)“' P+4%8, e upparvent increase
in activity of an enzyme may be due to de novo synthesis and/or
removal of inhibitor and/or unmasking of activator. Induction/
repression must be carefully distinguished from activation/inhibitions
the former terms are used only in connection with the aectual synthesis

of enzyme.
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The primary site of protein synthesis within the cell is
located within the microsomes (ribosomes). Ve may therefore assume
enzyme gynthesis to take place within these organelles. Il is known
that many carcinogenic polyeyclic hydrocarbons ean produce a rupid
increase in the ability of rat liver microsomes enzymically to
metabolise certain foreign compounds., lhicrosome~bound enzymes
which respectively demethylate and reduce gynthetic methylated
aminoago dyes (aminoazo demethylase and reductase) have been shown
to increase in activity markedly after the administration of
Jemethylcholanthrene and other compounds., This is necessarily an
in yivo phenomenon and it is believed that gemuine induction of
gynthesis in the liver is effected>!. Boyland has postulated that
the induction of enzywe synthesis by carcinogens may be due to the
inactivation of suppressor fuctors (repressors) which normally
control production of the cnmzo.

INBA is reported anomalous in that it produces only a slight
effect3!, but Huggins et al.>? reported significant results in
regard to DMBA when investigating menadione reductase (E.C. 1.6.5.2)
a soluble liver enzyme which catalyses the oxidation of reduced
pyridine nucleotides by Vitamins K, or their synthetic analogue,
menadiones

xan(r)32 + 2emethyle1,4-naphthoquinone
(Menadione)

= NAD(P) + 2-methyl-naphthohydroquinone



Administration of 30 mg./kg. of IMBA to rat had no effect on
dehydrogenase activity of liver, but menadione reductase showed an
increase of 'l4.‘£%a A

Protection against the toxiec effect of DDA upon testis can be
afforded by prior administration of certain aromatic hydrocarbonsy
including small dosage with DMBA 1tlalfas. A dose of 6 mg. i.v.
DMBA was uniformly lethal to the twenty-five~day-old rat. When
2 mge 1.vs of 3-methylcholanthrene was given twenty-four hours
before the DMBA, selective damage to the testis was prevented and
levels of LD and MD failed to rise. This protective action was
eliminated when dl-ethionine (37.5 mg. i.p.) was given four hours
before (but not after) administration of the Mothrleholmﬁhmo%.

It has been shown that induction of menadione reductase
synthesis in the liver is associated with the protection against
DiBA toxicity afforded by aromatic hydrocarbons in relation to
adrensl necrosis 2, fatal toxicity ", and testicular degeneration®>,

Tritiumelabelled thymidine injected into the rat is taken up
exclusively at cell sitea devoted to the synthesis of deoxyribonu-
eleic acid (DNA), thus providing an experimental indicator of such
synthesis - an index of tissue proliferation., A depression of DNA
synthesis in liver after administration of INBA has been found by
this technique, the change being concurrent with the inecrease in

menadione reduntm“.
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It has been shown that the spermatogonia and resting primary
spermatocytes of MOUSE incorporate tritiated thwnidine49’115. It
is in these cell types that DNA synthesis is occurring at a rapid
rate, and they are the spermatogenic cells which are damaged by the
administration of DiBA. It is therefore reasonable to propose that
we draw some parallels with liver enzyme studies, and suggest that
inhibited DNA synthesis in testis may be accompanied by the induction
of enzyme synthesis.

Aminogzo dye reductase and demethylase are detoxicating
engymes likely to be characteristic of liver, the major detoxicating
organ. However, induction of menadione reductase has been demone
strated, apart from liver, in mammary gland, mammary cancer, lung,
adrenal, and adipose tissue®2. It is therefore suggested that testis
may also be found to exhibit activity of this enzyme subject to
similar changes.

The immediate relevance of these considerations to our own
studies is questionable, PeCGlucuronidase exhibits detoxicating
properties, although its function as such is obscure, It is
associated particularly with lysosomes, although it is likely that
it is actually synthesised in the microsomes. Most importantly, the
various published studies on the induction of liver enzyme synthesis
are based upon short-term experiments, in contrast to our present
work, It may in addition be noted that 3-methylcholanthrene
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and certain other hydrocarbons, in common with many other drugs,
are also lmown to stimulate the biosynthesis of ascorbic acid in
rat liver>*4,

It is suggested that these indications of metabolic adaptation
have a general relevance to all animal tissues, inecluding testis.
The enzymes which have currently been investigated appear to be
somewhat esoteric, and it would be of great interest if such shorte
term experiments could be extended to more physioclogical enzymes,

particularly those especially associated with the microsomes.

Although the endeeffects of DMBA and of busulphan treatment are
similar, it is unlikely that the primary effect is the same in each
case. It is therefore of interost to attempt some consideration of
possible primary effects.

