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SUMMARY

The different cellular stages of the spermatogenic cycle in man
were identified and categorised from the array of cells observed in
preparations obtained from whole tubules of the testise This included
description of meiotic figurese An attempt to establish the dynamics
of the spermatogenic process was then made by two complementary
approachese

Experimental work, initiated to establish and maintain differentiation
in tissue culture, was successful. In vitro labelling with tritiated
thymidine identifed S phase spermatogonia and S phase primary spermatoe-
cytes and followed the fate of these cellss At ten days, labelled

primary spermatocytes were distinguishable from labelled spermatogonia

and at 10=-12 days a surge of unlabelled primary spermatocytes, identified
at diakenesis, was observeds Changes in cell category frequencies were
recorded with time in tissue culture and between individuals.

Cell category frequencies were also studied in a series of infertile
maless This rex}ea.led very considerable variation, with some categories
not represented in some individualse Significant relationships were
found between some cell categories in the seriese These trends allowed
the cell categories to be assigned to the sequence of events within the
spermatogenic cycle with some confidence. Reasons were given for
assigning differences in cell category frequencies to a rate effect
due to a combination of cell division events and the proportional
duration of each cell stagee Previous models of spermatogenesis have
concentrated on maltiplication due to division to explain ratios between
cell categoriese One cell category was a particularly important factor
for describing 'the‘a.ctivity of the germinal epithelium, A practical
method of identifying points of lesion in the infertile spermatogenic
cycle was described and compared with established methods for expressing

the status of the infertile testise
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Forethought :-
"We can never be prevented from thinking

nor from choosing

a good viewpoint from which to think."

Harvey Jackins

(v)




CHAPTER 1

INTRODUCTION
1e Aims
2e Reasons why programme was initiated

3e

A logical view of the investigation

A, How has the process of spermatogenesis been studied
previously?

B, New methods for studying spermatogenesis can be devised

C. What does this work mean?

Restrictions placed on the investigation

Description of the investigation




1.  AIMS
In 1953, Roosen-Runge and Barlow said that, "the process of

spermatogenesis in any individual is recorded in the cells of the

testicular epithelium, the problem is to translate the record.

The aim of this thesis is to study the sequence of spermatogenesis

recorded in the cells of the testicular epithelium in a series of

infertile maless If the cycle can be understood, points of impair-

ment can be recognised,

2o REASONS WHY THE PROGRAMME WAS INITTATED

In 1974 I was employed on a research contract to study meiotic
chromosome division in a series of infertile males., This was part
of a wider investigation into male infertility, My part in the
programme was to screen the population for chromosome abnormality.
There weée two immediate research implications resulting from the
preliminary studies undertaken :-

1« Was it possible to improve yields of meiotic figures for

analysis by culturing testis tubules in tissue culture?

2¢ The material studied contained more informa‘l;ion than was
necessary for chromosomeganalysis. Could this material
be used to study the spermatogenic cycle as a whole?

These two research propositions can be linked in the aim of

this thesis, outlined in Section 1.

3. A I10GICAL VIEW OF THE INVESTIGATION

The investigation is outlined in Figure 1.1 which shows how the
two research propositions were linked together so that experiments
designed to test one area of work provided information relevant to the

other area of worke The following paragraphs briefly describe Figure 1.1.
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B.

How has the process of spermatogenesis been studied previougly?

(i) Traditional methods used to study male infertilit

1.

4.

Case history-taking and examination of the external

genitalia,

Sperm count analysis

Histological examination of testis biopsies which
include qualitative assessments via traditional
pathology laboratory reports and quantitative scores
of tubule functit;.)n (ez Johnson's Mean Testicular
Biopsy Score)

Estimation of gonadotrophin function

(ii) What previous work has been reported on the spermatogenic
cycle in man?

1e
2o

Histological review of previous work

Clermontt's model of spermatogenesis in man and other

animal models
Other authorst! studies of parts of the cycle, notably

meiotic division and post-meiotic maturation to

spermatozoa

New methods for studyine spermatogeneis can be devised

(i) Work desisned to impnrove the

jelds of meiotic fisures b

growing testicular cells in culture

Te

2e

Experiments to grow testis in culture. There is no

concensus of opinion on best methods for culturing

testis in vitro.

Experiments to establish continued differentiation

in vitro using labelled testicular celis. Previous



work on maintaining meiotic division during culture

experiments report widely varying success ratese.

(ii) Can the information present in the prenarations be used to
study the spermatogenic cvcle as a whole?

1. What cell types are present in the preparation and
can they be recorded and categorised?

2e If cell counts are made are they reproducable and
thus reliable?

3, Do cell counts change with time in tissue culture?

4 Do cell counts vary from individual to individual?

5¢ Can cell types be assigned to the sequence of events
occurring during spermatogenesis?

6. What type of cell count variation is observed in

infertile individuals?

Ce What does this work mean?

1. Does the use of testis culture improve the yield of meiotic

figures which are suitable for analysis?

2¢ Does the data obtained from recording cell types provide

information relevant to understanding a model of spermato-

genesis?

3e Does the data obtained record deviations from the model of

spermatogenesis in infertile individuals?

Je RESTRICTIONS PLACED ON THE INVESTIGATION

1« Priority was giﬁen to the contract to study chromosome



abnormality in the series of infertile males. The indi-
viduals sampled were selected because of their infertility
problems Thus experimental work could only be set up when
preparations had been made for meiotic chromosome analysis.
2o There have been many other studies of meiotic division in
man, therefore this part of the spermatogenic cycle would
receive less attention than the cycle prior to division.
de Maturation of post-meiotic division stages to mature
spermatozoa, sometimes referred to as spermiogenesis,
would be excluded from this work. This part of the cycle

is well documented.

Se DESCRIPTION OF THE INVESTIGATION

Because of the resitrictions outlined in 4.1 the work was developed
‘and is presented in this thesis in the following manner which broadly

corresponds to Chapter sequence.

1e Techniques for preparing meiotic chromosomes for analysis
were studied and developed to give good meiotic figures
under local laboratory conditions. The analysis of meiotic
figures was learnt and developed using various staining
techniques.,

2e¢ The results of other investigations together with the results
of the cytogenetic screening of the infertile population are
presented in detail.

3. Experiments to set up testis biopsies in culture are
descriged. The results of labelling studies to follow
differentiation in vitro are presented.

