SOME OBSERVATIONS ON CAICIUL~-INDUCED MITOGENESIS

IN RAPIDLY DIVIDING TISSUSS OF THE RAT,

A Thesis submitted for the Degree
of
Doctor of Philosophy
by

Grenville Robert Smith.
5F63 SSSMI

5 8 NOV 1978

Department of Biological Sciences,
University of Aston in Birminghan,

Nay 1976.



SUITIERY

Lagnesiun iong shimulate mitosis in rat lymvhoroietlic and haemato-
poictic tissue in rales and females, This is achicev:d by a different
mechanisn to that by which calcium ions promote uivision, wince althoush

caleiwn is able Lo exert its full mitogenic rotential in the nale, this
action is iupeded in the intact femcle. Replaceuent of sex steroids in
ovariectomined rats revealed that calcium injections enhanced mitosig if
progesterone was given, but failed to be effective in the presence of
oestrogen, This inhibitory action of oestrogen on the response to calcium
injections is not a consequence of some interference with the calcium
honoestatic horrmones, since a sinilar regime of injections did not provoke
mitosis in the thyroparathyroidectomised female, A direct action of oestr-
ogen in preveniing calcium influx into the cell is inferred, which is sup—
ported by in vitro observations. Even though oestrogen impedes calci-n—
induced mitogenesis in the female, the mitotic rhythm throushout the ocst-
rous cycle chowing maximal activity at oestrus and minimal ot nro-oestrus
correlated well vith the plasua total caleium concentration. These ob-
servations are discussed in the light of the sloﬁcr nroliferative recnonses
thet occur in those tissues of the fenale.

Another ronidly renewing tissue, the nucosa of the snall intestine,
was studied %o establish another possible tissue influeaced by physioloz-
icel fluctuations in extracelluler czlcium ion concentrciion in the nmale.
However, cell reuewal in th.is tissue was unaflected by such chianges, ILven
thouzh a deraneient-of calcium motabolism exists in dicbetic caimals, no
evidence was obbtainad Yo substantiate a role for calciun in the pathogencsis
of intestinal hynerplasia of such animels. !evertheless, rolar metabolites
of vitanin 95, which are intimaiely linked with the intestinal handling of
caleiun, cnlinnce division in noramzl animals, wad an obnornal notobolite
of vitamin “a could well account for the cellular changes observered in the

ic inlealine,
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GENERAL INTRODUCTICN,

"[le who increases knowledge

.increases SOrroW...e."

Ecclesiastes, ch. 1, v.18



General Introduction,

The calcium ion has for a long time been implicated in nany im-
portant control systems of the body, such as its involvement in nerve
conduction (Shanes, 1958); muscle contraction (Shanes, 1963); blood
clotting (Ferguson, 1936); and the secretion from certain endocrine
glands (Douglas & Rubin, 1963, Douglas & Poisner, 1964). An equally
inportant facet of this cation is its mitogenic action in the repidly
dividing cell populations of lymphopoietic and haematopoietic tissues
of the male rat (Perris, Whitfield & Tolg, 1968).

This thesis is concerned with three rapidly dividing tissues,
namely the bone marrow, the thymus gland and the epithelial lining of
the duodenum. The first part of the study is devoted to cationic (Ca
and lig) initiation of mitosis in the lymphovnoietic and haematopoietic

tissues., Particular attention is focused on the interaction of the

oestirogen molecule with these events and the physiological consequences

thereof,

The later »art examines the possible role that calciunm may play in

govening physiological rate of cell proliferation in the small intestine

of healthy animals. This was extended to see if there was any correla-—

tion between the calcium status in the body and the gastrointestinal

hypertrophy in diabetic animals.



INTRODUCTION.




l.,1, Classification of tissue types.

In the developing mammal overall body growfh is rapid and every
tidsue contributes to this process. Tissue growth itself is in part the
manifestation of cellular hypertrophy and in part of cellular hyperplasia
which obviously requires cell proliferation., Cellular growth is in fact
intimately related to cell division since a certain amount of cellular
growth is a prerequisite for division and may itself be the ultimate trig-
ger for division (Iantes, Grant, Pritchard, Sudbery & Wheals, 1975).

At maturity growth essentially abates, but division still continues

in some tissues. TFor example, the periodic breakdown of the uterine and

vaginal evpithelia during the oestrus cycle requires constant replacement
by division from the germinal layers (Long & Bvans, 1922); similarly in
the male spermatogenesis keeps pace with the loss of spermatcwzea by res-
orption or ejaculation (Goss, 1967); also loss of blood-bomecells of
limited life span is balanced by continual generation and release of new
cells into the circulation (Coss, 1967).

With these facts in mind, Bizzozero in 1894 proposed a classification
of tissues and organs based on mitotic votentialities. Along similar lines
Messier & Leblond (1960) have designated tissue types as:-

(i) Static - these tissues lack the capacity for mitosis al-
together., Such tissues are formed when all cells of a given kind become
so fully differentiated that they can no longer divide. The cells of static
tissues have the potentiality for living as long as the organism survives.
Exampltes of static tissues are various neurones in the central and peripheral
nervous system, cardiac muscle of adult mammals, and striated muscle fibres.
(ii) Expanding - these tissues never lose the capacity for

mitosis; they resort to mifosis only to augment a population of permanent



cells. Expanding tissues are able to perform a dual role in the body.
In organs such as liver, kidney and many of the endocrine and exocrine
glands, cell division normally enables the organ to add to its mass in
keeping pace with somatic growth, Secondly, these tissues possess the
ability to divide in order to replace accidentally lost cells, and may
also grow in response to increased functional demand or load (Gibadulin,
1962),

(iii) Renewing - these tissues undergo cell division to re-
plenish cells lost during the normal process of cellular atrition. Such
tissues are unique in that they retain a subpopulation of immeture un-
differentiated stem cells; it is from these germinal cells that those
of the differentiated compartment are recruited.

For example, in the male the germinal layer of cells of the
seminiferous tubules is represented by the spermatogonia, These divide
mitotically to produce primary spermatocytes. leiotic division then results
in secondary spermatocytes, which divide further producing spermatids
which mature into spermatozoa (llelson, 1971). The vaginal epithelium of
the female is continually being replenished from cells of the germinal
Iayers; the moribund cells of the cormified layer are shed into the lumen
at the end of each four-day cycle (Long & ZEvens, 1922), Circulating blood
cells have a finite life span and are replenished from pluripotential stem
cells in the marrow after a series of stages involving cell division and
maturation (Lajtha, 1970). Similarly circulating lymphocytes of variable
life span are replenished via division of appropriate blast cells (Gowans
& MeGregor, 1964), The circulating cells of both haemopoietic and
lymphopoietic tissue mey arise from a common stem cell population. The
colummar epithelium cells lining the entire gastrointestinal tract are
replenished approximately every two days by menas of proliferation of a
stem cell compartment in the crypts of Lieberkuhn (Loehny, Croft, Singh &
Creamer, 1969). The differentiated cells of these renewing tissues all have
relatively short life spans, thus requiring a constant flow of new cells

into the mature population.



1.2 'The Cell Cycle.

In the adult mammal division in cell populations is almost entirely
restricted to the renewing tissues. The chain of events through wiich

a cell passes after its genesis by means of mitosis until two new daughter

cells are produced at the next division is termed the cell cycle (lazia,

1974). Howard and Pelc (1953) have partitioned the cell cycle into four

separate time periods:-

i) G - during this phase RNA and proteins necessary for DNA replication
are synthesised.

ii) S - during which DNA is synthesised.

iii) G, =~ during which further protein and RJA are synthesised in prep-
aration for mitosis.

iv) M - cell division takes place, resulting in the production of two
new cells. One of these cells normally leaves the actively
dividing population, to differentiate and replace lost cells,
whilst the other usually remains in the cycle and re-enters Gj
to keep the stem cell pool constant.,

Te is designated as the total cell cycle time (See Fig. 1).

Thé cell cycle is similar in virtually all dividing cells except
for the duration of the various phases (lloward & Pelec, 1953; Herrmann,
larchok & Boril, 1967; Baserga, 1968; Cameron, 1971). Although exceptions
do occur, the duration of the S, Go and 1l periods are relatively constant
in mammalian cell populations in vivo. It is in the G; period that most
of the time variations in the overall cell cycle of different tiscues
occurs (Baserza, 1965; bameron, 1971). A comparison of cell cycle pare—
meters in normal and abnormal tissues in various species is showm in Téble 1.
Not only is the duration of the G] phase variable for the different cell

types, but it is also the most variable within any one particular cell
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TABLE 1.

Duration of the phases of the cell cycle in some normal and malignant

tissues, demonstrating the variability of Gi.

(time in hours)

Species Tissue Gl ] G2 M Tc Reference
Rat (newborn)|small intestine 5.6 | 5.6 | 1.7 |0.6 | 13.5|1'aurer, Pilgrim,
crypt. iegener, Hollweg
& Lennartz, 1965.
Cartilage. 0T b T3 A8 10T | 4055 ibid.
Epidermis. 1150 5] B S A 5 18.9 ibid.
Rat (adult) Small intestine 1.5| 6.5 | 1.0 |1.0 | 10.0|Cairnie, Lamerton,
crypt. & Steel, 1965.
Cow Lymphocytes., 0.8 5] 0.5 |O«T T |Vincent, Borner,
Chanana, Cronkite,
rreenberg, Joel,
Shiffer & Stryckmang
1969.
Hamster Pouch epithelium.) 128 |10.2 | 1.6 |[2.6 [142 |Reiskin &
(liormal) llendelsohn, 1964,
Pouch epithelium| 8.7-] 6.1 | 2.2 [0.5 | 17.5
(1’alignant) 11.9
louse (adult)|Vaginal evithe- | 15.4 | 7.6 1 1 | 25 |Thrasher, Clark
lium (Cestrus) & Clarke, 1967.
Vaginal epithe- | 62.5| 7.5 ;05 S W

liun (dioestrus)
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population. Variations in evironmental conditions such as nutrition,
pH, and cell population density result in marked changes in the duration
of Gl (Cameron, 1971).

With the observation that not all cells with mitotic potential are
continually cycling, the model of the cell cycle propounded by Howard &
Pelc has been further modified to incorporate both the cells that are
dividing all the time, and those cells that are quiescent yet can be in-
duced to enter DNA synthesis by appropriate stimuli, It is pertinent at
this stage to discuss the nature and possible significance of such quies-
cent cell povulations. At least two types of resting periods within the
cell cycle have been observed., These are the G° (Patt & Quastler, 1963)
and the G2° (Gelfant, 1962; Tpifanova & Terskikh, 1969). Tor convenience
the G° and G2° populations will be considered separately, since some
differences are apparent. Both types of quiescent cell population remain
in interphase for prolonged periods, The ¢’ population enters the cell
cycle at the Gl/S boundary and the cells in the G2° population enter the
cycle at the G2/K houndary.,

A large nunber of tissues contain cells in a G° vhase; the majority
of these are renewing tissues, while a few are expanding tissues (sce
section 1.1). Under the approvriate stimulus the quiescent ¢° cells in
the tissues listed below enter mitosis between 12-24 hours later, in
accordance with the average S, G2 duration, Examples of ° recriutment
are to be found in the regenerating liver following partial hepatectomy
(Grisham, 1962; Bucher, 1963, 1967a,b ; Church & LcCarthy, 1967a, b);
oesirogen-stimulated uterus (Zpifanova, 1966; Hamilton, 1968); erythro-
voietin on the spleen (liodgson, 1967); and phytohemagglutinin-stimulated
lymphocytes in culture (Cooper, Barkhen & Hale, 1963). llore detailed

biochenical discussion concerning stimulated cell populations may be found



in the reviews by Baserga, 1968 and Cooper, 1971.

The triggering mechanisms governing the progression of cells through
the cycle seem to be located in the Gl since induction of division is most
frequently preceeded by recruitment of cells into DNA synthesis. However
in adult mouse ear epidermis, where the normal cell eycle phases have
been reported as Gl (22 days); S (30 hr); G2 (6.5 hr); 1! (3.8 hr) by
Sherman, Quastler & Wimber, 1961, cutting provokes a burst of mitosis
within 4 hours (Gelfant, 1959). Clearly insufficient time would have
elapsed for such cells to complete a normal S + G2 phase before dividing,
Since the cells did not incorporate tritiated thymidine when it was
available continuously after wounding before they divided, they must
have been arrested in a quasi Gz phase (Gzo) awaiting the inducement of
wounding before entering mitosis directly (Gelfant, 1962). These so
called G2° cells differ from the G° in a number of ways:-

(i) they are blocked in G, indifinitely and some of these cells can be
mobilized into division immediately uron stimulation. The time course of
the response is thus far shorter than with a g° population,
(ii) GZO cell populations have been found in the ear epidernmis (Gelfant,
1962); 1lens epithelium (Harding, Teldherr & Srinivesan, 1961) ; urinary
bladder epithelium (Walker, 1959); kidney tubular epithelium (Pederson &
Gelfant, 1970) and duodenal crypt epithelium (Pederson & Gelfant, 1970).
There does not aprear to be any relation between the normal rates of
proliferation in these tissues and the possession of a G2° reserve pop-
ulation. The nmitotic activity of unstimulated mouse renal, skin, and
_intcstinal epithelia exists in ratios of 1:100:1000, yet they all contain
non cycling G2° cells.
(iii) The kind of stimulus needed to initiate G2° recruitment so far
studied are:-

a) injury to epidermis (Gelfant, 1962)

b) unilateral nephrectony (Pederson & Gtelfant, 1970)



c) changing from low to high protein diet (Pederson & Gelfant,
1970) .

It would appear that although both ¢%and G2° stimulation result in
cell proliferation that the former is the result of physiological chal-
lenge, whereas the latter has a more pathological basis. The essential
feature of the cell life cycle is the alternation of resting periods and
periods of active proliferation, The comnletion of mitosis does not
imply that the daughter cell will undergo differentiation or immediately
re-enter the cell cycle; in the absence of adequate stimulus it may pass

again into a resting period (Epifanova & Terskikh, 1969).

1.3 Endogenous factors influencins the cell cycle,

The cell cycle time is characteristic for a given tissue type and

apart from the fluctuations that occur with aze, notably in the G phase

¥
(Herrmann, l'archok & Boril, 1967; Buctow, 1971), each phase in the cell
cycle exhibits remarkable consistancy,

However, there are a multitude of factors which can potentially alter
the dynamics of the cell cycle. One may anticipate that the factors
which control cell proliferation operate at some point prior to the onset
of the DIIA synthetic phase. Indeed, mitosis is believed to be initia?ed
during the Gl period, since both physiologically and experinentally in-
duced cell proliferation first results in DNA synthesis (Cronkite, Bond,

Fliedner & Rubini, 1959; Quastler & Sherman, 19593 Leblond, iessier &

o
2

recruitment already described. Any agent having an influence on the cycle

Kopriwa, 1959; Illenielsohn, Dohan Jr. & lioore, 1960), except the G

could be expected either to:-
(i) Cause a recruitment of quiescent cells from a resting period into the
actively dividing cell population, so in a given time the mitotic index

of that tissue is raised (e.g. progesterone).



(ii) affect the proportion of cells in Gl’ in some way, prior to entering
the S phase of the cycle (e.g. starvation).

(iii) in some way cause an alteration in the duration of one of the sub-
divisions of the cycle, so the overzll cycle time is respectively altered
(e.g. adrenal steroids, oestrogens). Several physical and humoral factors
are thus able to alter the proportion of celis in a population that are
dividing., A more detailed analysis of these agents follows.

To ensure basal mitotic activiiy is meintained, all the nutrients
required for the various synthetic events occurring throughout the cell
cycle and vital for its completion must be present., It has been found that
there is a general supvression of mitotic activity during periods of
starvation (Blumenthal, 1950). It is believed that in the duodenal mucosa,
that starvation holds cells in the Gl part of the cycle., Analysis of
this tissue shows that refeeding initiates cell division by stimulating

cells to emerge from G, into S, (Cameron & Cleffmann 1964).