It has been shown that erystalline polybenzenoid hydrocarbon
carcinogens are soluble to a slight extent in aqueous systems. In
Yitro investigations have revealed that crystalline hydrocarbons
after introduction to agueous incubation media will penetrate into
and accumulate within the cytoplasm of cells within seconds, reaching
concentrations which may be greatly in excess of even saturated
aqueous levels in the extracellular media. Spermatogonia and sperma=
tocytes of MOUSE were among the tissues in which this phenomenon

was observed, also interstitial 001131 31.
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Evidence has elsewhere been g.’uren3 that hydrocarbon carcinogens,
including IMBA, are taken up by cells and selectively concentrated in
lysosomes. [Hydroearbon dissolved in serum was incorporated into
primary lysosomes {the preformed intracellular organelles),
crystalline hydrocsrbon into phagosomes (phagocytie lysosomes). It
wao found that the nonecoreinogenic hydroccrbon anthrasene, although
taken into lysosomes, differed from the carcinogens in that it could
subsequenily readily be leached out, or, possibly, metabolically
degraded,

The binding of the ecarcinogens, and particularly of IMBA, may be
related to their molecular configuration., I! has been suggested that
polymuclear sromatic hydrocarbons to be effective as earcinogens must
boar & steric resemblance to steroids'®’y INBA has been shown %o be
structurally very similar to cortisone, and its ability to effect
adrenal necrosis interpreted on this basis'’, It is known that
cortioone and related steroids stabilise lysosomel membranes against
induced permesbility changes'®Z, and there is evidence that DMBA may
decrease their stability>. It may thus tentatively be suggested that
the cytotoxic effect of DVBA is due to inecrease of lysosomal membrane
permeability, this being induced by the competitive exclusion from an
essential site of a steroid stabilising factor.
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Recent suggestions have been made that a rearrangement and loss
of lysosomes precedes cell division and that they may be in some way
concerned with the initiation of cell division?. The experimental
basis for these comclusions has, however, been criticised’!, These
considerations must be related to the conclusion of Ford and Huggins
that the selective toxic effect of DMBA upon rat testis was not a
sudden event,; but "a genetic death occurring after some honn"ss.

The complex mechanism of cellular injury is little understood, but we
could reasonably anticipate various primary toxic effects. It has
been observed that in the case of liver injury lysosomal damage is &
late effect, preceded by mitochondrial injury, even this being a late
effecty the primary effect being unknm"s‘. This does not neces~
sarily invalidate our propositions regarding damage to testis.

The introduction of methyl groups into certain portions of poly-
nuclear hydrocarbons produces greatly enhanced carcinogenicity, most
markedly in IMBA, This compound is metabolised by rat-liver homo-
genates mainly by oxidation of one or other of the methyl groups,
yielding the T- or 12-hydroxymethyl derivative. It has been
suggested that the great increase in carcinogenicity is connected with
the latent introduction of such groups 2. Ford and Huggins found a
selective toxic effeect upon testis to be & unique property of INBA
not shared by 3-methylcholanthrens and other tested hydrocarbons>2.
This may have a connection with the previcus cbservation,
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The espeeial vulnerability of spermatogonia within the testis
may be due to their close apposition to the tubule wall and hence
ready accessibility to DMBA conveyed to the site. If the Sertoli
cell is rightly considered as a "bridge cell” (see p. 6 ) then we
may postulate that IMBA is either excluded from this cell or taken in
end neutralised in some way, therefore not reaching the later sperma~
togenic cells,

In a study of the uptake of tritiated busulphan in MOUSE testis,
after intraperitoneal administration, it was shown that the compound
entered the testis and reached its maximum level therein within thirty
minutes. The elimination pattern of the busulphan then followed the
loss of weight of the testes up to ebout fifteen days, during which
testiculer degeneration was observed similax to that recorded after
irradiation’ e,

Busulphen is a difunctional alkylating agent, It is believed
that its cytotoxic effeet is due to the induction of orose-linkege
of the twin strands of the DNA macromolecule by alkylation., The
duplication of DNA is thus frnatmtadza « Recent experimental work
with bacteria supports this view 2,

A feature accompanying spermatogenesis is the progressive
disappearance of ribonucleic acid (RNA) from the spermatogenic cell
and the accumulation of DNAs the spermatogonia are rich in RNA
whereas the spermatozos contain predominantly pNA'06» P10, 5o gnowia
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therefore expeet that interference with the integrity of the DNA
template would result in an inhibition of spermatogenesis,

The cause of the inhibition of spermatogenesis consequent upon
hyperthermia is not known, Experimental work with RABBIT testis
slices has shown that the biologieal effect appears to correlate with
an induced lack of metabolic substrate. After twenty-four hours
hyperthermia of testis the tissue was found to contain 12% less
glucose and 2T% less lactic acid than control tissue, and to be of
significantly reduced metabolic setivity’°’?', Since the spermatogenic
cells are very dependent on exogenous substrate supplies, this
metabolic exhaustion may feasibly be the cause of an arrest of normal
development. One may speculate that the Sertoli cell -« the "nurse"
cell - may have an essential importance in this context.