4e Analysis of the cell types observed in the slides prepared



for chromosome analysis is recorded. Questions relating
to reproducibility, differences‘between.individuais and
changes in cell type frequency with time in tissue culture
are discussed.

An analysis of the labelled cell types present in samples
grown in tissue culture is recorded. This data is used
to set up a model of sequential events within the spermato-
genic cycle and the problems of correlating these results
with those of other workers are discussed.

An analysis of cell types present in the infertile population
is recorded, This data is used to clarify the sequential
location of cell types within the spermatogenic cycle. The
frequency of cell types recorded is used to test for
nunmerical relationships between the sequential stages

of the cycle. Possible models of spermatogenesis are
discussed and a method of recording deviations from the
model is presented.,

The implications of being able to study the whole of the
spermatogenic cycle are discussed and methods for further
investigations are suggested.

The results are summarised.
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PREVIOUS CYTOLOGICAL STUDIES OF THE SEMINIFEROUS TUBULES WITH

PARTICULAR REFERENCE TO PREMEIOTIC DIFFERENTIATION
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1e INTRODUCT ION

The testicular system in general attracted the attention of the
early microscopists and . cytologists. The earliest relevant cytological
study was probably the description of sperm by Leeuwenhoek in the
eighteenth century. Then, since spermatozoa were readily accessible
in the seminal fluid, spermatozoa were described in detail both
qualitatively and quantitatively. | During the nineteenth century,
the differentiation of spermatids to spermatozoa was described,

Towards the end of the nineteenth century the development of primary
spermatocytes received considerable attention which was focused on the
mechanism of chroplosome division, During this stage in the history

of cytology, which culminated with the "chromosome theory of inheritance"
workers were beginning to comprehend that meiotic chromosome division
was a process whereby the chromosome number of the species was maintained
and whereby genetic information was passed from generation to generation.
In general, the study of the premeiotic cell components of the semi-
niferous tubule received less attention than the study of cells in
meiotic division or the development of postmeiotic cells to sperm.

This latter process became known as spermiogenesis,

2e EARLY STUDIES ON PREMEIOTIC CELLS OF THE SEMINIFEROUS TUBULE
Sertoli in 1875 described two types of cell lining the seminiferous
epithelium, He recognised a new cell type (which now bears his name)
which he distinguished from the germinal cgll types La Valette Saint~
George (1876) described the two cell types respectively as "follicular"
and "nourishing". He coined the term "epermatogonia", but he
mistakenly applied this term to the new cell type of Sertoli which
he believed was the ancestral cell of the sperme In 1856 Sertoli

described the structure and development of the "germinative" cell



type. In 1887, Walde&er sorted out the confusion in terminology by
retaining the term "spermatogonia™ and defined its role as ancestor of
sperms He clearly pointed out that the term spermatogonia referred
to Sertolits "germinative" cell and th Saint-George!s "nourishing"
cell, The term "Sertoli cell™ was retained to describe Sertoli's new
cell type which had been mistakenly described as "follicular" by
Saint-George,

©ince this naming of spermatogonia in 1876 and the rapid sub-
sequent acceptance that spermatogonia are the ancenstral cells of spernm,
there have been numerous attempts to decipher the mechanism of spermato-
genesiss The actual process of spermatogenesis is recorded in the cell
types which we can observe, in the sequential relationship between the
different cell types and in the quantitative relationship between the
different cell types. The problem is to decipher the record in order
to understand the processe Our present state of knowledge of the
process of spermatogenesis in humans is very far from complete. For
instance, when confronted with the multitude of testicular lesions of
the infertile male, our knowledge of the process of spermatogenesis
does not often enable us to define precisely the location of the lesion
within the process. Nevertheless, the process of spermatogenesis 1is

recorded within the seminiferous tubule if we can interpret the record.

3e EARLY ATTEMPTS TO DESCRIBE THE PROCESS OF SPERMATOGENESIS

IN HUMANS

Waldeyer (1906) described large "stem cells" which divided to give
somewhat smaller spermatogonia. The spermatogonia, which had relatively
lighter staining cytoplasm with clumps of chromatin in the nucleus
compared to the "stem cells", gave rise by division and differentiation

to spermatocytes. The spermatocytes were considered the direct
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ancestors of dividing meiotic nuclei which in turn differentiated to

mature spermatozoa. Branca (1924) wrote an extensive and detailed

description of the whole of human spermatogenesis. His drawings are

delightful and excellent (Figure 2.1), and include descriptions of the
wide variation between and within the cell types of spermatogenesis.
It is interesting to notice that his excellent drawings pick out the
essential cell type differences in a visually descriptive manner which
is not always accomplished by photomicroscopye In particular Branca
noted that some of the distinctive features which differentiate
spermatogonial types in certain mammals (such as rodents) are not seen
.in man. He also noted that ﬁuman.material is highly variable between
individualse.

Stieve (1930) described the prepubertal testis as containing
undifferentiated small germ cells, At puberty these germ cells gave
rise to all other cells of the seminiferous tubule, i.e. Sertoli cells
and spermatogonia., After puberty only a small number ofundifferentigted

cells remaineds Stieve described the spermatogonia and primary

spermatocytes as very similar but slightly larger than the ﬁndiffer—
entiated germ cells, He believed that these three cell types could
be identified in human material and that the size progression was from
small undifferentiated germ cells to large primary spermatocytes.
Roosen-Runge and“BarIOW'(1953) attempted a quantitative

description of spermatogonia in human seminiferous tubules following

earlier work on the rat.

These workers described human spermatogonia as occurring in a

large variety of sizes. The largest cells were defined as siem cells
with a range of cell diameter of 19.6 - 18.1/\. Studies of aggregates
of muclei in mitotic division suggested that spermatogonia went through

some seven divisions before transformation to primary spermatocytes.
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They thought that stem cells usually divided singly or occasionally in
pairs or quadruplets, The first three spermatogonial divisions were
usually synchronous but after 3 - 4 divisions the synchrony broke down.
At the last spermatogonial division, the spermatogonia was some four
times smaller than the stem cell., During spermatogonial divisions
they noted that the appearance of the nucleus changed from the large
pale nucleus of the stem cell, through a somewhat smaller pale nucleus
with chromatin clumps, to an even smaller nucleus with chromatin clumps,
All spermatogonial types had a clear well defined nuclear membrane.