L
Experimental aninals are frequently exposed to stressful situations
such as handling, isolation and injections, Such conditions must 2t least
temporarily alter the normal functioningz of the animals autonomic and endo-
crine systens (Selye, 1971). Just be confining mice to small cylindrical
holes, Cameron (1968), was able to show that this resulted in a lowered
mitotic activity. Stress intimately involves the steroids secreted from
the adrenal cortex; the dominating steroid in man is cortisol, whereas in
rat it is corticosterone (Starling & Lovatt.Evans, 1968). Laguchev &
Aventisyan, 1972, showed that cortisol causecd a lengthening of the S phase
of the cycle of duodenal epithelial cells, Peckham, Ladinsky & Kiekhofer
1963; Epifanova, 1966; Galand, Rodesch, Leroy & Chretien, 1967 observed
& reduction in the duration of the S-phase in various tissues of oestrogen—

treated animals.,
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It is convenient at this point now to look more closely at the role
that hormones in general play in this complex scheme of events. The main
attribute of hormones in the mammalian body is fhe maintainence of homeo-
stasis, and in fact they do not initiate new reactions within cells but
only influence existing ones. They exert a wide variety of actions upon
cellular metabolism (lleedham, 1964), and indeed several hormones have been
shown to be mitogenic (Table 2). Swann 1958 has suggested that hormonal
regulation of cell proliferation is possible only in tiscues with high
mitotic activity, where there are always a large nunber of cells ready to
enter mitosis, litogenic hormones could potentially affect any stage of
the cycle where a reaction may be a rate-limiting step., Alternatively by
influencing a rate-limiting reaction governing movement of quiescent cells
into the cell cycle, they could also act as nitogens, e.g. progesterone
recruiting ¢° cells (Bresciani, 1968a). learly all of the available data
on the effects of hormones on the various phases of the cell cycle have
been obtained mainly with the oestrogens (Epifanova, 1971). It would appear
that most mitogenic hormones affect some rate-liniting step at or near the
Gl/S houndary (Peckham, Ladinsky & Kiekhofer, 1963; Epifanova, 1966; Galand,
Rodesch, Leroy & Chretien, 1967; Bresciani, 1968a; lorgan & Perris, 1974;
Perris & llorgan, 1975).

The classification of hormones as mitotic stimulators or inhibitors
is to a certain desree arbitary since the response of a tissue largely
depends on the initial state of that tissue. It is well known that only
a few injections of a mitogenic hormone gives rise to cell proliferation
in target tissues, vwhile continual treatment results in a fall of mitotic
activily and the tissue becomes insensitive to further stimulation, This
is true for both oestrosens (Bulloush, 1965; Galand, Rodesch, Leroy &
Chretien, 1967; Tinn, MNartin & Carter, 1969) and androgens (Sheppard,
Tsien, liayer & Howie, 1965; Coffey, Shimazak & Williams-Ashman, 1968;
Tuohimaa & Wiemi, 1968). Although these hormones exert an influence on

cell division this biphasic action might be explained if one assumes the
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TABLE 2,

Humoral influences unon cellular proliferation in rapidly dividing

tissues.

HManoral TFactor

Reference

i) EPIDERIIS

ii) LIVER
(regener-
ating)

iii) LT PHOID
TISSUBR

iv) HARIIOPOIETIC

TISSUE

QOestrogens
Adrenaline
Adrenaline
Glucocorticoids
Androgens
Testosterone/
Tayroxine
Oestrogens
(Review article)
(Review article)

Identity of
humnural sub-
stance not
characierised.

Thyriosin
Iistanine,
Glucazon,
Insulin

Parathyroid gland

Oestrogen
Cortisol
Growth hormone,
neuro-hormones,
PTH,

prolactin

Testosterone
Oestrogens
(review)
Lrythropoietin
Brythropoietin
Erythrovoietin
Erythropoietin
Testosterone

{Allen 1955; 1956

)

Bullough 1950

Bullough 1952

Bullough & Laurence 1966

Bullough & Laurence 1968

Bullouch & Van Oordt 1950

Eartly, Grad & Leblond 1951

Tbling 1954
Ebling 1974
Pochi & Streuss 1974

(Adibi, Paschkis & Cantarow 1959
Alston & hompson 1963
Becker 1973

Bucher 1963; 19672, b
Cater, Halmer & lee,
Leduc 1964

Lloolten & Bucher 1967
Faschkis, Goidard, Cantarow & Adibi 1959
Sakai 1970

Virolainen 1967

1957

Wirba & Rabes 1967
Klein, Goldstein & Vhite 1965
Perris & llorgen 1975

Perris, Weiss & Thitfield, 1970
Smith, Gurson, Riddell & Perris 1975
hitfield, llacllanus & Rixon 1970

Whitfield, Perris & Youdale 1969

Diamond, Jacobsohn & Sidman 1967

Fried, Tichler & Jennenberg 1974

Gordon 1957

FKuna, Gordon, lorse, Lane & Charipper, 1959
llatoth & Kaufmann 1962

Peschle, Rappaport & Sesso 1973

Reiscman & Samorapoompichit 1970

Rencricea, Jolomon, Fimian, Howard,

Rizzoli & Stohlman 1969.



Pable 2 cont,.

Tissues

= 1T

Humoral TFactor

Reference-

v) INTESTIIAL
EPITHELIUL

vi) ACCESSORY
SEX ORGAIS

(%)

a) llammary

b) Uterine

c) Vagina

vii) ACCESSORY
SEX ORGAIS
CY

Adrenocortical hormones

Vitanin D

Prolactin

Prolactin

Thyroid/testicular
Adrenaline

Insulin (alloxan-
diabetic)

Cortisol

Growth hormone/Thyroxine
Insulin :
Insulin (alloxan—
diabetic)
Secretin/pentagastrin

ACTH stress hormones

Vitamin D

Serotonin

Adrenaline

Vitamin D

Thyroid horione
Testosterone

Female
Sex

Hormones

llale sex hormones

Beker & Brideman 1954
Birge & Alpers 1973
Cairnie & Bentley 1967
Campbell & Fell 1964
Carricre 1965

Epifanova & Tchoumak 1963

Jervis & Levin 1966

Laguchev & Aventisyan 1972
Leblond & Carriere 1955
liackay, Callaway & Barnes 1940

llekabou, Okita, Takano & Hagihara
1974

Pansu, Berard, Techelette & Lambert
1974

Rasanen 1963%

Spielvogel, “arley & llorman 1972

Tutton 1974

Tutton & Helme 1974

Urban & Schedl 1969

Wall, I'iddleton, Pearse & Booth 1970

Wricht, Morley & Apnleton 1972

Folley 1955

Jacobsohn 1958

Smith 1955

Epifanova 1966

Lee, Rogers & Trinder 1974
Fartin, Zas & Fimn, 1973
Tachi, Tachi & Lindner 1972
Lee & Rogers 1972

Iartin & Claringbold 1960
Thrasher, Clark & Clarke 1967

Allen 1958
Burkhardt 1940
Tuohinaa & _iemi 1968




existence of a negative feedback conirol mechanism within these, and
possibly other tissues, providing some endogenous autoregulation of
growth,

In multicellular adult organisms there is a dynanmic equilibrium
between cell gain and cell loss. To maintain a constancy of the cell
population, this vrocess mustbe conirolled by some precise homeostatic
mechanism, Several models have been postulated to explain the o ntrol
of cell proliferation in the body., liany of these models are based on
the assumption that each specific cell porulation produces a substance
which regulates its own proliferative activity. Any model must account
for the balance between cell production, cell differentiation, and event--
ually cell loss in the tissues. It must also explain the fact that in-
creased wear and tear (e.g. in the epidermis) brings about hyperplasia of
the germinal cells (Iverson & Elgjo 1967). Thirdly it must account for
the specificity of compensatory organ regeneration. For example, partial
hepatectony results in the remaining portion of the liver undergoing
hypertrophy and hyperplasia, wiile at the seme time other organs and
tissues remain unchanged (but note Paschkis, Goddard, Cantarow & Adibi
1959). The above evidence points to the control of cell division residing
in the ticsue itself, as opposed to a general alteration in some hormone
concentration throughout the entire body.

The concept of autonomous regulation of cell proliferation has been
developed by the model of Weiss & Kavanau 1957. A negative feedback
control mechanism within a tissue providing autoregulation of growth has
_since been suggested by Glinos 1967; Iversen & Elgjo 1967; and Veiss 1968,
The model in essence consists of a generative compartment and a differ-
entiating compartment; the differentiated compartment produces a specific
inhibitor substance which wntrols cell proliferation in the generative
compartment., Bulloush & Laurence (1964 a,b) have proposed that such a

tissue-specific mitotic inhibitor should be called a chalone.
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Bullough 1967 defines a chalone as 'an inlernal secretion produced
by a tissue for the purpose of controlling by inhibition the mitotic
activity of that some tissue.' It is reasonable to assume that the rap—
idly dividing tissues that respond to mitogenic stimuli would be antagon—
ised by an endogenous factor that would be inhibitory in nature. The
exception to this would be the antimitotic adrenal steroids, the compen-
satory actions to which may be controlled by some other mechanism.

Iuch has been written regarding chalones: a complete discussion of
the role of these 'factors' in controlling cell proliferation is beyond
the scope of this review and only a brief consideration is presented here.
For detailed reports see Bullough & Layrence 1967 and Rytomaa 1973, and
Bullough 1975b. The most important biological properties of chalones are:
i) they inhibit cell proliferation in vivo;

ii) they are produced by the same tissue on which they act;
iii) their action is reversible;
iv) their action is cell line specific.

The chalone systens that have been reported are:

Tissue Reference
i) EDpidermis Bullough & Laurence 1964a
Elgjo 1974

Frankfurt 1971
Inversen & Zlgjo 1967
liarks 1971

lMarrs & Vorhecs 1971
Voaden 1968,

ii) Granulocyte Benestad, Rytomaa & Kiviniemi 1973
Paukovits 1971
Rytomaa & Yiviniemi 1968

iii) Erythrocyte Bateman 1974
Kivilaakso & Rytomaa 1971

iv) Lymphocyte Bullough & Lauwrence 1970a
Chung 1973
Garcia~Giralt, Lasalvia, I'lorentin
& lathe 1970
Houck, Irasquin & Leikin 1971
l'oorhead, Paraskova-chernozemska,
Pirrie & Hayes 1969



Tissue Reference
v) Sebaceous gland Bullough é& Laurence 1970b
vi) llelanocyte Bullough & Laurence 1968
Dewey 1973
vii) Kidney Saetren 1956
viii) Liver Saetren 1956 :

Scaife 1970
Verley, Deschamps, Pushpathadam & Desrosiers

1971
ix) ILung Simmett, Fisher & Hevnpleston 1969
x) Fibroblast Houck, dheng & Sharma 1973.
xi) ZEndometrial tissue Volm, Wayss & Hinderer 1969
xii) Thryoid gland ; Garry & Hall 1970
xiii) Intestinal epithelia Tutton 1973
xiv Testis Clermont & liauger 1974.

Most of the chalones have been studied only very superficially -
only the epidermal, granulocytic and lymphocytic chalones have been studied
in depth. The concept of internal regulation of tissue specific cell pro-
liferation by the chalone is a satisfying concept, since the theory has
obvious implications for cancer therepy by employing a natural agent
formed by the body. Proof that their concentration within a tissue varies
inversely with mitotic activity in vivo is as yet lacking., Such a finding
is essential for the establishment of a true vhysioclogical role for these
compounds. There is some evidence for mitotic activity depression by
chalones in vitro (Wiley, Williams & llcDonald 1973), and also dose response
depression effects of chalones in vitro (Boldingh & Lauyrence 1968). 1In
recent years, additional factors such as the 'anti-chalones' (Rytomaa &
Kivinieni 1968) and the mesenchymal factor (Bullough 1975a), both of which
are stimulatory (and may be identical), have been introduced, to explain

experimental results. Despite the vast anount of literature on this
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subject, the authenticity of chalones depends on 2 high degree of purif-
ication and eventual chemical analysis of the chalone and the subsequent
analysis of their in vivo actions. Such sophistication is still awaited.
A diurnal variation in mitotic activity of tissues has been reported
by many workers. liost have concluded that cell proliferation is lowest
during the waking hours and maximal during sleep (Vasama & Vasama 19583
Bullough & Laurence 1961). Bullough 1965 believes that the diurkal
rhythn is related to the adrenaline concentration in the blood, which
is high during periods of wakefulness, and low during periods of sleep.
Adrenaline itself is not a mitotic inhibitor, but acts as a co-factor
forming a chalone-adrenzline complex (Bullough 1965; 1967). Eullough
believes this complex is the most potent epidermal mitotic inhibitor
knovm. Other tissues exhibiting diurnal mitotic activity may owe this
fluctuation to a similar chalone-adrenaline interaciion.

Although exogenous administration of the hormones listed in Table 2
influence division, it Bas nmot been possibie with any certainty to
ascribe to these hormones a physiological role in the control of division,
such that mitotic activity varies in accordance with the hormone concen-
tration and the demand for new cell production. Ilowever, since the dem-
onstration of the mitogenic action of calcium in heematopoietic and lymph-
opoietic tissue of the rat (Perris & Thitfield 1967) several situations
have bcen found whereby the variation of plasma calcium concentration is
the determining factor for the fluctuation in mitotic activity in these
tissues. There have been shown to be calciun-dependent mitotic changes
‘observed in the growth of the rat (Perris, "hitfield & Tolg 1968);
following haemorrhaje (Perris, iaclianus, Vhitfield & eiss 1971);
accompanying circadian rhythm (Ilunt & Perris 1974); accompanying erthro-

poietin induced mitosis (Hunt & Perris 1973), and following immunological



challenge (Edwards & Perris 1975, unpublished results), In these situations
where calcium has been shown to fluctuate physiologically, then there
night be an interaction with some endogenous factor such as the chalones.

It is the major purpose of this thesis to investigate the role of
calcium, megnesium and certain hormones on mitosis in three renewal tissues
of the rat; i.e., the thymus, the bone marrow and the small intestine in
vivo, A detailed consideration of the function and cell turnover in
these tissues is given in Section 2, and considerations of calcium and
magnesiun honeastasis and the possible involvement of these ions in the

control of division in Section 3.



2,1 ILymphoid Tissue and Lymphopoiesis.

Present in the blood of mammals are between 2 x 108 = hiix 108
nucleated non-dividing cells called lymphocytes (Yoffey 1960). An equal
or higher number are present in the lymph; the number in lymph is dif-
ficult to estimate as lymph volume is not knbwn, and the concentration of
lymph highly variable.

Attention must be focussed on the sources of lymphocytes within the
body and their functional differences, Lymphoid tissue can be classified
as Primary lymphoid tissue (Thymus gland and Bursa of Fabricius) and
Secondary lymvhoid tissue (spleen, lymph nodes, Peyers patches and tonsils).

At birth, when the spleen and lymph nodes are poorly developed, the
thymus is already a prominent lymphoid organ, Uhen considered in isolation
the thymus is an organ actively ensaged in the production of large numbers
of small lymphocytes with the consequent deficit of large lymvhocytes
(Metcalf 1966), Large lymphocytes (diameter > 1lu) iransform into medium
sized (diameter 7-1lu) and these in turn divide to produce the small
lymphocyte (< Tu). The large and medium cells undergo 3-4 division cycles
daily being actively engaged in lymphopoiesis. It has long been appreci-
ated =ince the work of Kindred (1940), Andreasen & Christensen (1949)
and Andreasen & Ottesen (1945) that the mitotic activity of the thymic
cortex is 7-10 times that of the peripheral lymph noie tissue. At each
level of division the more primitive cells continually reproduce them-
selves as well as maintaining the process of lymphopoiesis (Sainte-llarie
& Leblond 1965). Rapid lymphopoiesis is observed in the thymus in
accordance with the short life span of 3-4 lays (letcalf 1964a). Al-
though division rate is extremely rapid, the majority of these dividing
cells die in situ. With increasing age, there is thymic involution, and

the rate of lymphopoiesis declines (letcalf 1964a).



Ford (1966) demonstrated that the primitive cells of the thymus are
slowly replaced by cells that migrated from the.bone marrow. He showed
that there were two kinds of lymphocytes found in the body, both origin-
ating from a common stem cell in the bone marrow. The so-called T-dependent
lymphocytes emigrate from the bone marrow and are dependent upon the
thymic environment for their future development., These cells reside both
in the thymus itself, and the thymus-dependent (T-dependent) areas of the
secondary lymphcid tissue (i.e. the paracortical areas of the lymoh nodes,
and the periarteriolar lymphocytic sheaths of the splenic white pulp).