The chronic feeding of nitrofurans to rats has been shown to
produce a loess of the ability of seminiferous tubules to oxidise
pyruvate in vitro, This effect parallels the development of sperma-
togenic arrest at the primary spermatocyte stage, and has also been
observed after Xeirradiation and after hypophysectomy. The oxida-
tion of pyruvate is a particular function of the later spermatogenic
cells. It is sugsested that "consequent to the metabolic defect in
the processes leading to sperm maturation,; the primary spermatocytes
are unable to securs the requisite energy to complete their meiotie
division and as a result remain in a state of amt"'s:".
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viii, IMBA Fertility Trials
The results of a fertility trial subsequent to the administra~

tion of M™BA (2.5 mgey 1.v.) to male rats are presented in Table 9,
Ps 59‘. The average litter size per weekly mating period here
recorded may be compared with a calculated normsl mean of 8.7
reported elsewhere using the same tecimique'?. It is clear that
there is a marked reduction in fertility over the course of the
experiment, This becomes most extreme from week seven, when matings
are, with rare exceptions, sterile. At this interval of time from
treatment, sterile matings indicate an initial toxic effect upon
gpermatogonia and spermatocyles, as may be seen from Table 15 pe 8.
The effect of DMBA may be compared with that of busulphan, After
administration of the latter compound, no effect was observed on
fertility until wesk eight, when a phase of sterility commenced’”,
In contrast, we have found DUBA %o produce a variasble although
definite reducticon in fertility in the earlier weeks. This could
be due to some systemic toxic effect of the compound giving rise %o
loss of libido, However, insemination has frequently been observed
and a number of matings proven fertile., It is therefore suggested
that DUBA has some toxic effect upon spermatid cells and even upon
epididymal spermatozoa. This effect must be presumed funectional
since in neither the present work nor in that of Ford and Hl:sglns55
has any immediate depletion of these cell types been histologically
apparent. Examination of the uterine contents of the inseminated



-9‘*

rats, if carried out, may have given direct evidence of genstic damage
resulting in embryo deaths in ocur secmingly infertile matings during
these early weeks.

Investigations of the effect of busulphen and other related
compounds upon testis have similwely revealed discropancieca batween
findings elicited from histolozical study snd from fertility tzial®S,
These two experimental approaches are complementaxy and we suggest they
could profitably be extended by the addition of biochemical, i.es

enzymologioal, investigations.
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CONCLUSIONS

We have been able to correlate certain engzyme changes with the
gross changes in testis cell population produced experimentally,

We have not, however, with one exception, shown any particular enzyme
of the group investigated to be solely associated with a specifie
spermatogenic cell type. IHyaluronidase has been found to be restricted
to the later stages of spermatogenesiss this has already been well
documented by others. We have given evidence for the suggestion that
the Sertoli cells may contain a high sctivity of p-glucuronidase and

of 5'erucleotidese,

Interpretation of the enzyme changes observed is complicated by
the mixed cellular composition of the testis., Increase in the activity
of dehydrogerase enzymes has been found to be secondery to the involu-
tion of the spermatogenic tissue and to besar no direet relation to the
cells of the spermetogenic epithelium, Clarification by histochemiecal
methods of the distribution in normal and atrophic testis of
B-glucuronidase and of glutamine symthetase would usefully supplement
our homogenate studies, A histochemical method for the demonstration
of glutamine synthetase activity is, however, lacking.

It is suggested that attention could most profitably be given to
enzymes especially concerned with energy metabolism, such as
adenosinetriphosphatase and creatine kinase, which mey be found to be
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particularly associated with the characteristic proliferation and
differentiation of spermatogenic cells. The role of phosphoamidase
needs further exploration.

It would be of interest to find whether testis exhibits menadione
reductase activity, and to establish whether toxic inhibition of
spermatogenesis is accompanied by the induction of synthesis of thie
or of other microsomal enzymes. A short-term effect is feasible,
and the monitoring of amnti-fertility compounds could most usefully be
accomplished by such rapid studies,
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ABBREVIATIONS.,
ADP Adenosine diphosphate,
AMP Adenssine-5'-phosphate.
ATP Adenosine triphosphate.
BAL 231 3%3=-Dimercapto-propan-l-ol.
¢ Control.
DMBA 7s12-Dimethylbenz(c<)anthracene.
E.C. Commission on Enzymes of the International
Union of Blochemistry
G6PD Glucose-6-phosphate dehydrogenase.
GHA Y=Glutamylhydroxamic acid.

3pHSD 3R-Hydroxysteroid dehydrogenase.

ICD Isocitrate dehydrogenase.

i.pe Intraperitoneal.

I.u, International unit.

1eve Intravenous.

LD Lactate dehydrogenase.

MD Malate dehydrogenase,

NAD Nicotinamide~adenine dinucleotide.

NADP Nicotinamide-adenline dinuclegtide phosphate,
0.D. Cptical density.

gD Sueccinate dehydrogenase.

T Test,