The distinction between the smallest spermatogonial type and the
similar sized primary spermatocyte (particularly when spermatocytes
were still found adjacent to the periphery of the tubule rather than
more centrally placed) was based on differences between the nuclear
membranes. The primary spermatocyte had a poorly defined nuclear
membrane and thus the periphery of the mucleus appeared indented

in contrast to the clearly defined periphery of the smallest spermato-

gonial nucleus,

These workers noted that human spermatogonia did not resemble
the spermatogonial types recorded in the Rat. In addition, the
synchronous development of spermatogenesis in the Rat (and other
mammals), which was described as a spermatogenic wave, could not be
jdentified in Man. The concluded that, in man, spermatogenesis was
initiated in large palely staining stem cells. Some seven divisions
of the spermatogonia took place befm"e spermatogonia were transformed
into primary spermatocytes. At about the 3rd and 4th divisions some
spermatogonia reverted to stem cell types and thus replenished the
stem cell line, This interpretation was based on the breakdown of

'mitotic synchrony which they recorded at the 3rd and 4th divisions

of spermatogonia. These results and conclusions largely agreed with



the observations of Waldeyer (1906) and Branca (1924) but were not in
agreement with Stieve (1930).

Thus by the early 1950's workers were extending descriptions of
spermatogonial cell types towards a search for a model of spermatogonial
renewale Whilst interest in human spermatogenesis continued, many workers
turned to animal models to study the process of spermatogenesis, At this

time there were several theories of spermatogonial renewal in existence

and under investigation.

4e EARLY THEORIES OF SPERMATOGONTAL RENEWAL

Some early workers believed that spermatogonial renewal was accomplished
by transformation of Sertoli cells or cells from the wall of the semi-
niferous tubule to spermatogonia. As late at 1950, Roosen-Runge and Giesel
still considered this possibility as a tenable model., However, by 1953,
Roosen~-Runge and Barlow ha@ revised this hypothesis to take account of
their work described in the preceding section.

A second model held up to the early 1950ts, which again was the
revival of a much earlier view, was that each spermatogonial division
produced two morphologically different cells called respectively a
spermatogonium and a spermatocyte. This model was generally known as
the theory of '"bivalent mitosis',

In contrast to these theories, Regaud (1901) had observed two types

of spermatogonia in the Rat. The first "A type" spermatogonia (or "dust-

like") were the more primitive cells which divided to give more differ-
entiated "B type" (or "orust-like") cells. Then in turn, "B type" cells
divided to give rise to spermatocytes.

These observations of Regaud (1901) were developed by later
workers into the hypothesis that A type cells were the stem cells
from which B type cells arose. A type cells divided to give

further A type cells as well as B type cells which proceeded to



differentiates Thus Roosen-Runge and Barlow (1953) in their paper
described in the prebeding section, had experimental evidence that.
fitted this model in man,

This theory of the maintenance of the stem cell line was tentative,
since workers had difficulty in determining the state of differentiation
of the spermatogonia. This stumbling block remained despite recog-
nition that, in animal models such as Rat, large numbers of cells
differenti?ted.synchronously'in.what was known as the "spermatogenic
wave', -

The work of Leblond and Clermont (1952) provided the key to the
understanding of spermatogonial renewal in the Rat. These workers
used the periodic acid — Schiff reaction to stain the acrosomal system
of the maturing spermatid.” The precisely defined maturation of the
acrosomal system was used to indentify 14 successive stages in the
cycle of the seminiferous epithelium. This key, together with the
previously observed synchrbnisation of large mimbers of cells in the
Rat system, allowed spermatogonial development to be recorded accurately.
As a result of this work Clermont and Leblond (1953)'were able to make
quantitative determinations of the spermatogonial types present at each
_Btége in the seminiferous cycle., They described three types of

spermatogonia as follows t-

1« Type A Spermatogonia (Regaudts "dust-like" spermatogonia)

These cells had an ovoid, pale nucleus with a thin nuclear
membrane. Chromatin material was present as fine dust-
like granules; sometimes one or more larger chromatin
granules could be seen. -This type of spermatogonium

was recorded at all stages of the seminiferous cycle,
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3e

15

Intermediate type Sgermatogonia

These cells were like Type A but the nuclear membrane
appeared thicker, larger chromatin granules became more
numerous, the muclear stain was deeper and the nuclear

shape was more obviously round. This type of spermatogonium
appeared at the end of Stage I of the cycle when they were
difficult to distinguish from Type A, They were present
throughout Stages II, III and IV and graudally changed to

Type B spermatogonia.

Type B Spermatogonia (Regaud's "crust-like" spermatogonia)

The nuclei of these spermatogonia were spherical, darkly
stained and contained coarse chromatin masses. They were
present at Stages IV, V and VI of the seminiferous cycle.

At the end of Stage IV, division of Type B spermatogonia produced
small céls with dark nuclei identified as the new generation
of spermatocytes. These cells were designated "R" indi-
caling that the cells were resting before entering meiotic
prophase, Clermc;nt and Leblond (1953) correlated information
on the'presence of mitotic peaks with the appearance of the
different spermatogonial cell types and concluded that mitosis
produced two identical daughter cells which thereafter
transformed into the succeeding generation. In addition

4 of the 5 mitotic peaks produced only spermatogonia whilst
the 5th peak produced only spermatocytess This was clear
evidence against the theory of '"bivalent mitosis" mentioned

earlier. Thus, Clermont and Leblond extended the work of
men such as Regaud (1 901), Branca (1924), Roosen-Rungeand

Giesel {1950) and Roosen~Runge and Barlow (1953) and, basing
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their hypothesis on their own observations, formulated the

"stem cell renewal theory'.

5  STEM CELL RENEWAL THEORY Clermont and Leblond (1953)
opermatogonia are replenished whilst producing generations of
spermatocytes.

The process in Rat can be explained as follows -

Some of the Type A spermatogonia, present at Stage I, are
referred to as dormant (Ad) since they do not divideuntil
Stage IX of the cycle. | Other Type A (A) spermatogonia
transform to Intermediate Type and in turn to Type B spermato-
gonias Mitotic peaks at Stage I and IV precede this trans-
formation The mitotic peak at Stage VI precedes transformation
of Type B spermatogonia to resting spermatocytes. At Stage IX
of the qycie the dormant type Ad divides once again and again
at Stage XII to produce 4 type A spermatogonia. One of these
4 cells becomes the Ad of Stage I thus replenishing the
spermatogonial "stem cell" line. The other 3 spermatogonia

(A) divide at Stage I and transform to Intermediate type

spermatogonia. Figure 2.2 illustrates this model.