Another group of cells have the propensity to emanate from the bone
marrow and settle in lymrhoid tissue other than the thymus (Ford 1966).
These B-lymphocytes directly repopulate the B-dependent areas of the sec—
ondary lymrhoid organs (lymphoid follicles and germinal centres of the
lymph nodes and much of the white pulp of the spleen), and for most vart
are sessile in these tissues, In the chick the Bursa of Iabricius is the
processing organ of these migrating cells (Cooper, Peterson, South &

Good, 1966); the equivalent of the Bursa in man has not been identified,
although gut associated lymvhoid tissue, such as tonsils, appvendix, Peyer's
patches, lymphoid follicles themselves, and the haematopoietic tissue

have been noninated as possible condidates, It follows from this property
of the bone marrow to function as a stem cell vopulation, that its division
rate will be high.

A separate and discrete population of lymphocytes was brought to
light by Gowans & l'cGregor (1964), who showed that small lymphocytes
_formed by lymphopoiesis in the T-dependent areas of the lymph nodes and
spleen, comprise a pool of lymphocytes that are long lived (Little,
Brecher, Bradley & Rose 1962; Craddock, lNaka, I'ukuta & Vanslacer 1964:
Norman, Sasak, Ottoman & Fingerhut 1965), with the qualities of being able

to survive repeated recirculation through the blood and lymvh, of migrating
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into and through most of the body's tissues (but not the thymus) and
returning to the lymph nodes. In the rat these long lived recirculating
1ymph;cytes have life spans of a year or more.

It is a co-operation between the various groups of lymphocytes that
consitutes the immune response., Whilst most of the thymic lymvhocytes die
in situ, and are themselves mitotically unresponsive to antigen (Craddock,
Winkelstein, l'atsuyuki & Laurence 1967), some are destined to become T-
lynphocytes. Under the appropriate antigenic challenge, either the T-
or the B-lymphocytes respond. Thus when a cell-mediated response is elic-—
ited such as painting picryl chloride onto the skin to induce contact
hypersensitivity, there is a marked proliferation in the T-dependent areas
with the consequent production of lymrhoblasts. On the other hand, the
pneumococcus antigen leads to proliferation in the B-dependent areas and
subsequently production of humonal antibody. The cellular co—operation
between the T-lymphocytes, the B-lymphocytes, and the nacrophages in the
immune response is shown schematically in Fig. 2. Claman, Chaperon &
Triplett (1966) have shown a co-operation between the T- and the B-lympho-
cytes in actual synthesis of antibody. The T-lymphocytes, without them-
selves producing antibody, form an association such that they enable anti-
genic stimulation of the B-lymphocyte to be more effective (Nitchison,
Taylor & Rajewsky 1970). Phagocytic macrophages, emanating from the bone
marrow (Volkman & Gowans 19652,b) are involved in the immune response
such that their movement away from their site of action is prevented by
the release of the lymphokirne 1'I7 (macrovhage migration inhibitory factor)
(David, 1971) by the T-lymphocyte (Rocklin, l'eyers, & David 1970) in cell
mediated reactions. In antigenic reactions with subsequent antivody pro-
duction, the macrophage also plays a role by processing the invading anti-
gen in some way (Feldman & Globerson 1972), forming a close association

with the B-lymphocyte and ultimately releasing humoral antibody from the
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cell series occurs on exposure to antigen (Ag).
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plasma cell. The involvement of the recirculating pool of long lived
lymphocytes, the majority of which are T-dependent, has been studied by
Rowley, Gowans, Atkins, Mord & Smith (1972).

The life span of the thymic lymphocyte being short necessitates a
rapid turnover, and the thymus gland can thus be regarded as a renewing tis-
sue. Unlike the lymph nodes, the thymus does not require the stimulatory
action of antigen to induce a proliferative response (Craddock, Winkelstein,
Natsuyuki & Lawrence 1967). Trom studies in gern-free animals, and in
eanimals undergoing antigenic stizulation, it is apparent that cell division
in the normal thymus is independent of exogenous antigen. lletcalf has
shovn convinvingly that the thymus is independent of peripheral feedback '
inhibitory factors or peripheral stimulatory factors (lletcalf 1964b),

This tissue has its own growth stimulatory apparatus and it is believed
that the internal milieu of the thymus is influenced by a trophic secretion
of the fixed epithelial cells (lletcalf, Sparrow, lakamura & Ishidate 1961;
Pepper 1961; 1letcalf 1964b; Dukor, I'iller, Hause & Allman 1965; ldller
1965; lNatsuyama, Wiadrowski & l'etcalf 1966).

The hormone thymosin isolated from thymic tissue (Goldstein, Slater
& VWhite 1966), is intimately linked with cell-mediated reactions (Goldstein,
Asanuma, Battisto, Hardy, Quint & White 1970). While it is as yet unknowm
where the natural interaction between thymosin and its target cells occurs
it is thought that precursor cells from +he bone marrow could undergo
changes mediated by thymosin, acting either within or outside the thynie
environment, and additional properties acquired by the cells in the peri-
Pheral lymohoid tissue are necessary to complete their development to
enable reactivity in cell-mediated irmune responses (7Trainin, Small &
Kimhi 1973),

Even though true regulation of division in the thynic population is

ebsent, ceveral hormones such as PTH (Whitfield, Perris & Youdale 1969;
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Whitfield, laclianus, Youdale & Franks 1971); growth hormone, neurohormones
and prolactin (Whitfield, Perris & Youdale 1969; Whitfield, Rixon &
Youdale 1969); cortisol (Whitfield, liacllanus & Rixon 1970a; Uhitfield,
Maclianus & Gillan 1973a) and acetylcholine, histamine and insulin (Perris
& lMorgan 1975) have been shown to promote proliferation of thymic lympho-
cytes, whereas the ensuing hypocalcaemia following parathyroidectomy
depresses proliferation (Perris, Weiss & Vhitfield 1970). It has indeed
been shown that a major determinant in the physioclogical control of thymic
lymphopoiesis is the plasma caleium ion concentration, in line with the
observations that there is a reduced proliferation following parathyroid-
ectomy (Perris, Veiss & Whitfield 1970) and increased proliferation with
concomnitant calcium elevation (Perris & Whitfield 1967; Perris, Thitfield
& Tolg 1968), A more comprehensive account of the calcium involvement in

thymic lymphopoiesis is presented in section 3.5,



Eel Bone l'arrow and Erythropoiesis.

Present in the béne marrow are pluripotential stem cells which give
rise to a variety of unipotential sten cells (Lajtha 1970). Each uni-
potential stem cell produces, by multiple divisions, its specific non-
dividing mature differentiated cell which paéses into the blood and
extracellular fluid for the remainder of its finite life span. The
numbers of circulating blood cells are subject to control sysiems which
have been delineated to varying degrees, While the factors which maintain
granulocyte, platelet and lymphocytie numbers are imperfectly understood,
the outlines of the control of circulating red cell mass is better knowm.

The fundamental stimulus for erythropoiesis is hypoxia (Gordon 1959).
Erythropoietin (ZP0), a circulating hormone, is now acknowledged to be the
prime regulator of erythropoiesis in higher organisms (Gordon 1973). The
feedback control mechanisms regulating plasma levels of EPQ have also been
fully detailed by Gordon (1973). These are shown schematically in Tig. 3.

Briefly, a decrease in red blood cell mass, by lowering blood oxygen
content, stimulates the production of renal erythrogenin, This factor
then interacts with a substrate in the plasma to yield the functional
circulating EP0O, which specifically causes differentiation of a2 heemato-
poietic precursor cell into the earliest recognizable members of the
nucleated erythroid series (Stohlman, Ebbe, lorse, Howard & Donovan 1968;
lleCulloch 1970). This action of EPO on erythroid precursors is probably
a direct one, since BEPO will also stimulate red cell production in cultures
of bone marrow cells in vitro (Iuna, Gordon, llorse, Lane & Charipper 1959;
Matoth & Kaufmann 1962; Reissmenn & Samorapoompichit 1970). The in-
creased red blood cell mass induced by IP0, through a negative feedback
action on the kidney, reduces erythrogenin production., Thus a well con-

troled feedback system regulating red blood mass is accomplished.
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Fig. 3: ©Scheme of the biogenesis of erythropoietin (&p) and its feed-
back regulation. (Solid line indicates stimulation and dotted line
inhibition). Destruction of red blood cells (RBC) by decreasing blood
oxygen content stimulates production of renal erythrogenin (Eg). Eg
(which is probably an enzyme) interacts with a plasma substrate (and may
indeed stimulate its production) to yield circulating Ep. Elevation of
the circulating Ep inhibits its own production; this appears to be
accomplished through reduction in the substrate levels. Consequently,
the increased RBC mass induced by Ep reducces Eg production through a

negative feedback action on the kidney.
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Although other hormones can also influence erythropoiesis, Gordon (1957)
has showm that they have a reinforcing role rather than exerting a primary
influence upon erythropoiesis. Iowever, even though Gordon has high-
lighted the role of LPO in erythropoiesis, it'lms been obvious for some
time that certain clinical and experimental obser wtions appear incompatible
with the idea that erythropoietin acts as the only control mechanism in
erythrocyte regulation (Brecher & Stohlman 1959). Linman & Bethell (1960)
have presented evidence which suggests that there appear to be at least
two specific vlasma erythropoietic factors. The first is true ILPO, and
the other has been termed erythrocytic antichalone.

An intimate involvement of the calcium homeostatic machinery in eryth-
ropoietic events (Perris 1971; Perris, llacilanus, Whitfield & Veiss 1971;
Perris & Thitfield 1971) has also clearly been showm. Iurthermore Hunt
& Perris (1973) demonsirated that elevated plasma LPO (as would occur
following haenorrhacse) resulted in hypercalcaemia. However the exact mech-
anism whereby EPO interacts with the calcium balance mechanisms is at
present not clear, DLven though EPO directly stimulates bone marrow
erythropoiesis in vitro (Xuna, Gordon, liorse, Lane & Charipper 1959;

Matoth & Xaufmann 1962; Reiscmenn & Samorapoompichit 1970), the calcium—
dependent resnonses are important when rapid restoration of erythrocyte
numbers is required, as is the case with the parathyroid-mediated hyper-
calcaenmia following haemorrhage (Perris, lacilanus, Vhitfield & Veiss 1971).

The bone marrow consists of a heterogenous population of immature
nucleated vrecursor cells of the erythroid, lymphoid and myeloid series.

. The extracellular calcium ion concentration has also been shown to influ-
ence the division in this nucleated cell population. Thus the stimulatory
effect of calcium on the nucleated cell porulation in the bone marrow
(Perris, Wnitfield & Rixon 1967; Perris & Vhitfield 1971; Hunt & Perris

1973) and the reduced division following parathyroidectomy (Perris,
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Maclanus, Vhitfield & Weiss 1971, Perris & Whitfield 1971; Rixon &
Whitfield 1972a; Hunt & Perris 1973, 1974) imply a physiological role
for calcium in determining the degree of bone marrow cell division, Thus
EPO and calcium are well established in the stimulation of erythroid
elements in the bone marrow following an erythropoietic stimulus. The
calcium ion also plays a major role in the division of other nucleated
cell populations in the bone marrow for the hypoplas;a which follows
parathyroidectomy involves the lymphoid as well as the erythroid elements

(Rixon & Vhitfield 1972a).
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2.5 Small intestinal mucosa and epithelial cell turnover.

The emall intestine is an elongated tube which occupies a corpacted
area within the abdominal cavity. It extends from the pyloric end of
the stomach to its junction with the caecum at the ileo-caecal valve.

The first few inches of rat small intestine éomprise the duodenum; the
Junction between the duodenum and the jejenum is indicated arbitrarily
by the ligament of Treitz. The jejenum and the distal portion of the
snall intestine, the ileum,constitute roughly equal proportions to the
remaining small intestine, with no physical line of demarkation between
the two areas,

In man, spiral or circular folds, the valvulae vonniventes are readily
visible with the naked eye (Bloom & Tawcett 1962), but in the rat these
are absent and the interior of the intestines present a comparatively
smooth appearance. This uppermost surface is termed the mucosa, which
can be divided into three layers., The decpest of these, the muscularis
mucosae, consists of a thin sheet of smooth muscle, generally 3-10 cells
thick which separates the mucose from submucosa. The middle layer, the
lamina propria,is the subepithelial connective tissue space bounded below
by the nuscularis mucosae and above by the intestinal epithelium, The
lamine propria togethsr with its epithelial covering form the numerous
fingerlike villi which nroject from the surface of the mucosa into the
intestinal lumen, as well as the many pitlike indentations the crypts of
Lieberkuhn, located at the base of adjacent villi. The lamina propria
contains a heterogenous population of cell types including fibroblasts,
macrophages, plasma cells, lymphocytes and mast cells. Blood and lymph
vessels, as well as unmyelinated nerve fibres and strands of smooth muscle
are also present. It thus provides important structural support for the
intestinal epithelium, and also a protective function against invading

organisms (Crabbe, Carbonara & Heremans 1965). The third layer of the
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intestinal mucosa consists of a continuous sheet of a single layer of
columnar epithelium which covers both the villi and the crypts. The
major role of the mature epithelial cells is food absorption; various
undifferentiated cell types however, occupy the crypt region. Their origin,
differentiation and renewal will be the main purpose of this review and

will be discussed in detail later.

The size of the intestinal villi decreases gradually from duodenum
to ileum (Altmann 1971); these regional differences have been attributed
to factors secreted in the intestinal chyme (Altmann & Ieblond 1970).

The number of villi in the rat small intestine appears to remain remark-
ably constant with increasing age (Forrester 1972), although the ratio of
crypts to villi rises with age (Clarke 1972). As well as the regional size
differences, the three area are unique in their specialized functions.

When considering the overall absorption in the intestine both the
efficiency of the absorptive process, and the time spent in that region are
equally important factors. Thus although the active transportmechanisn
of calcium in the rat, which is dependent on vitamin D (Dowdle, Schachter,
& Schenker 1960), is fastest in the proxinal duodenum, less in ileum, and
least in the mid small intestine (Kimberg, Schachter & Schenker 1961), dus
to the short length of the duodenum and the rapid transit through it, the
bulk of thedietary calcium absorption in the rat takes place in the ileunm,
followed by the jejenum and duodenum (Marcus & lIengemann 1962). This means
that the longer residence time of calcium in the ileun compared to the
duodenum more than coupensates for the greater rate of transit across the
duodenal epithelium,

- Orally aiministered vitamin D is primarily absorbed in the jejenunm
and perhaps to & lesser extent in the ileum (Schachter, Finkelstein &

Kowarski 1964). The relative effect of vitamin D on the rates of calcium
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transfer across different levels of the intestine parallels the distri-
bution of the active transport mechanism (Schachter, Kimberg & Schenker
1961).

The promotion of vitamin B., absorption by intrinsic factor is maximal

12
in the rat jejenum (Reynell, Spray & Taylor 1957). There is evidence that
magnesium is transported more efficiently at the ileal end of the small
intestine (Ross 1962; Behar 1974) unlike calcium which is transported
more efficiently at the duodenal end (Schachter & Rosen 1959).

Four cell types are found at the base of the crypt of Lieberkuhn (Fig,.
i.e. columnar, entero-endocrine, mucous and paneth cells. All of these
cells ariéé from a common crypt-base columnar cell which represents the
functional stem cell population of the small intestine (Cheng & Leblond
1974c).

(i) Columnar epithelial cells.

The gestrointestinal mucosa having been designated a renewing tissue
(Messier & Leblond 1960) implies that cell loss is balanced by cell gain.
To understand why this classification was made, it is necessary to out-
line the relevant historical background. In 1894 Bizzozero noted abundant

ﬁitotic activity in the crypts and identified this region as the site of
cell proliferation. Ieblond, Stevens & Bogaroch (1948) demonstrated his-
tological localization of newly formed DNA in the crypt cells, using 32P,
confirming earlier ideas of this being the generative zone. In an attempt
to elucidate the fate of these numerous mitoses, Leblond & Stevens (1948)
concluded that cells were shed from the tip of the villi (the extrusion
zone) into the lumen. They envisaged that the entire epithelial lining
of the intestine was constantly renewed; immature cells produced in the

crypts continually moved up the villus where they differentiated into

absorptive cells and were subsequently sloughed off at the extrusion zone.
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he base of adjacent villi form the crypt of Lieberkuhn; epithelia
surrounding this crypt can be distinguished into four typés - i)

columnar (undifferentiated) cells, ii) entero-endocrine (enterochromaffi

cells, iii) mucous (goblet)cells and paneth cells, all emanating from a

common stem cell at the crypt base. dgration of the columnar cells

onto the villous epithelium results in maturation and differentiation
into absorptive cells. Subsequently (about 40hrs later) these cells that
arose originally from the stem cell povulation are exfoliated at the

exirusion zone.