6o THE STEM CELL RENEWAL THEORY IN A NUMBER OF ANIMALS
In 1956, Oakberg published a study of spermatogenesis in the mouse.
His experimental work was comparable with that of Clermont and Leblond

and he tried to explain his data using the model of stem cell renewal

proposed for the Rat by Clermont and Leblond,

One of the interesting points of his work was his clarification

of the nature of division of Type B cells. Roosen=-Runge and co-
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Figure 2.2

"MODEL OF SPERMATOGENIC RENEWAL IN THE RAT"

(from Clermond and Leblond, 1953)

uv

XI
A
[1A

IA

Al
1l

AIX
HIX
11X

IX

Xl
|l

*33£003vwadds Jurysor ¢ eruoSojuwaads ¢ aday ‘qq ¢ vruodojunuiads jo oday

|
ye |
-0 2 |
c |
a-0 9 |
9
9 I
9-0 -
y-€
€
€-2
2
4
e-1
|
4§ u v

WA 39VIS 40
1130 v 3NO 30 AN3OCYHd

'}

L.

FIJ‘I\L Xl
RS :Mm tyorr oty oty oty ore 3o fliA
G By, Gy, G Gy UY B, Y, B m.wfa.ﬁ. G %
8 8 8 9 8 8 € ¢ € 8 8 9} |A
Al

1l

u Y Y gl I

|
. AKX
v v 11X

IX

X

v X

X!

v

SISIHI0dAH 1VNIS JUIA

NOILVIN3ISIUdIY D1IVINIHDS

dpeipdunIdjur ‘uy <rvwodojvwaods vy od£y juvuop Uy {vruogojvwirods o ooday v
: SUTI0)30rT *910£o 91(3 JO sdJ}S d1f} djuaipul WrAguIp [} JO OPIS IV} WO s{rIdwnu
uoyy 9y, (L1001, [BMOUDY [P wOlg,, 10) rviuwogojeurtdds jJo juduulopordp
o1 103 urdjyed orquqoad gsowr oy} jo uorjrjuosdador enjvwweaSuyy F S0y

310A) 3H1 40 S30VIS




18

workers (1950, 1953), referred to the products of Type B division as
spermatogonia, Oakberg said that in mouse it was clear that the small
round cells which were the product of Type B spermatogonial division,
enlarged and immediately entered the Leptotene stage of meiotic Pro~-
phases Thus Oakberg agreed with Clermont and Leblond (1953) who
believed that Type B spermatogoniadivided to produce resting primary
spermatocytes. Oakberg investigated with thoroughness the observation
of spermatogonial and spermatocyte degeneration in the mouse. He
claimed that necrotic nuclei were transitory in nature being rapidly
removed from the systems Calculations of expected numbers of Type A
cells with observed numbers of cells, suggested that there was an
approximate 25% deficiency of Type A cells during Stages XII and XIV

of the cycle, Degeneration also occurred at the first and second -
meiotic division with a resulting 13% loss of spermatids relative to
primary spermatocytes. Degeneration of spermatocytes during premeiotic
division was not observed, Oakberg noted that these degenerative

changes made absolute comparisons with Clermont and Leblondt's model

difficults Nevertheless he saw mouse and rat as having the same

model of stem cell renewal.

In 1962, Monesi extended his own earlier work, Oakberg's (1956)
work and that of other workers, to publication of a model for mouse
stem cell renewal, ‘In order to achieve this, Monesi used auto-
radiographic studies of DNA synthesis following the incorporation

of tritiated thymidine into replicating DNA durn‘fng the synthetic phase

of the cell cycle, Other workers had previously used these aut o—

radiographic techniques employing a variety of labelled substances
in a rumber of different animal systems. For instance as early as
1950, Howard and Pelc published some preliminary observations on the

timing of spermatogenic stages in mouse, following labelling with P32,

)
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Monesi was able to identify 4 different sub-classes of Type A spermato-
gonia by identifying their presence at different stages of the cycle of
seminiferous epitheliume The stages of the cycle were identified by
correlation with the development of the acrosomal systeme Morpho-
logically the 4 classes of Type A nuclei are indistinguishable., He

was also able to calculate the relative lengths of the phases of the

synthetic cycle in each spermatogonial class.

LENGTH OF PHASES OF THE SYNTHETIC CYCLE IN EACH SPERMATOGONTAL CLASS
(Monesi 1962)

Cell type
opermato-
gonial

Class

TeO= Te5

6.0— Te5

Te5= 8.0

12¢0=13.0

12451440

Inter—
mediate

B

14.5-18.0

14.0

From these results it can be seen that the average life span of

all spermatogonial types was more or less constante Variation in the
length of the cycle occurred in the ratio between S and.Gz. From

these results Monesi worked out a model of spermatogonial renewal in



the mouse, which differed from that in the Rat, The difference lies

in the fact that at Stage VIII, division of Type A spermatogonia produced
functionally different daughter cells, one of which was established as
the new dormant (Ad) or stem cell renewing lines The other cell
differentiated to an Az type and subsequently gave rise to spermatocytes.
Oakberg used degenerating spermatogonia to explain the discrepancies
between his observations and Clermont and Leblond's (1953) model for
the Rat. Monesi did not deny the presence of degenerating spermatogonia.
He found that his model, see Figure 2.3, could take into account degener—
ating nuclei whilst fitting the observed numbers of nuclei in each class |
to the expected numbers in each class, if the stem cell maintenance line
arises earlier in the cycle in mouse than it does in Rat. In fact,
Monesits model for the mouse is one of the models postulated by Clermont
and Leblond (1953) and discarded by them for Rat spermatogonial renewal.,
Thus these workers postulated two different models of stem cell

renewal for Rat and Mouse respectively. The models were similar but

differed in the time at which stem celi renewal was accomplished. In

othe;‘ respects, such as the descriptions of the morphology of spermato-
gonial types A, Intermediate and B, there was little difference,

During the late 1950t's Clermont and other workers studied spermato-
geneéis in a mumber of other animals such as hamster, ram, duck and
monkeye The first three have models of spermatogonial renewal similar

to those described for Rat and Mouse. In the monkey, however, the
possibility remained that differential or bivalent mitosis occurred
when Type A cells gave rise to Type A and Type B spermatogoniae.
Clermont and Leblond (1 959) studied spermatogenesis in Macacus rhesus
in detail and were able to elucidate a model of spermatogonial renewal

which fitted their stem cell renewal theory and involved no differential

mitosise In this monkey Clermont and Leblond noted three basic



Figure 2-3
"MODEL OF SPERMATOGENIC RENEWAL IN THE MOUSE"
(from Monesi, 1962)
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Diagrammatic representation of the proposed pattern for the rencwal of spermatogonia in the
mouse. The method of representation is taken from that used by Clermont and Leblond (2). Ab-

breviations: A, A, A, Ay, four successive generations of type A spermatogonia; Ad, “dormant™
type o spermatogonia; In, intermnediate type spermatogonia; 8, type B spermatogonia; R, resting
primary spermatocytes; 29, primary spermatocytes. DNA synthesis for ecach generation cf sper-
matogonia occrs also at stages 1N, X1, I, IV, and VI, but the peaks of the synthesis are localized at
stages VI N, NI L T, and 'V, as indicated (see Fig, 1).
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spermatogonial types :-

(a) Type A1 cells which had relatively small nuclei with darkly
stained uniformly distributed chromatin;
('b) Type A2 cells which had relatively large muclei with pale
staining chromatin;
(c) Type B cells were characterised by muclei with darkly stained chromating

granules, Thus the chromatin appeared much coarser than

Type A1 nuclei.

Clermont and Leblond described spermatogonial renewal as being
initiated by division of an A1 type cell, The division of the A1 cell
gives two daughter A1 type cells, At the next division one of the

daughter A,‘ cells gave rise to a pair of A, cells which proceeded to

1

differentiate; the other daughter A, cell gave rise to a pair of A

1 1

cells which maintained the stem cell line, see Figure 2.4.

In conclusion, Clermont noted that there was a general i:attern of
spermatogonial renewal which emerged after studies on rat, hamster, ram,
bull, monkey, mouse and rabbit. This pattern was that spermatogonial
gstem cells gave rise to a new generation of stem cells and to spermato-
gonia which differentiated to yield spermatozoae This is the basic
tenet of the stem cell renewal theory. Beyond this general theory

each species has its own particular model of stem cell renewal,.

7.  THE STEM CELL RENEWAL THEORY IN MAN

In 1963, Clermont turned his attention to spermatogenesis in man,
He noted that, amongst others who had worked on man, Branca (1924) and

Roosen-Runge and Barlow (1953) had commented that unlike other mammals

there was little synchronisation of developmental stages within the



Figure 2.4

"MODEL OF SPERMATOGONTAL RENEWAL IN THE MONKEY (MACACUS RHESUS A

(from Clermont and Leblond, 1959)
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tubule and in addition there was considerable variability between
tubules and between different individuals, Nevertheless, Clermont,
with his usual thoroughness, began his dissection of spermatogenesis

in man with a description of the three main spermatogonial classes,

1 Dark Tvpe A Cells (AQ

The nucleus was sperical/ovoid. The finely granular
chromatin stained deeply and looked homogeneous. The
main characteristic of the nucleus was described as a

large vacuole like cavity.

2, Pale Type A Cells (A
The mucleus was ovoid and uniformly lightly stained. As
differentiation proceeded a few dark staining chromatin

clumps became visible, These cells differentiated into

Ty'pe B cell Se

e Type B Cells
The nuclei could be distinguished from Ap types by the

fine nuclear gramulation and the presence of several

darkly staining chromatin clumps.

Spermatocytes contained spherical muiclei with well stained chromatin

granulations These cells (R) were usually detached from the basement
membrane and thus distinctive from Type B cells, When they were

adjacent to the basement membrane this distinction was less easy to

makee At leptotene the R nuclei became filamentous and by prophase,

the primary spermatocytes were readily distinguishable from other cell

'type Se
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Clermont recognised a similarity between spermatogonial types in
man and monkeye. He chose to place his human spermatogonial types within
the sequential relationship worked out for monkey. Clermont obtained
his samples from patients undergoing surgery on the testis, from autopsies
and, with the co-operation of Dr C G Heller, from healthy prisoner
volqnteers. Both workers were scrupulously careful in taking testicular
biopsies (Rowley and Heller, 1966) since they believed that human semi—
niferous tubules were peculiarly delicatg compared with other animals,
Both workers also believed that fixation in Zenkert's formol solution or
Cleland's (a modified Bouin's) f:ixa.tive preserved nuclei with better
retention of morphological detail than other more commonly used fixatives.

As a result of this attention to detail Clermont felt able to
describe six characteristic cellular associations in mane These
associations are shown in Figure 2.5. He described the six cellular
associations as succeeding each other in a fixed cycle of the semi-
niferous epithelium which constantly repeated itself, In this respect,

therefore, man was no different from the other animals studied. Clermont

suggested three ways in which the evidence for this cycle was obscured.

1 In man, any given cell association covered a very small
area of the seminiferous epithelium., For instance, in
any one TS tubule, several associations may be observed.
Thus sﬁchronisation in man was between rather few cells
rather than between the many cells of the mouse, for
example. The effect was that the borders between such
cell associations or areas »f cell synchrony were far

more rumerous than in other species,



F'igure 2e 5

"STAGES OF THE SPERMATOCONIAL CYCLE IN MAN"™
(from Clermont, 1966b)

%

C»

Ad
! I | [ IV Vv Vi
STAGES OF THE CYCLE

Ad

Fig. 5. Composition of six typical cellular associations observed in seminiferous epi-
thelium of man. Each column consists of various cell types constituting such a cell
association, which succeed one another in time in any given area of seminiferous
tubule according to sequence indicated from left to right. Transformation of Type B

spermatogonia into spermatozoa can be followed by reading along row from B and
going successively to row above. Cellular associations, identified by Roman numeral,
give “stage of cycle.” Ad, dark Type A spermatogonia; Ap, pale Type A spermato-
gonia; B, Type B spermatogonia; PI, preleptotene primary spermatocyte; L, leptotene
primary spermatocyte; Z, zygotene primary spermatocyte; P, pachytene primary
spermatocyte; II, secondary spermatocytes; Sa to Sd, consecutive steps of spermio-
genesis; RD, residual cytoplasmic body,
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2. Secondly, cell associations were often incomplete with
spécific stages either very much reduced in number or

missing altogether.