This plausible hypothesis of cell replacement was confirmed by the auto-
radiographic techniques of Leblond & llessier (1958).

Under steady state conditions, therefore, there is a dynamic equil-
ibrium between cell production and cell loss (Cheng & Leblond 1974a).
However under abnormal conditions the steady state situation is lost, and
the size of the cell population can be altered either by proliferation or
extrusion predominating. Thus in the transplanted fragment of intestine
embedded under the kidney capsule, villi were shown to be absent but pro-
liferation in the crypt still comtinued (Rowinski & Kaminski 1973). The
functional integrity of the villous cells has been shown (Galjaard, van der
Meer-Tienggen & Giessen 1972; Rijke, van der lleer-iienggen & Galjaard
1974) since these cells exhibit a feedback control on cell proliferation
in the crypt. On the other hand starvation arrests proliferating cells
in Gl and although division rate is diminished, extrusion still continues
(Cameron & Cleffman 1964).

The time taken for a newly produced crypt cell to achieve full maturity
and subsequent loss of function at the exirusion zone has been termed the
transit time, and in rat small intestine is of the order of 40 hours
(Loehry, Crofi, Singh & Creamer 1969). The transit time varies throughout
the digestive tract, but the shortest transit times are found in the small
intestine; duodenun 1.6 days, jejenum 1.3 days and ileum 1.4 days (
Bertalanffy 1960; Bertalanffy & Lau 1962a). In accordance with its des-
ignation as a renewal tissue, the smell intestine represents one of the

most rapidly dividing tissues of the rat (see below).

Turnover time of various cell vpopulations of the rat.

Tiscue Turnover time Reference
(days)
Bronchus 126.0 Blenkinsopp 1967.
Ureter 49.0 Bertalanffy & Lau 1962a

Ear epidermis 34.0 Bertalanffy 1957



Turnover time of various cell populations of the rat (cont...)

Tissue Turnover time : Reference
(deys)

Corneal epithelium 6.9 Bertalanffy & Lau 19621
Cervix 5.5 Bertalanffy & Lau 1963
Vagina 3,9 Bertalanffy & Iau 1963
Tongue epithelium 54D Cutright & Bauer 1967
Thymic small lymphocytes (7.0) Everett & Tyler 1967
Bone marrow small lymphocytes  (4.0) Everett & Tyler 1967

duodenun (1.6) Bertalanffy & Lau 1962a
Small intestine {ileun 1.4 Bertalanffy & Lau 1962a

jejenum 1.5 Bertalanffy & Lau 1962a

( ) Tissues being studied in this thesis.

(ii) Entero-endocrine cells.

Formerly called enterochromaffin or argentaffin cells, these cells
are not limited to the small intestine, but are distributed throughout
the gastrointestinal epithelia (liacklin & lacklin 1932). They are abund-
ent in the intestinal epitheliun of man, but quite uncommon in rat
(Patzelt 1936), The entero-endocrine cell vpovulation has been showm to
divide slowly, and is renewed in about 4 days in mouse via villous extru-
sion (Cheng & Leblond 1974b). The majority of these cells are located in
the crypt region, and progressively decrease in number towards the villous
tip (Benditt & Wong 1957).

Grutzner & lienzel in 1879 first described histological identification
of these cells by virtue of their ability to take up silver. The functional
- role of the entero-endocrine cell is unknown. It has been well established
that these cells contzin significant quantities of S5-hydroxytryptamine
(5-HT) (Erspamer & Asero 1952; Benditt & Wong 1957). Since pharmacol-
ogical doses of 5-IIT are an effective smocth muscle stimulant (Pase 1954)

it has been postulated that these cells may function in the regulation of



gastrointestinal motility, but this view is still a speculative one,

(iii) liucous Cells.,

Nucous cells may be classified into oligomucous or goblet cells., The
former represent immature cells found exclusively in the crypt whereas
the later are mature cells that have migrated onto the villous epithelium,
The oligomucous cells are able to divide, and differentiate into non-
dividing goblet cells, ascend towards the villous tip and be lost at the
extrusion zone after about 3 days (Cheng 1974a).

The mucous cells may be readily distinguished from other types of
epithelial cells by their possession of mucoué granules, It has been .
suggested (Trier 1963) that most small intestine goblet cells secrete
their mucous into the gut lumen gradually by merocrine secretion. The
function of the mucus elaborated by the goblet cells has not been clearly
defined, even though casual reference to a lubricating and protective func-

tion is mentioned,

(iv) Paneth Cells,

Unlike the other three types of crypt cells, Paneth cells at no stage
of its life has the ability to proliferate, they do not migrate up the
villus, not are they lost from the extrusion zone (Cheng 1974b)., At
the end of their life span they undergo degeneration in the crypt base and
are eventually phagocytosed by an adjacent crypt base columnar cell (Cheng
1974b) .

They have been shown to contain zinc (Ham & Leesen 1961) and their
function appears to be to secrete lysozyme and to vhagocytose crypt micro-
.organisms (Erlandsen & Chase 1972). The small intestinal epithelium of
many species including man and rat exhibit abundant numbers of these cells
(Wheeler & Vheeler 1964); being predominantly located in the lower crypt

(Cheng 1974b) .,



The columnar epithelial cells are by far the most abundant cell type
present in the crypt. Since it has been shown that these cells represent
the progenitors of new villous absorptive cells, by virtue of their rhys-
iological role, they undergo constant rapid mitotic activity. Various
hormones have been shown to influence intestinal cell rroliferation (Table
2) ; however most authors revert to a chalone to try to explain the control
of intestinal cell replacement (Tutton 1973; Clarke 1974).

In view of the demonstration of the physiological control of cell
proliferation in lymphopoietic and haemopoietic tissues, under the control
of the calcium homeostatic system (see section 1.3), it seemed pertinent
to elucidate just how tissue specific this degree of regulation was., The
small intestine was chosen as a renewal tissue with the aim that control of
intestinal cell replacement might be governed by physiological fluctuations
in extracellular calcium. Support for this hypothesis came from earlier
workers (Urban & Shedl 1969; Farley, Spielvogel & Norman 1972; Birge &
Alpers 1973) who had showm mitogenic and growth properties exhibited by
vitamin D3’ a hormone which is known to be closely associated with calciun

ion homeostasis (see section 3.3).
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3.1 Calcium Homeostatic System - Parathyroid hormone.

The average mammaliam total plasma calcium lies within the range 8,5-
11.0mg%. Within any one strain of a given species, the daily variability
falls within much narrower limits; in the Vistar rat this has been shown
to be of the order of 0.6ng’ (Hunt & Perris 1974). Such remarkable con—

sistancy implies the existence of a fine control system and led lcLean
& Hastings to coin the phrase 'one of nature's physiological constants'.
Calcium homeostasis is regulated by three hormones; a) parathyroid hormone;
b) thyrocalcitonin (section 3.2) and ¢) vitamin D (section Be D)

Parathyroid hormone (PTH) is virtuelly essential for life. If the
source of the endogenous hormone, the parathyroid glands, is removed the
plasme calecium falls to dangerously low levels (5-6mg’) and if the appro-
priate therapy is not administered the animal may die. In order to protect
against hypocalcaemia, there is a comtinual secretion of PTH (Potts, Buckle,
Sherwood, Ramberg, layer, Kronfeld, Jeftos, Care & Aurbach 1968). The
first direct proof that hypocalcaemia stimulated hormone release from the
parathyroids wuos obtained by Patt & Luckhart in 1942 and later confirmed
by Copp & Pavidson in 1961,

Recent studies have also shown a close involvement of the magnesium
ion in perathyroid activity; a more detailed discussion of magnesium
homeostasis is presented in section 3.4. Both secretion (Sherwood, Herrmann,
& Bassett 1969; Sherwood, Herrmann &Bassett 1970; Targovnik, Rodman &
Sherwoed 1971) and synthesis (Hamilton & Cohn 1969; Sherwood, Rodmen &
Lundberg 1970; Sherwood, Abe, Rodman, Lundberg & Targovnik 1972), of
‘PTH have been shown to be inversely related to the combined calcium +
magnesium concentration in the plasma,

The major influence on parathyroid activity is the ionised calcium
concentration in plasma which is itself influenced by at least four factors.

Both the dietary calcium and phosvhate concentrations, the ratio of these
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two components and the availability of vitamin D (section 3.3) all play
a part (Kramer & Howland 1922; 1931). A positive linear relationship
has been shown between dietary calcium and absorbed calcium, with no
restriction to the quentity ebsorbed (Clark & Rivera-Cordero 1973). The
influence of diet upon parathyroid activity has been discussed by Clark
(1968) and Kemm (1972).

Calcium in the plesma exists in at least three forms: protein bound,
complexed (eg. tocitrate or phosphate)and ionised (lloore 1970). It is the
jonised fraction that is physiologically active (Toribara, Terepka &
Devey 1957) and the actions of PTH are important in the maintenance of the
ionised fraction in the plasma. This is brought about through its action
upon three tissues - the kidney, the bone and the gastrointestinal tract.
PTH increases tubular reabsorption of calcium (Talmage 1956; Nordin &
Peacock 1969), enhances bone resorption,i.e. the active dissolution of
the bone mineral apatite, (Barnicot 1948; Chang 19513 Raisz & Trummel
1971) and augments calcium absorption from the gastrointestinal tract
(Robinson, l'atthews & lacIntyre 1969; Winter, lorava, Simon & Sos 19703
Wills 1973).

There is controversy as to the primary target tissue involved in
calcium homeostasis. It is generally agreed that calcium absorption from
the intestine does not have a zreat effect on serum calcium levels
(Peacock, Knowles & llordin 1968). ‘The early work of Barnicot in 1948
demonstrated direct resorption of bone by parathyroid hormone and as a
result it was assumed the main target was the skeleton. However quantit-
ative considerations refute a significant role for bone formation or
bone resorption in the minute to minute regulation of calcium honeostasis;
such changes in bone metabolism are much too small and slow to account
for any significant change in plasma calcium (Baylink 1971; Baylink &
Wergedal 1971; Illeuman 1972; lNeunan & Ramp 1971). Only when bone turnover

rate is very rapid in the young animal, may bone resorption play a role



in calcium homeostasis (Kalu, Hadji-Ceorgopoulos, Sarr, Solomon & Foster
1974). Since calcium ions can be almost quantitatively reabsorbed by
the kidney tubules Peacock & Nordin 1973 believe that thia organ is the
primary controller of rapid fluctuations in calcium levels. The role
played by the kidney in the maintainance of plasma calcium probably in-
creases and surpasses that of bone with age (Kalu, Had ji-Georgopoulos,
Sarr, Solomon & Toster 1974). liore recent evidence however suggests that
although bone resorption may be too slow and imprecise a mechanism for
minute to minute czlcium regulation, PTH—mediated calcium fluxes in the
readily exchangeable bone mineral pools, may be of greater sisznificance
(Talmage, Cooper & Park, 1970; Kalu, Hadji-Georgopoulos, Sarr, Solomon
& Foster 1974). TFurthermore the possibility that the effect of the hormone .
is due in part to inhibition of bone accretion (l'ilhaud & Perault-Staub:
1971) cannot be ruled out.,
Whatever the precise contribution of the different mechanisms and

target tissues, negative feedback of PTH synthesis and secretion by way
of plasma calcium (Copp & Davidson 19613 Copp 1969b)can readily counteract
large changes in plasma calcium., However in view of the demonstration of
a diurnal rhythmicity of the plasma calcium in the rat (Hunt & Perris 1974),
it has been proposed there could be an anticipatory release of PTH to
explain this rhythm (Perault-Staub, Staub & liilhaud 1974). Control of
plasma calcium by PTH or some endogenous rhythm is not the only hormonal

factor involved as detailed below.



3.2 Calcium Homeostatic System - Thyrocalcitonin.

The discovery of a second endocrine vector'(thyrocalcitonin) which,
in contrast to PTH's ability to raise plasma cal cium, lowered plasma
calcium (Copp, Cemeron, Cheney, Davidson & Henze 1962) opened new frontiers
in the maintainance of blood calciostasis. In the bird the ultimobranchial
gland is responsible for the elaboration of this hypocalcaemic agent
(Copp, Cockroft & Kueh 1967; loseley, liatthews, Breed, Galante, Tse &
MacIntyre 1968)., Indeed, it was once thought that the calcitonin-
secreting ('c' cells) of the mammalian thyroid originated from the ultimo-
branchial region in the embryo. However it is now certain that all the
'e' cells come originally from the neural crest (Pearse & Polak 1971).

The hormone is principally found in the thyroid gland in memmalian species
(Munson, Hirsch, Brewer, Reisfeld, Cooper, Wasthed, Orimo & Potts 1968)

and not the parathyroids as Copp originally believed, hence the terminology
thyrocalcitonin (TC) is adopted.

One of the fundamental stimuli for TC release is hypercalcaenia (Care,
Duncan & Webster 1967). Care, Cooper, Duncan & Orimo 19682 have demonstrated
& direct linear relationship between hypercalcaemia and TC secretion rate
over the calcium range 12-20mgi., In the rat it was first suggested (Talmage,
Neuenschwander & Kraintz 1965) and later substantiated (Klein & Talmage
1968; 1I'inkin & Talmage 1968), that TC is secreted continuously even during
normocalceemia.  Bromner, Sammon, lichols, Stacey & Shah 1968, on the
other hand, present evidence sugsesting that 1C is only secreted above
plasma calcium levels of 10mgd!, In the pig, Care, Cooper, Duncan & Orimo
'1968b have shown that TC is secreted at normocalcaemic levels and below.

The prevention of hypocalcaemia (the function of PTH), is an ever-
present problem both in the young and adult, due to varied intake of
calcium. Hypercalcaemia rarely occurs to any marked extent, except in

pathological conditions. Since thyroidectomy in contrast to parathyroid-



.ectomy, does not result in any acute change in the blood calcium in rats
maintained in the fasting state (Cooper, Hirsch & lunson 1970) several
workers have sought for a physiological role for TC under normal conditions,

Before anticipating the role played by TC in calcium homeostasis, it
must be emphasised that there is a species difference, which may reflect
altered function. lost mammalian species (including rat) have undetectable
amounts of TC whereas birds and especially fish have comparatively vast
quantities (Kenny, Boelkins, Dacke, Fleming & Hanson 1971). Bijvoet, Van
der Sluys Veer, de Vriis & van Koppen 1971 have suggested that TC has a
sodium regulating function in fish., In high doses TC has been claimed to
be natriuretic (llielsen, Buchanan-lLee, llathews, lloseley & Williams 1971);
however the natriurctic dose of TC is about one hundred times its hypocal-
caemic dose in rats (Aldred, Kleszynski & Bastian 1970), thus in the rat
the regulation of sodium balance seens unlikely to be its physiological
role,

It has been concluded that both short term (Krawitt 1967) and long term
administration (Wase, Peterson, Rickes & Solewski 1966) of TC in the rat has
no appreciable influence upon calcium absorption from the intestine, How-
ever, in the pig following long term administration there was shown to be
a8 significant reduction in calcium absorption (Swaminathan, Ker & Care
1974) . The principal action of TC is clearly on bone and bone metabolism.
Vunson & Hirsch 1966 obtained a hypocalcaemic response following TC
injection, even in the absencelof kidney and intestine. The main effect
is an early transient hypercalcaenia (Copvp & Kuczerpa 1970) and later a
block of bone resorption especially that induced by PTH (Raisz & Niemann
1967) .

Age is ofparamount importance since adult rats do not respond as well
as rapidly growing animals (Care & Duncan 1967; Orimo & Hirsch 1973;
Roycroft & Talmage 1973). With increasing age the situation is complicated

by a resistance to TC and general impairment of calcium tolerence due to
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low bone turnover rate (Copp 1969a). Thus calcium tolerence is reduced

in all mature rats compared to growing ones irrespective of the presence
or absence of TC (Kumar & Sturtridge 1973). The TC content of the thyroid
is much higher in adult rats, thus since hypercalcaemia triggers TC
secretion, the decreased calcium tolerence of intact mature rats is due
to refractoriness of their bones to endogenous TC rather than a deficiency
of circulating hormone (Xumar & Sturtridge 1973).