3¢ Finally, synchropisation appeared less complete than in
other animal models, Thus any cellular association was

likely to be more variable in man than in the mouse, for

example,

Despite these drawbacks, Clermont believed that the cycle of the
seminiferous epithelium could be recorded,

In 1963 Heller and Clermont published results on the duration of
the spermatogonial cycle in man. These results were achieved by
injecting tritiated thymidine locally into the testis of vasectomised

prisoner volunteers and taking biopsies at subsequent time intervals,

When they examined Stage III of the cycle, which typically had preleptotene,
mid-pachytene and mid-spermatid cell type associations, they found that
preleptone nuclei were labelled one hour after injection of labelled
thymidine, They concluded that preleptotene sperma.tocy'bes'wei‘e in S

phase of meiotic division at the time of injection. They observed

that Stage 111, mid-pachytene nuclei, were labelled 16 days after

injection (but not at days 12 or 14) and Stage III spermatids were

labelled 32 days after injection. Thus they concluded that one complete

cycle of the seminiferous epithelium took 16 days to complet‘e differ-
entiations Further, they deduced that spermatogenesis as a whole
takes some 64 days to comple.te differentiation. However, they point
out that termination of the cycle is hard to estimate. Moreover,

initiation depends on whether, like Heller and Clermont ( 1964) and Oakberg

(1956) it is calculated from the first spermatogonial mitosis leading to



spermatocyte formation or whether it is seen as the point at which the
stem cell divides. They gave a minimum time estimate of 48 days for
spermatogenesis,

By 1966a Clermont was ready to consider a model for spermatogonial
renewal in man, As in the Rat, Clermontt!s model was based on quanti-
tative estimates of different spermatogonial types. These were deduced

as a ratio of =
Ad ¢t Ap: B:Pl=12:1:2¢:/4

Mitotic counts indicated that nuclei divided preferentially at
Stages II and V of the cycle. The preliminary model deduced by Clermont
is shown in Figure 2.6, The mogel assumed that once spermatogonia were
embarked on differentiation the process continued without reversion to a
more primitive stem cell 'i:ype. There was evidence for this from Clermontts
autoradiographye The second assumption was that spermatogonia of one
type divided once only during the cycle. This was based on finding a

ratio of 1 stem cell to 4 spermatocytes and was difficult to ascertain;

other animal models suggested that this was likely. Finally it was
based on the assumption of little spermatogonial degeneration during

the cycle, only very small numbers of degenerating nuclei weré recorded,
Oakberg (1956) had difficulty in calculating spermatogonial degeneration
due to their apparent rapid removal from the system. Therefore, the
agsumption of very little degeneration must be questioned.

This initial model required a "differential mitosis" at Stage V
of the cycle whereas the evidence of other animal models made this
unlikely. Therefore, Clermont subjected this aspect of his model to
further scrutiny. If differential mitosis occurred then, assuming
that little migration of cells took place away from the area of division,

Ad and Ap nuclei should be found distributed at random or in pairs of



Figure 2,6

"INITTAL MODEL OF SPERMATOGENESIS IN MAN" (from Clermont, 1966b)
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"FINAL MODEL OF SPERMATOGENESIS IN MAN" (from Clermont, 1966b)
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Ad/hp association. Clermont therefore prepared maps of‘Ad/Ap distri-
bution and noted that, rafher than random association, aggregates of

Ad or Ap nuclei could be distinguished. He thus concluded that
differential mitosis did not occur in man and he amended his model
accordingly. Figure 2,7 describes this second model, In this model
the ratios of Ad ¢ Ap ¢ B : Pl were maintainedas 1 ¢ 1 ¢ 2 : 4. It
was also interesting to note that the Stage II mitotic peak was composed

of divisions producing spermatocytes whereas the Stage V mitotic peak

accounted for all spermatogonial divisions.

Clermont returned to the questions posed by Branca in 1924 and

answered them thus e

1« The spermatogonial stem cell passes through three

successive divisions before giving rise to spermato-

cytes.

2e This number of mitosis is fixed.

3. The first two spermatogonial divisions give rise to
spermatogonia; the third spermatogonial division gives

rise to spermatocytes.

Clermont t*s work differed from the earlier wérk of Roosen-Runge

and Barlow (1953). Clermont commented that Robsen-Runge and Barlow

*

based their deduction of seven spermatogonial mitosis on the presence

of occasional clusters of approximately 64 mitotically dividing nuclei.
In addition they thought that stem cells entered spermatogenesis singly
rather than (as Clermont deduced) in pairs. Further, Roosen-Runge and

Barlow believed that there were seven classes of size within the mitotic
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cells, and size diminished with differentiation, Conversely Clermont
observed that Ad cells were the smallest spermatogonial type and B cells

were the largest spermatogonial type.

Clermont 's model was confirmed by the work of Steinberger and

Tjioe in 1 968-

Be ALTERNATIVE POINTS OF VIEW

One further piece of work requires brief mention. In 1960,
Mancini et al published descriptions of spermatogonia which differed
from those of Clermont., Clermont (1953) commented that it was not
possible to correlate Mancinits spermatogonial types with those which
Clermont observed, One major difference between these workers was
that Mancini studied only three adult samples out of a total of 60
gamples. Mancinits work was in fact largely concerned with the origin
and development of the seminiferous epithelium during prepubertal life

and during pubertal change.

In 1970 Clermont presented his model at a workshop devoted to the

study of the testis. E.Steinberger, in the discussion, challenged

Clermontt's supposition that the Ad type was the stem cell type on two

points (-

1« In tissue culture the ratio between Ad/Ap types shifted
towards greater numbers of Ap types. With {ime Ap types

kept on dividing whilst Ad types disappeared.

2, In two oligospermic individuals, where spermatocytes and

spermatids were absent, the tubules were lined with Ap

cell types.
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oteinberger added that there was definite evidence for the
supposition that Ap rather than Ad was the stem cell type. In reply,

Clermont neither confirmed nor denied Steinberger's observations.

O, WORK UTTLISING KNOWLEDGE OF SPERMATOGENESIS

It might appear from the preceding sections that the spermato-
genic cycle in man was well understood. One obvious application of
this knowledge would clearly be in the field of infertility investi-
gations where the spermatogenic cycle is faulty. Steinberger and
Tjioe (1968) compared cell types (using Clermontt's descriptions) from
normal individuals with cell types from infertile individuals., They
found that a numerical .analysis of cell types in 25 tubule cross sections
was statistically adequate for estimating the cell types present in the
tubule, In normal individuals the cell types were stable between
individuals but the Sertoli cell showed significant variation betwecen
individualse In the two infertile individuals studied, the numbers

of cell types present were similar in both cases, but these infertile

individuals differed from the normal controls in the ratio of cells
present as Ap and Ade Steinberger and Tjioe said that there was a
failure of Ad cells to transform to Ap cells in both these infertile

males. These authors believed that this method enabled lesions of

spermatogenesis 1o be localised accurately.

When the majority of literature on infertility studies was

examined there was a very large gap in relating infertility to specific
lesions of the cycle. For example, since publication of Clermont's
model, a number of studies on populations of infertile males have been
published (Kjessler, 1966; McIlree et al, 1966; Meinhard et al, 1973;
Koulischer and Schoysman, 1974; McDermott, 1974; Chandley et al, 1975;

Hendry et al, 1976). The primary concern of these authors was to
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ascertain abnormal meiotic karyotypes. Most of these authors included
a histological analysis of their cases and to do so, they used é. quali-—
tgtive description of the state of the testicular epithelium., Hendry
et al (1976) used a quantitative analysis of the histology of his cases.
This quantitative method was developed by Johnsen ( 1970) and is referred
to as Johnsent's Testicular Biopsy Score Count. The method assigned a
score to each tubule based on the most advanced cell type observed and
thus recorded the most advanced stage of spermatogenesis reached in a
gsample of tubules. Johnsen considered the work of both Clermont (1966)
and Steinberger and Tjioe (1968) and came to the conclusion that neither
authors methods were suitable for clinical biopsies. Whilst Johnsent's
method was able to put a numerical value on histological samples, it
was not able to take account of the relationship between the stages of
the cycle. Therefore the method failed to analyse the dynamic nature
of spermatogenesis and concentrated on recording the results of events
subsequent to the lesion. In addition, this method could not identify
the proliferative stages of the spermatogonia. It seems unlikely that
lesions of spermatogenesis occur only during meiotic division and
spermatogenesis and are absent from earlier parts of the cycle. I1f
the resuits of infertility investigations are examined there are many
records of early failure described in qualitative terms as Grade III

or IV on McIlreets (1966) scale.
Skakkebaek et al (1973a) analysed chiasmata counts, X and ¥

association rates and the ratio of MI/MII divisions in a series of
infertile and normal individuals., In this work Skakkebaek related
his results to qualitative histological assessments of the testis.

However, Skakkebaek and Heller (1973) had already published a quanti-

tative study of the testicular epithelium using this same normal control

gseries, and had extended this quantitative work to a series of XYY men
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(Sk_akkebaek et al, 1973’0). In this work the quantitative counting of
cell types was based on the method developed earlier by Rowley and
Heller (1971), which will be discussed later in this section.

Another major approach to understanding male infertility has been
through investigations which are primarily concerned with studying the
hormonal control of spermatogenesis. In a series of papers de Kretser,
in collaboration with a number of other authors (de Kretser et al, 1972a;
1972b; 1974) had attempted to correlate hormonal, histological and
chromosomal studies in infertile males, In his earlier work (1972a,b)
de Kretser used qualitative histological categories but in his 1974
paper de Kretser made use of Clermontts (1966) description of testicular
cells, However, de Kretser did not discriminate between the different
types of spermatogonia which Clermont described.

In 1970, Heller and Heller examined the effect of the drug
Clomiphene Citrate on spermatogenesis in normal men. They based their
analysis of histological changes in the testicular epithelium on quanti-

tative counts of all cell types in the germinal epithelium (Rowley and

Heller, 1971). This method was essentially a development of the

earlier work of Clermont and Heller but used the Sertoli cell as a
constant. These workers believed the Sertoli cell was relatively

resistant to change in the normal adult testis which was in contrast

to the work of Steinberger and Tjioe (1968)-

Steinberger et al (1970) studied steroid metabolism in human
testis maintained in culture over long periods of time. They monitored
differentiation by examining histological sections for the presence of
specific changes of spermalogenesis. In order to do so, they utilised
Clermont's description of spermatogonial cell types and noted an

increase in the ratio of Ap : Ad types with time in culture. They

were unable to explain these ratio changes,
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10, CONGLUSIONS

Early workers provided a descriptive framework for the process
of spermatogenesis. A number of theories were proposed which took
into account the need to replenish the testicular epithelium whilst
maintaining sperm production. Work on animal models provided evidence
for the stem cell renewal theory of spermatogenesise From 1963 to
1966 Clermont studied spermatogenesis in detail and proposed a model
of stem cell renewal in man., His work was repeated and confirmed by
Steinberger and Tjioe in 1968 and has not to date been seriously
challenged,

Clermontts description of the spermatogenic cycle in man has been
utilised by some workers whose primary interest is in the hormonal
control of spermatogenesis. In contrast, Clermontts work appears
to have been largely neglected by workers primarily interested in the

cytogenetics of male infertility.
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Te INTRODUCTION

The process of patient referral is reviewed briefly in order to
understand how patients were selected for Testicular Biopsy (TB).,

In the Sheffield area, couples who were experiencing difficulty
with conception were generally referred by their General Practitioner
to the Jessop Hospital for Women (JHW), It is right to keep in mind
that couples with an infertility problem frequently delegate the women
to initiate such investigations. Professor I D Cooke, at JHW, recog-
nised that male infertility played a.n important part in the fertility
of any couple and he was responsible for obtaining a grant from the
Special Trustees to the Former United Sheffield Hospitals in order to
investigate this problems He envisaged the investigation as a multi-
faceted approach to male infertility which would include investigation
of the female partner together with clinical studies, hormonal investi-
gation and chromosome studies on the male partner. The grant to
Professor Cooke was largely made available for my employment from
October 1974 - October 1976 to carry out the chromosome investigations
on these male patients and from which the results and investigations

reported in this thesis are drawn. In order to carry out the investi-
gation of the male partner, the support and co-operation of

Mr J L Williams, Consultant Urologist at the Halllémshire Hospital,
Sheffield was sought. Mr Williams freely gave his support, enthusiasm

and' time to the subsequent investigations.