TC deficiency can not be implicated in the aetiogenesis of any serious
hone disease since it has just been conéluded that it plays very little
role in the adult. However its usefulness in treating the hypercalcaenia
of Paget's disease is well established (Bordier, Rasmussen & Dorfmann 19743
Queener & Bell 1975). The high circulating levels of TC are used as a
diagnostic tool in medullary carcinoma of the thyreid (Delorme, )erceron,
Raymond, & Klotz 1974; Goltzman, Potts, Chester Ridgway & laloef 1974;
Queener & Bell 1975; Trigss, Hesch, Woodhead & Williams 1975).

One possible hypercalcaemic threat to the body is after a meal., Fol-
lowing intra-gastric administration of calcium there was shown to be no
rise in plasma calcium (Cooper, Schwesinger, lLahgoub, . Ontjes, Gray &
Kunson 1972) while circulating TC levels rose. Clearly hypercalcaemia was
not the trisger for the hormone release., Although in intact animals Cooper
has shown a direct correlation between intra-gastric calcium and plasma
TCy in the absence of the thyroid there was post-prandial hypercalcaemia,
Probably the presence of calcium in the gastrointestinal tract evokes
secretion of a gastrointestinal hormone capable of sigmalling the thyroid
to secrete TC. Several workers (Care, Brue, Boelkins, Kenny, Conaway &
Anast 1971; Cooper, Schwesinger, Ontjes, llahgoub & l'unson 1972; Swaminathan,
Bates, Bloom, Canguli & Care 1973) conclude that gastrointestinal hormones
alone or in concert with blood calcium, may well be involved in the physio-
logical regulation of secretion of TC, and may be of special importance

in protecting against post-prandial hypercalcaemia. It has also been



suggested that an equally important physiological role of TC is the pPro-~
tection of the skeleton against excessive PTH-induced resorption during
pregnancy (Lewis, Rafferty, Shelley & Robinson 1971).

3ince C has reduced effectiveness in adult animals it seems unlikely
that it plays much part in calcium regulation in the adult (Kumar &
Sturtridge 1973). It may be concluded that the prime importance of TC is
protection against post-prandial hypercalcaemia and protection of the
skeleton in pregnancy; the dual antagonistic actions of PTH and TC on
bone metabolism are probably only of importance and significance in the
young growing animal (Swaminathan, Bates & Care 1972:; Kumar & Sturtridge,
1973) .

Apart from the prime controlling hormones PTH and 7C, intricate
hormonal interactions make the endocrine regulation of calcium homeostasis
complex. Thus both the influence of vitamin D and the adrenal stercids
in the male and the additional factor of the oestrogens in the female need

to be considered.



3.3 Endocrine modulation of calcium homeostatic hormones.

Apart from the principal hormones concerned with the maintenance of
calcium homeostasis (PTH and TC), various other hormones exert an influence
on this finely controlled system. Those of prime importance are:-

(i) Vitamin D,

(ii) The adrenal steroids.

(iii) The sex steroids.

(i) Vitamin D,

It has long been known that not only lack of PTH, but also Vitamin D
deficiency, can result in hypocalcaemia and tetany (Thompson & Collip
1932). 1Indeed, Vitamin D has recently been accorded hormonal status (Deluca
1973), and is intimately involved in calcium homeostasis (Harrison 1664 ;
Melancon & DeLuca 1969; Borle 1974). The two main vitamins of the 'D!
group, Vitamin D2 (ergocalciferol) and Vitamin D3 (Cholecalciferol) are
equipotent in the rat (llorman 1968); in this review reference to Vitamin D
implies cholecalciferol.

It is now generally accepted that Vitamin D must undergo sequential
ﬁepatic (Ponchon, Kennan & DeLuca 1969) and renal (Holick, Schnoes & Deluca
19715 Lawson, Fraser, Kodick, Norris & Williams 1971) hydroxylation, as
a prerequisite to.the formation of the principal active metabolite. In
the liver, cholecalciferol is converted to 25-hydroxycholecalciferol (25-HCC)
and then transformed, depending on the calcium status of the animal to
either 24,25 dihydroxycholecalciferol (24;25—DHCC) (Holick, Schnoes, Deluca,
Gray, Boyle & Suda 1972) or 1,25 dihydroxycholecalciferol (1,25-DHCG)
(Lawson, Fraser, Kodick , lorris & Williams 1971) by two distinct renal
hydroxylase enzymes (DeLuca 1974). Yo physiological role has yet been at-
tributed to 24, 25-7HCC, and indeed was wrongly characterised by earlier.
workers as 21,25~ HCC (Boyle, Gray & Deluca 1971; Holick, Schnoes, Deluca
Gray, Boyle & Suda 1972).

The amount of 1,25 DHCC generated by the action of the renal hydrox-



ylase depends on the calcium status of the animal, Animals maintained on

adequate dietary Vitamin 0, but deficient in calcium, for about three weeks

exhibit marked stimulation of the production of 1,25 THCC (Boyle, Gray,

& Deluca 1971). On the other hand, the feeding of diets high in calcium

inhibits or turns off the production of 1,25_DHCC and the 24,25-THCC

metabolite is synthesised instead (Omadl & Deluca 1973; Deluca 1974).
Other polar metabolites of Vitamin D have been identified, such as

25,26 JHCC (Suda, Deluca, Schnoes, Tanaka & Holick 1970) and 1,24,25 tri-

HCC (Holick, Kleiner-Bossaller, Schnoes, Hasten, Boyle & Deluca 1973)

They have some activity in promoting intestinal calcium transport, but

do not as yet have any biological function aftributed to them (Norman 19742).
1,25 DHCC is considered to be the most active form of the vitamin,

increasing both calcium absorption from the intestine (Boyle, l'irevet, Gray

Holick & DeLuca 1972) and stimulating bone resorption (Reynolds, Holick &

Deluca 1973)., 1,25 DHCC stimulates intestinal calcium absorption even in

Vitamin D-deficient thyroparathyroidectomised rats (Holick & Deluca 1974),

and is probably the most important a;ent controlling intestinal calcium

transport (Ilicolaysen, Zeg-Larcen & lalm 1953); PTH is able to modify

the Vitamin D-induced calcium mobilization (Olszn, Deluca & Potts 1972).

In contrast, although 1,25 DHCC is the nmost votent bone resorbing agent

known, both 1,25 CC and PTH are required for maximel bone mobilization

(Harrison, Harrison & Park 19583 Rasmussen, ~eluca, Arnaud, Hawker &

von Stédingk 1963; Iolick & DelLuca 1974). The action of TC is not like-

wise dependent on the Vitamin D status of the animal (l'orii & DeLuca 1967).
The regulation of 1,25 DHCC production has been a controversial

issue over the past few years, and even less is known regarding the

hepatic 25-hydroxylase regulation (Bhattecharyya & DeLuca 1973; Tucker,

Gagnon & Haussler 1973; Horiuchi, Suda, Sasaki, Zzawa, Sano & Ogata 1974).

With respect to the 1,25 DHCC regulation, “raser & Kodick (1973) concluded



that the level of circulating PTH (which would rise during hypocalcaenic
episodes or when animals are kept on a low calcium diet), was directly
responsible for activating the renal l-hydroxylase enzyme, The picture
was clouded when MacIntyre and his co-workers showed that when thyro-
parathyroidectomised rats were given low calcium, low vhosphate diets,

a pronounced increase in 1,25 THCC production resulted (Galante, Colston,
Evans, Byfield, llathews & llacIntyre 1973; Larkins, Colston, Galante,
lacAuley, Evans & NacIntyre 1973). They suggested that the determining
factor governing the production of 1,25 DHCC was the intracellular renal
calcium concentration, Tanaka & Deluca (1973) emvhasised the importance
of the renal cellular vhosphate, and postulated that PTH was acting via
its effects upon the phosphate ion. A more extensive survey of this problem
may be found in the review by Deluca (1974). Thus, it seems likely that
the renal cell levels of phosphate and calcium, of specific Vitamin D
metabolites and perhaps P7H, interact in a complex fashion to determine
which of the hydroxylase enzymes is synthesised and wiich is de-raded
(Deluca 1974).

Whatever the mechanism governing its formation, 1,25 THCC has been
highlighted as the prime controlling factor responsible for intestinal
calcium transport., The discovery of a Vitamin D-dependent (Wasserman &
Taylor 1966), PTH-independent (Bar, Hurwitz & Cohen 1972) intestinal
calcium-binding protein (CaBP) opened new frontiers in the intestinal
action of cholecalciferol. A vitamin D-dependent CaBP has been found in
several species, including rat (Kallfelz, Taylor, & Wasserman 1967); dog

‘(Taylor, Vasserman & Jowsey 1968); chick (Taylor, & Wasserman 1967); cow
(Tullmer & Wasserman 1973); pig (Hitchman, Kerr & Harrison 1973;
Dorrington, Hui, Hofmann, Hitchmen & Harrison 1974); and monkey (R.H.
Wasserman, unpublished results). There is a high correlation between

CaBP and calcium absorption under a variety of physiological conditions



knowvn to alter circulating 1,25 DHCC levels (Wasserman & Taylor 1968;
Taylor & Wasserman 1969; Wasserman, Corradino & Taylor 1969), indicating
a major role for CaBl' in vitamin D-stimulated calcium transport across
the small intestine (Emtage, Lawson & Kodicek 1974).

A cautionary note is necessary at this stage with respect to the species
studied. Since chicks readily become rachitic on Vitamin D-deficient
diets, the majority of CaBP work has been done on this species. In the
chick it has been shown that the concentration of CaBP at different loc-
ations along the small intestine correlates well with the regional ability
to absorb calcium; CaBP and calcium absorption are greatest in the duo-
denum and lowest in the ileum (Taylor & Wasserman 1967). In the rat CaBP
activity and calcium transport along the length of the gut are also closely
correlated (Schachter, Kowarski & Reid 1967). However in the hanster,
calcium transport is maximal in the ileum, whereas CaBP activity is greatest
in the duodenum (Schachter, Kowarski & Reid 1967).

The basic action of 1,25 DHCC is to promote intestinal movement of
calcium from the lumen to the blood - a process which in chick tekes be-
tween 9 - 12 hours for maximal effect (Norman 1974b). It is believed that
in common with other steroid hormones 1,25 DHCC travels to the nucleus of
the intestinal epithelial cell to direct the formation of new mRNA and
eventually to influence the synthesis of CaBP (Brumbaugh & laussler 1973;
Emtage, Lawson & Kodicek 1973) (See 'ig 5 ). The enhanced calcium ab-
sorption which follows would tend to diminish the hypocalcaemia which
initiated the enhanced 1,25 DHCC elaboration, and thus decrease the 1-
hydroxylase and increase the 24-hydroxylase activity in the kidney. Such
a sequence obviously provides a complete negative feedback control for
calcium absorption (Bar & Wasserman 1973). A similar system controlling

bone resorption has not yet been established.
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(ii) The Adrenal Steroids.

Any stressful situation involves the adrenal steroids, and in the rat
results in corticosterone secretion (Dallman & Jones 1973). The adrenal
steroids play an important role in calcium homeostasis., There appears to
be general agreement that adrenal steroids oppose the action of PTH in sev-
eral species including guinea-pig (I’arney-Gulat, Dam Trung Tuong, Labitte
& Raoul 1972); rat (Williams, Peterson, Bowser, Henderson, Hargis &
Martinex 1974) and in humans (Eliel, Palmier, Tlompson, Bird & Hawrylko
1971). Corticosteroidis are also known to inhibit calcium transport, but

probably not via an antagonism of Vitamin D (Lukert, Stanbury & llawer 1973).

(iii) The Sex Steroids.

The parathyroid glands of female rats have been reported to be heavier
than males of the same weight (Jackson & P'An 1932; Pappenheiner 1936
Blumenfeld & Rice 1938), an observation which led to the investigation of
the role played by the sex hormones in calcium metabolism. Sex differences
in calcium metabolism undoubtedly exist. Apart from the work of Ozata,
Shimazawa, Suzuki, Yoshitoshi & Ando (1970), the androgenic steroids are
not well documented in their nossible interfelationship with calecium
balance, in contrast to the oestrogenic steroids to which much literature
bhas been devoted.

A number of studies have shown that treatment of growing rats with
oestrogens depresses bone resorption (Day & Follis 1941; Budy, Urist &
licLean 1952; Lindquist, Budy, l'cLean & Howard 1960). It is also well
established that PTH acts to resorb bone calcium (Raisz & Niemann 196f),
whereas TC inhibits this process (liittleman, Chausmer & Bellavia 1967;

Friedman, Au & Raisz 1968; Reynolds & Dingle 1968).
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Hypocalcaemia has been observed following oestrogen treatment, but
administration of a small dose of TC did not decrease plasma calcium in
the oestrogen-treated rat (Shai & Vallach 1973). This may be ascribed
to an already inhibited resorptive system, in interpretation which is con-
sistent with a decreased responsiveness to TC in mature females (Schlueter
& Caldwell 1967; Sorensen & Hindberg 1971). In contrast to these ob-
servations Shai & Wallach (1973) showed that the presence of ocestrogen
promoted the skeletal effects of TC as manifest by a decrease in bone res-
orption.

It is well established that PTH-induced bone resorption (Raisz & Niemann
1967) is inhibited by oestrogens (Lafferty, Spencer & Pearson 19643
Eisenberg 1966; Stott 1968; Young, Jasani, Smith & Nordin 1968 Anderson,
Greenfield, Posada & Crackel 1970; Atkins, Zanelli, Peacock & Nordin 1972;
Orimo, Fujita & Yoshikawa 1972)., As a consequence tnerefore, post-meno—
pausal females tend to develop osteoporosis (Gallagher & Nordin 1973).
Indeed llanunta, Saroff & Turner (1957) have hypothesised that an antagonism
exists between PTH and the oestrogens, such that a proper balance between
the two is necessary for normal calcium equilibrium,

Since increased plasma megnesium ion concentrations will, like caleciua,
stimulate cell division in some tissues, and since its metabolism is also
influenced by PTH and TC, a brief consideration of magnesium homeostasis

follows.



3.4 lacsnesium Homeostasis.

In addition to the intimate involvement of calcium in the control of
thymic and bone marrow proliferation (section 3.5), the magnesium ion has
also been shovm to enhance thymic lymphoblast proliferation both in vivo
and in vitro (Perris, Whitfield & Rixon 1967; lorgan & Perris, 1974). It
is thus necessary to briefly outline the relationships that exist between
magnesium and calcium ion homeostasis., In some of their actions, calecium
and magnesium are similar, whereas in other aspects they are antagonistic
(Goodman & Gilman 1970).

In spite of the fairly close chemical relationship between calcium and
magnesium, their relative distribution in body tissues is widely divergent.
The ratio of extracellular:intracellular calcium is of the order of lO2 to
105 (Rasmussen 1970). Under normal conditions nagnesiun tends to be higher
than calcium in the cells of soft tissues, while calecium is higher then
magnesium in the extracellular fluid (Tibbetts & Aub 1937). Thus, in con-
trast to calcium, magnesium is mainly found inside cells, the ratio of
extracellular:intracellular magnesium being of the order of 4,0-5.0 x 10_2
(Bell, Davidson & Scarborough 1968).

It has been mentioned (section 2.3) that both calciun and magnesium
are activel y transported primarily by the iieum. Barlier workers (Alcock
& NacIntyre 1962; Hendrix, Alcock & Archibald 1963) imply that a competit-
ion exists between these two cations for the site of absorption, whereas
this is refuted by Pointillart & Gueguen (1973). Vitamin D (section 2e3)
is of utmost importance in the intestinal absorption of calcium; one of the
factérs invovled in the absorption of magnesium has also been shown to be
the Vitamin D intake (lleintzer & Steenbock 1955), even though Vitamin ﬁ ad-
ministration causes hypomagnesaemia (Richardson & Velt 1963). This apparent
paradoxical situation has been explained by internal redistribution of cafions,

since there is a correlation between hypomagnesaemia and an ausmented urinary



excretion of potassium (Richardson, Huffines & Welt 1963). .