2e PATIENT SELECTION FOR TESTICULAR BIOPSY

Couples with an infertility problem were referred by their GP
to JHW, If the male partner had a sperm count of less than
20 x 106 sperm/ml or had a sperm pr*ofile with less than 40‘73 motility

at two hours (Reha.n and Sobrero, 1 975) he waé referred to the
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Infertility Clinic at the Hallamshire Hospital where investigations
were taken over by Mr J L Williamse Dr A Thomas, Research Assistant,
JHW, liaised between JHW and the Hallamshire Hospital and he was largely
responsible for obtaining and keeping the clinical records for the male
patientss Occasional patients were referred directly to Mr Williams,
mainly because previous investigations by their GP or other local
hospitals had revealed abnormal sperm counts. Other occasional
patients were referred for chromosome investigations by Mr M Fox,
Consultant Urologist, Hallamshire Hospital, Sheffield.,

Patients No. 1-43 were selected for TB by Mr Williams during the
period October 1974 -~ October 1976 out of a total referred infertile
population of 82 casess Therefore 39 cases were investigated without
a biopsy being taken. During this period patient selection was on
the basis of a TB providing information which would contribute sub-
stantially to tﬁé picture of the patients infertility. From October
1976'—~0ctdber'1977 the selection of patients continued due to
Mr Williamst!s enthusiasm for the work, although at this time the
work was unfunded. It is important to notice that during this time
selection of patients for TB changed slightly. This can be seen in
the higher frequency of patients with varicococles, Some of this
bias was due to the pressure for bed space necessitated by surgery
for varicocoele repair. Varicocoele repair required a two to three
day hospital stay whereas TB was performed on a day admission basis.
Thus the series of cases No. 44-~68 (25 cases) which was selected from
a total referred population of 135 patients has a higher frequency of
patients with varicocoele and higher sperm counts than the earlier
geriese This backlog of patients requiring varicocoele repair,
from whom TBts were taken, meant the subsequent and inevitable

exclusion of cases where TB was the sole surgical event,



339

A further alteration in selection procedure occurred starting
October 1976 which was concommitant with funding ceasing. From
October 1976 all patients attending the Male Infertility Clinic at
the Hallamshire Hospital were offered mitotic chromosome analysis,
Thus the population was effectively screened for somatic chromosome
abnormality before the gametic genotype was examined,

To sum up, patients were selected for TB when they had a sperm

6

count of less than 20 x 10 sperm/ml and/or a motility of less than

A0% at two hours after sampling. Most patients had at least two

semen samples taken at intervals of two to three months and after

two —~ three days abstinence from ejaculation. Patients were selected
for TB when it was thought that TB would contribute an important
direct inspection of the patients testicular state thereby adding

to the picture of the patients infertile status.. Prior to October
_1976 the patients somatic genotype was unknown at TB, Post October
1976 the somatic genotype was known. The series consists of 68

patients who had TB performed,

3. PATIENT DATA COLLECTION

A data sheet was specifically designed for this project in order
to facilitate the collection of information from the 68 patients who
had TBts take-n. An example of the data sheet is appended.  These
data sheets were used to record physical measurements, clinical

histories, sexual histories and details of life style. Patients
were questioned about the clinical histories and fertility record
of the immediate family. Information about the partners history
of infertility investigation was noted. This data collection was

additional to the normal hospital case taking procedure.



40

Ae Case Histories

The main features of the general clinical information and of the
partners history of investigation are recorded in Table 3.1, The
average age of the population was 28.6 years with an approximate average
period of infertility of 3.5 years. Three patients were over 6 feet in
heighte Nine patients had some previous or continuous clinical feature
including one spastic quadriplegic, one treatment for venereal disease
and one asthmatic. Seven.patients had diabetic relatives, Five
patients had a family history of infertility. Four patients did not
require to shave daily and one patient had a female distribution of
pubic hair., One patient had a previous marriage of some iength which
was childless. One female partner had a child by a previous marriage
and one had a pregnancy'terminated.(her+hquandwwas not the father of
this conception). Five patients period of infertility included one or
more conceptions which had terminated in abortion. Two patients reportied
previously fathering a child, one following a previous period of infertility.
Amongst the female partners of these patients, three had abnormal
uteruses, nine had some irregularity of the menstrual cycle, three had
anovulatory cycles and one was amenorrhoeic, During these investi-
gations three women were on drug therapy for infertility. Examination
of life styles and sexual behaviour demonstrated one patient who worked

unsociable shift hours and one who was reported as ? abnormal sexuality -

no details were available,

Be Examination of genitalia and sperm counts

Table 3.2 records specific abnormalities of the genitalia and sperm

counts from the 68 patients together with any previous history of
intervention with the genital system. 23 patients (34%) had vari-

cocoeles which were repaired surgically. Nine patients had small
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68 INFERTILE MALES : PHYSICAL DESCRIPTION, FAMILY HISTORY AND PARTNERS

1

TABLE 3.

INFERTILE STATUS
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TABLE 3.1 continued
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TABLE 3,2

DESCRIPTION OF GENITALTIA AND SPERM COUNTS

INFERTILE MALES
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TABLE 3.2 continued
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testes, two had testes described as atrophic and two patients had uni-
lateral absence of a testise Nine patients had evidence of distension
or blockage of the epididymis on manual examination. Two patients were
thought to have occlusion of the vas unilaterally. Two patients des—

cribed operative intervention for undescended testes during adolescence

and one patient believed testicular descent had been delayed. Three
patients had had previous hernia repairss One patient had massive

testicular swellings on two occasions in the last six months before

examination, the cause was unknown.

The sperm counts from the patients which are listed in Table 3,2

are summarised in Table 3.3.

Table! 3e3

SPERM COUNTS OF 68 PATIENTS WHO HAD TESTICULAR BIOPSIES TAKEN

No. of cases % of population

Sperm count X 10§/m1

23653

Azoospermic 16

20 29.41
10 14.71
13 19.12

10.29 (6 low motility
1 high abnormal forms)

294

7
2




4.  CONCLUSIONS

This chapter sums up the information gathered together as a result
of case taking and physical examinations These details provide a des—

cription of the population before investigations commenced.
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MATERIALS AND METHODS
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