Despite increasing knowledge about calcium homeostasis (sections 3.1
and 3.2) and the factors influencing this (section 3.3) a surprising ig-
norance remains with respect to magnesium homeostasis., There is consid-
erable data which supports the concept that plasma magnesium concentration
plays a role in PTH secretion (Sherwood, Herrmann & Bassett 1969; Sherwood,
Herrmann & Bassett 1970; Targovnik, Rodman, & Sherwood 1971). l'agnesium
balance in the rat may be 2 unique control system, gince although marmesium
depletion in man (Shils 1969); monkeys (Dunn 1971); sheép (L'Estrange
& Axford 1964); dog (Levi, lassry, Coburn, Llach & Kleeman 1974); chick
(Reddy, Coburn, Hartenbower, Friedler, Brickman, liassry & Jowsey 1973);
calf (Smith 1959) and pig (liller, Ullrey, Zutant, Baltzer, Schmidt,
Hoefer & Luecke 1965) are associated with hypocalcaemia, similar depletion
in the rat (Alcock & Shils 1974) results in hypercalcaemia., The involvement
of the parathyroid gland in magnesium depletion has been strengthened by
the observation thet parathyroidectomised rats made deficient in magnesium
did not develop hypercalcaemia (Gitelman, Kukolj & Telt 1968a), Despite the
fact that hypomagnesaemia provokes PTH release (Giteiman, Kukolj & Welt
(1968b) this hormone does not seem to influence nermomagneseenia., Thus al-
though fTH elevated plasma calcium in the young rat, it ﬁas ineffectual
upon the plasma magnesium concentration (Garel & Barlet 1974). Low doses
of TC that produced hypocalcaemia and hyporhosphataemia, had no effect
upon plasma magnesium, whereas high doses caused hypomagnesaenia Garel &
Barlet 1974). Parathyroidectomy also causes slight hypomagnesaexia (Clark
& Rivera-Cordero 1975). Thus although calcium homeostatic hormones appear
to be involved in some way, there has not been any demonstration of magne-
siun-controlling analogues equivalent to P or IC.

In the male rat there has been shown to be a slight circadian variation
of plasma magnesium between 1,9 - 2,1mgg: (Hunt & Perris 1974). The most

extensive study of magnesium concentration in body fluids is in man,
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where Raut & Viéwanthan(l9?2)showei Serum magnesium values of around 2.5mgs
iprespective of age or sex. These figures indicate the presence in the
body of some mechanism responsible for maintaining stable magnesium homeo-
stasis; Heaton (1969) concludes that in man this is achieved by the kidney.
Even so, the physiological function of magnesium and the necessity for its
homeostatic control in healthy individuals still remains ill defined, al-
though its intimate involvement with many enzyme systems has long been

recognised (Wacker 1969).



3.5 Physiological control of cell proliferation by calciunm,

In addition to affecting such functions as nerve excitability,
muscle contraction and glandular secretion (See General Introduction),
evidence is accumulating to justify a role for the calcium ion as a reg-
ulator of cell proliferation in haemopoietic and lymphoid tissues., A

detailed analysis of the discoveries leading to this postulate follows;-

a) Elevation of extracellular calcium by injection of CaCls

Observation

(i) Stimulates thymocyte proliferation
in vitro.

(ii) Stimulates thymoctye vroliferation
in vivo,

(iii) Stimulates proliferation of bone
marrow cells in vitro.

(iv) Stimulates proliferation of bone
marrow cells in vivo,

(v) Stimulates reticulocyte formation
in bone marrow in vivo.

(vi) Stimulates 59?9 incorporation into
red blood cells in vivo,

(vii) Stimulates the proliferation of
normal chicken fibroblasts in
vitro.

(viii) Enhances the antibody response.

(ix) Increases survival of irradiated
rats.

(x) Increases division of grasshopper
neurcblasts.,

Reference

laclanus & Whitfield, 1971.

Morgan & FPerris 1974

Whitfield, Perris & Youdale 1968.

Whitfield, Perris & Youdale 1969

Whitfield, Rixon, Perris &
Youdale 1969,

Perris, Weiss & Whitfield 1970.
Perris & ihitfield 1967.
Perris, Thitfield & Rixon 1967.
Perris, Thitfield & Tolg 1968.

Hunt 1974.
Morton 1968,

Hunt & Perris 1973.

Perris & Whitfield 1971.
Perris, Whitfield & Rixon 1967.
Rixon 1968

Perris & Thitfield 1971.
Ferris & Whitfield 1971.

Balk 1971.
Balk, VWhitfield, Youdale &
Braun 1973.

Braun, Ishizuke & Seeman 1970
Rixon & Whitfield 1963,

St. Amand, Anderson & Gaulden
1960.



b) Elevation of extracellular calcium by injection of PTH,

(1)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

Observation.

Stimulates proliferation of bone
marrow cells in vivo.

Stimulates reticulocyte form-
ation in bone marrow in vivo.

Stimulates 59Fe incorporation into
red blood cells.

Stimulates thymocyte proliferation
in vitro.

Stimulates thymocyte proliferation
in vivo.

Increases survival of irradiated
rats.

Inhances post-haemorrhagic
erythropoiesis,

(viii)Implicated in liver regensration.

Reference.

Perris & Vhitfield 1971.

Perris & Whitfield 1971.
Ferris & Whitfield 1971.

Vhitfield, lNacllanus & Rixon
1970b.

Whitfield, l'acllanus, Youdale
& Franks, 1971.

lacllanus, Perris, Whitfield
& Rixon, 1970.
Perris, Weiss & Whitfield 1970.

Rixon & Whitfield 1961.
Rixon, Whitfield & Youdale
1958.

Perris, laclianus, Vhitfield
& Weiss 1971.

Rixon & Whitfield 1972b.

¢) Reduction of extracellular calcium by parathyroidectony.

(1)

(i)

| (iidi)

(iv)
(v)

(vi)

(vii)

Observation.

Lowers thymocyte proliferation
in vivo.

Causes thymic atrophy.

Lowers bone marrow cell pro-
liferation,

Causes bone marrow hypoplasia.
Lowers reticulocyte production.

Inhibits ??7e incorporation into
red blood cells.

Increases time required for post
haemorrhagic restoration of
haematocrit,

Reference.

Hunt & Perris 1974.

Perris, Weiss & Whitfield 1970.
Perris, VWeiss & Vhitfield 1970.
Hunt & Perris 1973, 1974.
Perris, llaclianus, Whitfield &
Weiss 1971.

Perris & Whitfield 1971.

Rixon 1968,

Rixon & Vhitfield 1972a.

Rixon & Whitfield 1972a,
Perris & Whitfield 1971.
Perris & Whitfield 1971.

Perris, liacllanus, Whitfield
& VWleiss 1971.



SNeg

¢) cont... Reduction of extracellular calcium by parathyroidectomy.

Observation. . Reference.
(viii)Reduces and delays DNA synthesis Rixon & Whitfield 1972b.

and cell proliferation in the
regenerating liver.

(ix) Abolishes the mitogenic action Hunt & Perris 1974.
of erythropoietin on bone
Marrow,

(x) Abolishes circadian changes in Hunt & Perris 1974.

bone marrow and thymus cellular
proliferation,

The effects of these increases in calcium ion concentration were
exerted within the physiological range, indicating the importance of this
ion in the physiological control of thymic lymphoblast proliferation in
vivo (Whitfield, Rixon, Perris & Youdale 1969; Yaclianus & vhitfield 1970 )
As can be seen from the above literature, the mejority of the findings have
been resiricted to two tissues, namely the thymus gland and the cells of
the bone marrow. These tissues readily lend themselves to both in vitro
and in vivo study; there is a large cell population at any one time, and
the mitotic activity of these tissues is such that both decreased and in-
creased division is demonstrable without exhausting mitotic capabilities,

Having detailed the situations in vitro and in vivo in which calcium
has been shown to be mitogenic, it is necessary to discuss briefly the

cellular mechanism by waich this effect is believed to be achieved.



3,6 Calcium, cyclic-AlP, and the control of cell proliferation.

The thymic lymphoblast has been used as a model for the elucidation
of the cellular mechanisms underlying cell proliferation for the reasons
mentioned overleaf., Even though it is difficult to draw analogies between
rat and man, it is anticipated that a knowledge of the fundamental control
systems in rodents will result in a greater insight into normal and neo-
plastic mammalian cell division,

The integrated requirement for both calcium and cyclic adenosine-3' 5!
monophosphate (cyclic-AlP) has been recognised in many hormonally-mediated
processes (Racmussen 1970). In these systems it has been established that
calcium is not required for the production of cyclic-AlP, whereas the phy-
siological response is calcium-dependent, Elevation of the extracellular
calcium concentration both in vitro and in vivo (section 3.5) has been shown
to increase cellular proliferation in thymic lymchoblasts and bone marrow
cells, Bridging these two processes a complex biochemical series of events
occur in the cell membrane involving cyclic-AlP. The formation of cyclic-Al'P
from adenosine 5' triphosphate (ATP) and desradation to adenosine 5'mono-
rhosvhate (5'ALP) are catalysed by the enzymes adenylate cyclase and phospho-
diesterase (FDE) respectively (Robison, Butcher & Sutherland 1971). The Eyclic-
AlP levels in tissues may be influenced by agents which potentiate or inhibit
either of these two enzymes. A nuwber of hormones (e.g. glucagon, ACTH)
are known to be adenylate cyclase stimulators (Robison, Butcher & Sutherland
1971).

Pearathyroid hormone, via its intermediary action of elevating the
extracellular calcium ion concentration, causes DNA synthesis in thymic
lymphoblasts by raising their cyclic-Al'P levels (Whitfield, Eaénanus &

Rixon 1970b; Whitfield, l'aclanus, Youdale & ¥ranks 1971). There has been
shown to be a striking parallel between the extracellular calcium concent—

ration, the cyclic-AlP content, the level of DNA synthesis, and the resul-
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ting cell proliferation (Maclianus & Whitfield 1971; Vhitfield, liaclianus,
Youdale & Franks 1971). The elevation of intracellular cyclic-Al’P by the
calcium ion has been attributed to its ability to inhibit the enzyme PDE
(Witfield, l‘acllanus, Youdale & Franks 1971).

Since PTH increases the eniry of calcium into cells (Borle 1967;
Resmussen 1971; Whitfield, Macxanué, Youdale & Franks 1971) it has been
postulated (Vhitfield, Rixon, !faclianus & Balk 1973) that a sudden rise in
the extracellular calcium concentration, or an increase in the membrane's
permeability could lower the activity of the surface PDE. The feasibility
of such a system is substantiated by the observation that various membrane-
active agents stimulate thymic lymphoblast proliferation by suddenly sensit-
ising the cells to extremely low and normally non-mitogenic calcium levels
(Whitfield, Perris & Youdale 1968).

As a result of this influx of calcium ions into the cell, quiescent c°
cells are recruited from the Gj/S boundary into the DNA synthetic (3) phase
of the cell cycle (Whitfield, Rixon, Perris & Youdale 1969). Calcium also
interacts with the cell membrane in order to bring about an elevation of
cyclic-AlP, Cyclic AP probably turns on an activation site in the cell
membrane (See Fig, 6). Since exogenous cyclic-AlP's mitogenic action is
inhibited by imidazole (a PDE activator), and promoted by caffeine (a PDE
inhibitor) (Whitfield, llacllanus & Gillan 1970), there must be a PDE associ-
ated with the surface activation site. It is thus postulated (Whitfield,
Rixon, lNacllanus & Balk 1973) that calcium having gained access to this surface
PDE site, raises intramembranal cyclic-Al'P levels, which then switches on
the activation site. The stimulated site would then produce the ultimate
mediators which enter the cell and start the DNA-synthetic and mitogeqic
processes,

Several hormones require the presence of extracellular calcium in order

to manifest their mitogenic potentialities in thymic and bone marrow cell
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populations, This is true for PTH (Whitfield, Perris & Youdale 1969;
Whitfield, llaclianus, Youdale, & Franks 1971); growth hormone, neurohormones
and prolactin (Vhitfield, Perris & Youdale 1969; Whitfield, Rixon &
Youdale 1969); cortisol (Whitfield, laclianus & Rixon 1970a; Vhitfield,
Macllanus & Gilliam 1973a) and acetylcholine, histamine and insulin (Perris
& lorgan 1975). ;

The ection of cyclic-AllP on proliferative events in thymic and bone
marrow cell populations is concentration dependent, the response at any one
instant being governed by the extracellular calcium concentration. Thus
at cyclic-AllP concentrations between 10_8 to J.O"6 M a stimulatory response
is observed (Rixon, Whitfield & liaclianus 19703 Whitfield, l'aclianus &
Gillan 1970; Whitfield, lfaclanus, Youdale & Franks 1971), whereas at con-
centrations around lO"4 an inhibitory response is observed (Abell & !‘onahan
19733 Vhitfield, l'acllanus & Gillan 1973b). The inhibitory action of high
concentrations of cyclic-AlP has been attributed (Whitfield, Rixon, llaclianus
& Balk 1973) to a reversible inhibition of the mitogenic process as a con-
sequence of elevated intracellular calcium. Thus, depending on its own
intracellular concentration and the extracellular calcium level, cyclic-Al'P

can be either a positive or a negative regulator of cell proliferation,
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Experimental Animals

Animals used were highly inbred Vistar rats obtained from
Bantin & Kingman Ltd, IHull. They were maintaned under constant
temperature and natural 24-hour fluctuations of illumination in
the Animal House, Department of Pharmacy, until required. The
animals are normally asleep during the day and consume the majority
of their dietary inteke (Pilsbury's 41B - see Appendix for composi-
tion) during the niznt.

From their inherent nocturnal hebit, it is obvious that any
experiment performed during the day is likely to upset their endo-
crine balance to some extent, and induce a stress reaction.
Hevertheless, the rat is an excellent animal to enploy for these
experiments because:

(i) inbreeding reduces animal variability

(ii) the size of the animal (and thus of its organs)
readily permits the required surgery

(1ii) at least 5mls of blood nay be removed from the
heart, for later biochemical analysis, without
causing death

(iv) the rats are renarkably resistant to infection,
as shown by Ingle & Griffith (1942); Lambert

(1965) .



l. Analysis of Plasma Constituents

l.1. Preparation and storage of plasma

The method of cardiac puncture was routinely adopted for
blood sampling. This technique is far superior to others such
as decapitation or by 'milking' the tail vein where there is a
high probability of dilution by extravascular fluids. Only by
cardiac puncture is one able to obtain a volume of blood up to
Smls; even though a small volume of lml would suffice for the
biochemical requirements, if the expcriment was terminal a larger
volume was withdravm to obtain clearer demarcation of the haema-
tocrit folloving centrifugation.

Plasma was taken in preference to serum because:

(i) loss of the protein clotting factors in serum
might affect the ionised calcium concentration.
| (ii) complete formation of the blood clot requires
- several minutes which increases the possibility of haemolysis.
(iii) the volume of serum is not as great as that of
plasma, which is an important practical consideration when dealing
with small animals from which only limited volumes of blood may be
obtained,

Although Hunt (1974) has shown that large concentrations of
heparinised saline reduce the plasma ionised calcium values, the
concentrations used in the present studies (50mg.) were insuffic-
ient to cause such a reduction. Thus blood was routinely with-
drawn by cardiac puncture into 5ml heparinised syringes fitted
with 21 gauge needles. After first removing the needle (to

prevent haemolysis) the blood samples were slowly ejected into
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glass centrifuge tubes, covered with a thin layer of lizh% fraction
liquid paraffin to prevent pH fluctuations affecting ionised calcium
concentrations (ffunt 1974) centrifuged at 500g for 15 mins and then

stored at 4°C until analysed.

1.2, leasurement of plasma total calcium

Plasma total calcium concentration was determined by the
method of Copp, Cheney & Stokoe (1963), usng an EEL Titrator.
The principle of the method is that when caleium is added to an
alkaline solution of murexide a colour change occurs, due to forma-
tion of a calcium-murexide complex. TWhen ethylene diamine tetra~
acetic acid (EDTA), a more powerful calcium chelating agent, is
added via micrometer screw, this produces a gradual reversion to
the original colour due to the liberation of free indicator.

4nl glass cuvettes equipred with a magnetic stirrer were
employed for the calcium estimations; into each was placed 2.5ml
of murexide solution, 0.2ml 1N NaOH, and O,lml calcium standard or
plasma. The chenge in colour intensity following additions of
EDTA was measured by a photo-electric cell attached to a galvanometer.
All readings were nade with the incorporation of the spectrum filter
No.606 (Peak 5750-58008% ). Volume of EDTA added to the cuvette,
by successive additions of lul aliquots, was plotted against the
galvanometer reading. When finally two aliquots produced no
further deflection, the intersect of a line drawn between these
latter points and of the line joining the points where changing
deflections did follow EDTA addition, represents the end point of

the titration as shown in Fig.l.



26
241
L] 22+
<
(o]
<
e  20f
i
. 18
w
=
2
< 16
2
-
(] 14F
121
10 ¥ 1 1 1
50 60 70 80 90 100

UNITS OF EDTA ADDED (Sunits=1u1)

Fig, 1: Titrometric evaluation of plasma total calcium and conversion

to mgl'. Standard calcium solution containing 10us. added to cuvette and
typical graph constructed as indicated in text. The intersect of the two
lines siould approximate 100 EDPTA units. Lines for unknown concentrations
- of calcium solution are likewise constructed. Plasma total calcium in

ngs’ is determined relative to the stgndard.

i.e. Typical results:-

Units of EDTA of standard 120

Units of ETA of unknown

I

1155

Concentration of unknown = 113.5 x 100/120

94.5 = 94.5/10 = 9,45ups



Calcium standard Units of EDTA
(concentration in mg) titrated to end point
10 100 = 1.2 (3)
9 86 &+ 2.0 (3)
5 48 £ 0.8 (5)
3 HiE 1.1 (5)
Table 1: Relationship between the concentration of commercial calcium

chloride standard (in mg{!) and the units of EDTA titrated to reach the
end point, shovm as means & s,e.m. Number of determinations for each

standard shown in parentheses.
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Young Rats '0ld Rats
Ether
anaesthesia 9,89 z 0,10 (10) 10.03 £ 0.05 (12)
Pentobarbitone 9,87 + 0.06 (9) 10.02 4+ 0.06 (12)
(lhr duration) (118) (13)

Table 2: Influence of ether and pentobarbitone anaesthesia upon plasma
total calcium in grouns of young (200-250g) and old (375-450g) male
rats, Values in mgd and expressed as means 4 s.e.m., Number of animals
in each group shown in parentheses, Significance comnared between

groups of the same age, N3, Not significant.
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The validity of this method for assessing plasma total calcium
concentrations over the required range of study was evaluated by
employing a series of dilutions of accurate commercial calcium
standard (BDH Ltd). These were titrated against EDTA and a direct
linear relationship between calcium concentration and EDTA volume
was obtained (T le 13 Fig.2). Test samples were thus routinely
compared with a freshly prepared 10mgd. calcium standard solution.
Where up to 5 separate determinations were made on a given plasma
sample, values were found to differ Irom each other by only O.lng
per 100mls indicative of the accuracy and reproductability of the
method.

In most experiments, ether was used as the anaesthetic, and
in others due to the nature of the experiment (e.g. slow infusion
into the jugular vein) a barbiturate (Nembutal) was used. Thus
it was necessary to show if there was any significant influence of
the anaesthetic upon total calcium concentration. Both ethanol
and urethane have been shown to have a dramatic hypocalcaenmic
- effect in rats (Peng & Cooper 1971; Peng, Cooper & lunson 1972).
On the other hand ether and halothane were found not to be hymne
calcaemic (l'unson, Schwesinger, Cooper, Gray & Peng 1971). The
regults using a barbiturate show that even after one hour of
anaesthesia no significant effect upon total calcium levels was

aprarent (Table 2).

l.3. leasurement of plasma ionised calcium

Calcium exists in plasma in three forms (licore 1970). These
are:

(i) non-diffusible, protein bound calcium (30-50: of
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the total depending upon pH and temperature).

(ii) diffusible non-ionised calcium (5-15 of the total)
in the form of complexes and chelates

(iii) ionised calcium,

It has lonz been established that the ionised form is the
physiologically active species (Toribara, Terepka & Dewey 1957), and
many important physiological processes are known to be solely depend-
ent upon the calcium ion activity (see General Introduction and
Introduction 3.5). The development of an eiectrode specific for
the calcium ion has progressed from the unsatisfactory glass
electrode (Truesdell & Christ 1967), through a dip-type ion-exchange
electrode (Ross 1967) to the present flow through ion-exchange system
developed specifically for the measurement of ionised calcium in
plasma and serum (lioore 1970).

The apparatus used in this study was an Orion 99-20 flow through
electrode coupled to an Orion 801 digital nV/pH meter, (Orion
Research Inec., lMass, U,S.A,) The advaﬂtages of this specific elec-
trode have been documented by Moore (1970). In brief they are:

(1) more rapid equilibration,
(i1) greater stability of potential,
(iii) smaller sample valume requirement,
(iv) anaerobic conditions for measurement
which maintains blood pH by preventing loss of 002.

The principle of the ion-exchange electrode is that a chemical
exchange of calcium for another ion occurs at the interface of a test
solution and an organic ion-exchange resin, thereby generating a
potential. The electrode thus measures calcium ion activity and

not calcium ion concentration. However, in dilute solutions of
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calcium, such as in biological fluids, the activity of the ion is
proportional to its concentration, and it is therefore possible to
celibrate the electrode in terms of ionised calecium concentration
(loore 1970).

Standard solutions supplied by Orion containing 0.5, 1.0 and ;.

2,0 x 1072 11 CaCl. in 1.5 x 1071 1 NaCl were used to calibrate the

2
electrode, The standard containing 1.0 x 10~ I CaCl. was

2
alloved to flow slowly through the electrode system for an hour in
order to obtain stable readings. Such readings were considered
to be stable when the fluctuation was only ¥ 0.2mv.

Small quantities of trypsin and triethanolamine were initially
added to the standard solutions. Triethanolamine was stated by
Orion to retain membrane flexibility; +he function of the trypsin
was to clear possible deposits of plasma proteins which night
precipitate on the membrane. Although addition of these sub-
stances causez 2 small error in electrode response (Lik Piechocki
1971; Lindgarde & Zettervall 1971; Schwartz, lcConville &
Christopherson 1971) several authors (Hattner, Johnson, Berstein,
Wechman & Bracknam 19703 Li % Piechocki 1971; Lindgarde &
Zettervall 1971) have claimed that boh additives are necessary
to preserve membrane stability.

The main disadvantase of this method is the short lifespan
of the menbrane, which is coupled with the expensive reagents
required at each fresh membrane chance, It was noticed that
when trypsin was added to the standards, a white deposit was formed °
on the membrane, which might indeed have been the enzyme itself,
and consequently reduced membrane life. Omission of trypsin was
found to extend membrane life, with no loss of membrane stebility,

and was dispensed with in subsequent analyses,
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Days of
storage 0] 1 2 3 4
(4°c)
Plasma 10.35 10.20 9.70 35D 9.50
total 10.00 9.90 9.73 9.45 9.30
calcium BE8 I 1025 10,00 10.05 9.80
(mes) 10.38 10.20 10.20 10. 30 10.20
10.22 10.20 10,01 10.20 10.00
Plasma 5.20 4.10 4.20 3.72 3,61
ionised 5.40 4,00 34 T6 3.20 3.72
calcium 5.10 4,30 4.%0 4.00 3,60
(ngs) 5.60 4.40 4,40 4.%0 3,60
5«31 4,18 4,20 5.98 3.80
Table 3: Influence of storaze (4°C) on oil-covered plasma in contact
with the red blood cells upon plasma total and ionised calcium values,
studied for up to 4 days following removal by cardiac puncture,
"value is the mean of 3 individual results,
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The repeatability of this method was found to be good, if all
readings were taken at a fixed time (1 min) after introduction of
the sample,

A number of blood samples were taken by cardiac puncture from
male rats, covered with a thin layer of lizht fraction paraffin oil,
centrifuged, and stored at 400. Total and ionised calcium were
measured daily, to show the effect of storage under these con-
ditions. As shown in Table 3, the total calecium remains constant
for at least three days, but the ionised calcium falls rapidly, and

must be measured on the day of sampling.

1,4, l'easurerent of plasma total magmesium concentration

Plasma total megnesium concentration was measured by atomic
absorption flame spectro-photometry. FPlasma samples were diluted
twenty-fold and deproteinised with trichloroacetic acid in the
presence of 2 x 103 p.p.m, strontium chloride; strontium reduces
the interference of other ions, particularly phosphate in solution
(Jurdoch & Heaton 1968), After centrifugation at 350g for 5 minutes
the supernatent was analysed in a Unicam SP90OA atomic absorption
flame spectrovhotometer. The flame was an acetylene (10.5 lb/sq.
in.)/air (27 1b/sq.in.) mixture. ‘avelength was 285,2 mp, slit
width 1.0mm and a lamp current of 8mA.

At lcast an hour was set aside for the machine to attain
equilibrium and the background electrical noise to reduce to
negligible levels, during wiich time distilled water was flushed
through the tubinz, Sauwples were then read in comparison with a
blank solution and magnesium standards prepared from a commercial

standard (BDH Lid), Strontium and trichloroacetic acid were



added to these solutions in the same proportion as to the plasma
gsamples.

The sbsorbance for eny given standard or sample shovied
remarkable consistancy, the variation beinz no sreater than )
unit. The method was thus considered to be accurate and reliesble

for the estimation of plasma magnesium concentration.

1.5. lNeasurement of plasma inorganic phosrhorus

The method of Chen, Toribara & Varner (1956) was employed
end although this is often stated to measure plasma phosphate
concentration, it actually measures inorganic phosphorus., Thus
in this study the term phosphate is used with the assumption that
essentially all inorgenic phosphorus is present in plasma as
phosrhate.

After deproteinisation with trichloracetic acid, a sauple of
supernatent was incubated at STOC for 1% hrs, with an acidic
ammonium molybdate solution, to allow the blue colour to develop
fully. Standard solutions, prepared from a stock solution of
potassium dihydrogen orthophosphate, were tresated in a similar
manner.

Following the incubation period, absortance was read against
a blank at 820 mu in a Unicam SP500 spectrophotometer.  The
repeatability and reproductability of individual plasma samples
was detérmined, and since very little variability was found the
method was thus considered to be accurate and reliable for the

estimation of plasma inorganic phorphorus concentration,



1.6, leasurerment of plasma glucose concentration

Plasma glucose was determined by the glucose oxidase method,
employing a Beckman Glucose Analyser (Stevens 1971). A critical
survey of this method has been documented by liorrison, Scotland &

Fleck (1972).

1l.7. leasurement of plasma insulin concentration

Plasma insulin was assayed by a modification of the double
antibody method of radioimmuno assay (Hales & Randle 1963), using
the kit supplied by the Radiochemical Centre, Amersham, Human

insulin was used as the standard, obtained from Wellcome.
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2, TEstimation of MNitotic Activity

2.1, Generesl Considerations

The presence of mitotic figures in histological sections of
organs and tissues of thes body indicates that cell proliferation is
occuring. At least three mcthods have been used in this study to
visualise cell proliferation, each having limitations and dis-
advantaces. These have been reviewed in detail by Leblgnd &
Walker (1956) and Cameron (197); brief consideration of the
salient points will be discussed here with reference to:

(i) mitotic index;
(ii) metaphase arresting agents; and

(iii) tritiated thymidine ( H-tdR).

(i) lditotic index

Probably the simplest method of estimating the mitotic
activity of a tissue is to nake an assessment of its mitotic index,
since this involves no exogenous pertubation that may interfere with
the cell cycle., The mitotic index is defined as the percentage of
cells in the population which is in some stage of mifosis at any
one time. This normally encompasses all the cells in prophase,
metaphase, anaphase and telophase, However, in these cell popu-
lations, very early prorhase figures were not readily distinguish-
able from the non-dividing cells, The rmitotic index in this study
therefore encomrasses the percentace of nucleated cells wlich are
in any stage of mitosis from late prophase to the end of telo-

phase.
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Tven though mitotic index may represent the simplest approach,
it is the least informative since no measurement of time is involved,
and therefore the rate at which the cells of a tissue are dividing
cannot be calculated, An equally important disadvantage is the
fact that the mitotic index is low for most tissues (in the bone
marrow this represents about 1;) and requires considerable numbers
of cells to be counted to obtain statistically significant results.
In thymic and bone marrowcell polulations it has been estimated
that about 2000 cells need to be counted in a given population.

An increase in the mitotic index of these cell populations
could be interpreted in various ways.

(i) There may be the destruction or extrusion of
mitotically incompetent non cycling cells from within the tissue.
This would artificially enrich the percentage of the remaining
mitotically competent nucleated cells wanich were undergoing mitosis,
without affecting the absolute numbers of cycling cells. It would.
seem unlikely that cell loss of this nature would be responsible
for observed increases in mitotic index. Indeed, it has previously
been shown that increases in bone marrow mitotic index following
calcium ion injections are not associated with any reduction in
the numbers of non-dividing cells (Perris & Whitfield 1971).
Furthermore, & number of hormones and ions which increase bone
marrow and thymus mitotic index are also active in vitro (Perris
1971; T"hitfield, Rixon, Macl'anus and Balk 1973) which would pre-
clude the possibility of nucleated cell extrusion, though not of
destruction. Thus a decrease in non-dividing nucleated cells
without a concomitant decrease in cells undergoing mitosis seems

an unlikely explanation for an increased mitotic index.
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(ii) It may be that scme pertubation of the cell cycle
is the underlying mechanism responsible for an elevation of the
mitotic index. Thus, there could be a prolongation of the
mitotic (1) phase without a corresponding increase in the entire
cell cycle time, If this was the case, the porportion of the cell
cycle occupied by dividing cells would be increesed, and although
the rate of entry of cells into I would be normal, their extended
duration in this phase would lead to an increase in mitotic index
which would be wrongly interpreted as an increased mitotic activity.
In all experiments where mitotic index was measured, parallel
measurements of the true rate of eniry of cells into il using
cblcemid metaphase accumulation would preclude such erroneous
interpretations.

On the other hand, a shortening of the overall cell cycle time
without a decrease in ! would also lead to an increased proportion
of eycling cells in ! at a given time. Such a situation would
. truly represent an increase in the rate of production of new cells,
It has previcusly been stated (Introduction 1.2) that it is the G

1
phase of the cell cycle that shows most variability, and the G, and

2
S periods remain relatively constant under most conditions (Cameron
1970). In a2 number of rapidly dividing tissues (Cameron 1970) the
Gl phase constitutes about 10-1%. of the total cell cycle time,
Thus large decreases in the duration of the C—l would have to be
postulated to account for the observed variability in the mitotic
index. It would seem unlikely thérefore that a change of the
overall cell cycle time, without a concomitant change in If is the

factor responsible for the mitotic index changes observed in this

study.
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(iii) Resting G° cells may be recruited into the actively
dividing cell population, while the cell cycle time remnains constant.
Thus 2t axny instant of time an increased percentage of the total
nucleated cell population would be engaged in proliferative activity.
This is the most feasible explanation for an elevation of the mitotic
index.

(ii) Xetaphase arresting agents

A number of compounds have 5een used to arrest dividing
cells at metaphase in the cell cycle (Gelfant 1963; Tannock 1967).
In essence, these so called mitotic spindle poisons, or stathmo~
kinetic agents are relatively specific in their action by preventing
the flow of dividing cells past metaphase. The low number of
dividing cells observed by the mitotic index method is overcome
since with time, the dividing cells enter the mitotic phase of the
cell cycle and accumulate here. Spindle poisons are generally
allowed to act for 3-6 hrs. In consequence, therefore, the per-
gentage of dividing cells in a given cell population is nmuch increased
as compared to that observed by mitotic index,

An effective stathmokinetic agent should possess the following

characteristicss:

(i) There must be an optimum dose at which it arrestis
all metaphases in the tissue over a certain time period.

(ii) The arrested metaphases should not degenerate into
an unrecognisable state before the tissues are fixed and examined.

(iii) The azent itself does not disrupt the normal entry
of cells into mitosis. Thus, if the number of prophases stay

constant while the percentage of metaphases increase linearly, one
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may reasonably assume that no detrimental effect has occurred
prior to spindle disrugption.

Colchicine has been used as an investigative tool in
problems concerning cell proliferation since the early 1930's.
Some of the most comprehensive studies on the qualitative and
quantitative effects of this drug in causing the arrest in
mnetaphase of cells undergoing division were made by Brues (1936);
Ludiford (1936); BEigsti & Dustin (1955). These workers showed
that colchicine acted only to arrest cells in metaphase and did
not interfere with the normal rate of entry of cells into mitosis.
Furthermeore, these effects were achieved with extremely low doses,
in the order of lmg/kg. A smaller dose will arrest only a frac-
tion of the cells entering metaphase, Conversely, when the dose
of colchicine is too high, disintegration of the dividing cells is
produced, This effect increases with time (Lud ford. 1945) and in
addition, high doses of colchicine cause a depression of the
rate of DIA synthesis (Fitzgerald & Brehaut 1970).

A derivative of colchicine, N-desacetyl-l-methylcolchicine
(Colcexid, Ciba Ltd) is also widely used. It is rerortedly less
toxic (Schar, Loustalot & Gross 1954) and more effective than
colchicine (lleier, Schar & lleipp 1954). The depression of the
rate of DNA synthesis is less marked with an equivalent dose of
Colcemid (Hell & Cox 1963), For these reasons, colcemid is
preferred for in vivo work.

The appearance of colcerid-arrested metaphases ('C' metaphases)
is readily distinguishable since the chromosome pairs fail to
separate at the equatorial plate, and cytologically appear as a

highly concentrated mass of densely staining material, devoid of a



xR
1]

nuclear membrane (see Plates 3 & 4)., Thus, it is possible 1o
score the percentage of metaphase-arrested cells within a pop-
ulation after & lapse of x hrs following the colcemid adninis-
tration. When comparing various treatments the veriations in
colcenid-metaphase accurulation may reasonably be interpreted as

a direct fluctuation of the mitotic activity of that tissue.

(iii) Tritiated-thymidine

An alternative way of studying cell proliferation
is by the use of isotope precursors that label the nuclear DNA.
In contrast to colcemid, which acts at the I phase of the cell

140- or 3H— thymidine, have

cycle, the current isotopic labels
their effect specifidally in the S phase. Apart from the far
greater counting efficiency obtained wit 140 compounds, tritiated
compounds are often employed since they are much cheaper and less
hazardous.

Thus when enimals are given a solution of tritiated thymidine
(BH;th), the label is rapidly distributed throughout the body and
specifically incorporated into the DNA of those cells which are
replicating their nuclear DNA in preparation for cell division.
This single pulse lavel is specific for these cells only, the
renainder of the 3H—th which is not immediately used in the syn-
thesis of DNA is rapidly catabolized. This process is independent
of the route of administration whether it be oral, s.c. or i.p.
injection, the labelled DNA being stable until that cell dies.

A number of assumptions have to be made concerning the
specificity of 5H—th as well as the stability of nuclear DIA,

These have been dealt with in great detail by Cleaver (1967).
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Plate 3: Typical appearance of cells from the thymus arrested at
JI I

metaphase with colcemid; such densely staining cells are labelled (e).
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Plate 4: Typical appearance of cells from the bone marrow arrested at

netaphase with colcemid; such densely staining cells are labelled (c).
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Briefly, these are:

(i) Cells which replicate DNA proceed through the cell
cycle and eventually divide.

(ii) The auount of 3H—th used as a tracer does not
alter the normal proliferation kinetics, and is not toxic to the
animal,

(iii) Bvery cell which is synthesising DNA during the
time the animal is given the 3H—‘bdR is labelled,

(iv) The method of EH—th administration does not alter
the cell proliferation and renewal characteristics of the animal.

Although hizh doses of 3H-th can cause deleterious radiation
damage, when tracer doses are employed (usually not greater than
100uc /100g), H-tdR is & very useful tool in studying cell pro-
liferation in rapidly dividing tissues. Indeed, one advantage
of the use of Bﬂ—th is the rapidity by which results may be
obtained.,

If the above technique is coupled with liquid scintillation
counting, this procedure suffers from an inherent disadvantage,
Results are expressed as disintigrations per minute (d.p.m.) and
does not quantify the numbér of dividing cells, However, if it
is first demonstrated for the tissue concerned, that there is a
direct relationship between DNA content and the d.p.m.'s, then it
may reasonably be inferred that an increase in the d.p.m. per pg
of DNA is a consequence of an increased incorporation of the thy-
midine label into newly synthesised DIA. In tissues where the
cells readily lend themselves to microscopic examination, this
assunption may be overcome by the use of autoradiography,

However, if autoradiography were employed in the intestine, this
would have to be coupled to microtomal sectionin:, which has its

own disadvantages which will be discussed subsequently,



2.2, Methodology Employed for Bone larrow and Thymus Cell Preparations

a) in vivo

The mitotic index of the above tissues was assessed after
rapid removal of the thymus gland and the right femur from anzesthet-—
ised rats. The thymus gland was washed in 0.9%. saline, and then the
tissue dispersed in 3mls of saline by mincing with curved secissors.
This suspension was squeezed through four layers of mdstened cheese-
cloth into a further 2mls of saline. One drop of this solution was
mixed evenly with two drops of calf serum, (Wellcome Reagents ILtd),
The slides were dried in a current of warm air at 3700, fixed, and
stained with Delafields Haematoxylin, as described by Thitfield,
Brohee & Youdale (1964b).,  After extracting the plug of bone
marrow cells, the cells were dispersed in 2mls of saline. Since
cells undergoing division may be more fragile than non-dividing
cells (Lala, laloney & Pratt 1964) this was achieved by gentle
application of a Pasteur pipette. Two drops of this suspension
were mixed with one drop of calf serum, and the slides treated as
for the thymus preparations.

The characteristic appearance of late prophase, metaphase,
anaphase and telophase are shown in Plates 1 & 2. With each
slide, the percentage of dividing cells within the entire popula~
tion was estimated, by at least 1000 cells being counted by two
‘independent workers. All the estimations were performed within
& given time period, usually between 10,00 a,m, and 11.00 a.m, to
counteract variation due to the circadian rhythm in these tissues

(Hunt & Perris 1974).
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In in vivo experiments employing a metaphase arresting agent,
colcemid was chosen for the reasons discussed earlier. Since the
closely related alkaloid colchicine at a dose of 0,2 mg/100g has
been shown to depress plasma calcium concentrations in young rats
within 4-6 hrs after injection (Rixon 1968; Heath, Palmer &
Aurbech 1972) as a result of inhibiting bone resorption, careful
consideration had to be given to the dose employed within the time
that the drug was being studied. The concentration of colcemid
used was 0.4 mg/ml 0.9 NaCl, Over a 4 hr period, one i.p.
injection of 0,2 mg/100g body weight administered at time zero
has been shown in preliminary experiments to produce complete
metaphase arrest in bone marrow and thymus cells, and this dose
also has no influence upon total plasma calcium concentration (Hunt
& Perris 1974). If two i.p. injections administered at zero and
2% hrs (Perris, Whitfield & Rixon 1967) over a 6 hr period of
study, a slight but significeant decrease in plasma calcium is
_ observed (Hunt 1974). Regardless of whether the hypocalcaenmic
action of colecemid siénificantly affected the flow of cells.into
metaphase, the use of the alkaloid over Q 6 hr period was not
invalidated as a means of comparing mitotic activity, since the
effect would be manifest in both control and test animals,

It has been shown in vivo that over a 4 or 6 hr period that
there is a linear progression of bone marrow and thymic cells
into mitosis and hence into the arrested metaphase configuration,
in the presence of colcenid (Perris, Whitfield & Rixon 1967).

Thus by scoring the percentage of cells which were arrested in
the colchicine-metaphase configuration over a 4hr or 6hr period,

it is possible to compare the effect of various treatments upon
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the level of mitotic activity in these tissues. At least 1000 cells
were counted by two independent workers.

The in vivo treatments that the animals were subjected to were
mainly those involved with an alteration in the extracellular calcium
concentration. A decrease in extracellular calcium was achieved by
parathyroidectomy (Section 3.5), whereas a temporary elevation of
extracellular calcium was obtained by injection of a 62,5 mmol/l
Ca012 golution. Rats (weighing approkimately 200g) received a series
of 1ml i,p. injections at 0, %, 1, 2, 3, 4 and 5 hrs after the start
of the Colcemid treatment. To elevate plasma magnesium, an

identical routine was followed, as for calecium,

b) in vitro

In some experimental situations, it was necessary to
isolate thymic lymphocytes to understand more fully the division
process in these cells, The thymus gland from one or more rats was
renoved from the body, placed in a petri dish containing a few mls
of balanced glucose salts (B:S) medium, and rapidly dispersed as
described above. After squeezing this suspension through four
layers of moistened cheesecloth, an aliquot was added to the
incubation tube, in the presence of 0,062 nll colchicine, and the
agent being studied for its mitogenicity. The calcium concen—
tration, for examnle, could be altered by appropriate additions

from a concentrated stock solution., The basic composition of

the BGS was 5.5 ml=-glucose, 5,0 m=KCl, 0.6 i CaCl 4

0 1,0 mM=}g30
5.0 mﬂ—NazHPoa, 120 mi-NaCl and 5,0 mli-Tris (hydroxymethyl)amino
methane buffer (Whitfield, Perris & Youdale 1968, 1969). The

pH was adjusted to 7.2 with HC1,
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Thus in the presence of colchicine, cells continue to flow
into mitosis over a 6hr incubation period, and accumulate at
metaphase as they do in vivo (Vhitfield, Brchee & Youdale 1964a;
Perris, VWhitfield & Rixon 1967; Whitfield, Perris & Youdale 1969).
At the end of a 6hr incubation period at 3700, sample s were taken
from the suspensions, mixed with a small volume of calf serum on a

slide, dried, fixed, stained and scored as described previously.

2.3. lethodology employed for assessment of mitotic activity

in the small intestine

All the work on the small intestine was restricted to a
specific area (the duodenum), to ensure minimal variation between
animals. It is also the most rapidly dividing part of the small
intestine (Clarke 1971) and thus any mitotic change would be more
readily detectable. All of the animals used to study the intest-
inal responses were males, since earlier workers had implied a
fluctuation of mitosis throughout oestrous in the skin (Bullough
19505 Ebling 1954), a fluctuation was shown in bene marrow and
thymus gland (see Realts, Part 1), and might also exist in the
intestine of females,

a) Colcenid
Colcemid has been used in vivo for the study of bone
marrow and thymic cell population kinetics with much success.
The use of colchicine for the measurement of mitotic rate in the
intestinal epithelium was first looked at critically by Stevens
Hoorer in 1961, She concluded that there was a linear accunula-
tion of cells into the colchicine metaphase configuration over a

3hr period, the drug did not interfere with the progression of



cells into mitosis, and was thus a valid approach to study cell
proliferation in the small intestine.

Since there is a circadian variation of mitotic activity in
the intestine (Sigdestad, Bauman & ILesher 1969; Scheving, Burns
& Pauly 1972), colcenid is preferred to mitotic index and division
assessed over a fixed time period., The other major reason that
led to the justificaﬁion of using colcemid instead of mitotic
index was the fact that the percentage of arrested cells in the
presence of colcemid is much greater than in its absence. For
example the mean mitotic index of rat ileal epithelium is 3.320;
in the presence of colchicine for 6hrs this becomes 17.6¢ (Leblend
& Stevens 1948), a figure far less susceptible to counting errors.

Colcemid was administered at the usual concentration at a
dose of 0,2 mng/l00g at time zero and 2% hrs., This dose had pre-
viously been shown to cause ccmplete metaphase arrest in all
intestinal crypts (Clarke 1971). Using this regime, a linear
accumulation of arrested metarhases was demonstrated up to 4hrs,
but by 6hrs little additional increase was observed, (see Results
section). Thus all treatments performed were assessed by com-
raring the cclcemid accumulation over a 4hr pericd.

Following the relevant in vivo treatment, the abdomen was
opened, the duodenum removed, and the intestinal contents washed
awvay by gentle flushing with isotonic saline. The intestinal
segments were fixed in Bouins‘fluid; for the first 12hrs of
fixation the segme nts were pinned out on fixative-covered wax
trays to prevent excessive curling of thé tissue. The prepared
tissue was finally embedded in paraffin wax, and subsequently

sections cut at Jn (Leblond & Stevens 1948; lclinn 1954;



- B

Bertalanffy 1960), and stained with haematoxylin and eosin. Each
section that was used for counting was separated from the last by
at least 100u of tissue to avoid counting the same mitotic figures
twice (Lesher, Walburg & Sacher 1964). Crypts were carefully
selected and only those where the entire fissue from the base of
the crypt to the tip of the villus was clearly visible were used.
Some initial preparations were sectioned at 3p; however irrespect-
ive of microtome thickness the major difficulty encountered was
elucidating precisely the position of the crypt-villus junction.
Since this would obviously lead to a possible source of error if
results were expressed as a percentage of arrested metaphases/
crypt, it was decided to express the results as the number of

colcemid metaphases/crypt (Clarke 19702).

b) Tritiated thynidine ( H-tdR)

3H—th was employed on the small intestine tc complement

the results obtained by histology. Indeed, since the 3H--th
approach does not visualise cells, if the two methods reflected
comparable results, then it could be reasonably assumed that the
3H—th counts were in fact originating from dividing crypt epith-
elial cells, and not some other diverse cell population such as
the lymphocytes of the lamina propria,

Cellular proliferation in the intestinal mucosa was assessed
by determining the rate of thymidine incorporation into DNA, An

aqueous solution of thymidine-6-H_ having an activity of greater

3
than 20¢/ri! (Radiochemical Centre, Amersham) was administered at
a dose of 3uc/100g body weight by a single i.p. injection., One

hour later, the animals were sacrificed and the duodenunm (6cnm



length) quickly removed end washed in iced 0,9 NaCl, 'The
intestinal wall was slit lengthwise and opened, mucosa uppermost,
on to a glass plate. The mucosa was then separated from the under-
lying muscle layers, and homogenised in 3mls of 7¢ ice cold perchloric
acid (PCA). A 1lml sample was taken, centrifuged, and the resultant
pellet washed three times with 7¢ ice cold PCA to remove any un-
incorporated isotope. The precipitate was then resuspended in 3mls
of 7¢ PCA and heated at 80°C for 30 mins to extract the DNA.  An
aliquot (Iml) of the solublized DNA was counted on a Beckman
Seintillation Counter employing NE 260 Scintillator (Nuclear
Enterprises Litd, Sighthill, Edinburgh). Total DNA was estimated
according to Dische (1955). A further aliquot of solubilized DNA
(1.5wl) was added to 3.0ml of Dische reagent (lg diphenylamine;
98ml glacial acetic acid and 2ml Conec. H2504), heated for 10 mins
in boiling water, cooled, and the absorbance read at 595qp and 650@P
on a Unicam SP600 spectrophotometer. DIA content was calculated
using the formula:

Optical density (C.D.) = (0.D,595-Blank) - (0.7,650-Blank)
and the results subsequently expressed as d.p.m. per ug of total

DI{A .

c) Estimation of intestinal surface area aid surface/volume

ratio
In order to quantify which group of cells in the intestine

~ were responsible for the increased mucosa:muscle ratio of the Strepto-
zotocin-treated animals, an estimate was made of the mrface area and
surface:volume ratio, A modification of the method of Dunndll &
Whitehead (1972) was employed by projecting histologiceal sections on

to a square template comprsing of four hundred 4" squares. The



number of times the horizontal and vertical axes cut the muscle
layer was termed M. The number of times these axes intersected
any part of the villus was termed E. Surface area was thus
expressed as U/l,  The number of times that the intersection of
the horizontal with the vertical axis was found in the villous

tissue was termed L, Surface:volume ratio was thus expressed

as E/L.



e Surcery and Related Procedures

3,1, Varsinal smears

Young adult females show a regular 4-~day oestrous cycle
(Long & Evans 1922) characterised by fluctuating levels of circulat-
ing oestrogens and progestogens (Butcher, Collins & Fugo 1974).
The concentration of these circulating sex steroids is reflected
in the cellular organisation.in the far;et tissues (e.g. the
vaginal epithelium). TFour phases are characterised in the rat

oestrous cycle:

phase of cestrous vaginal architecture duration (hr)
(i) pro-oestrus dominated by nucleated 16
epithelia, singly or in
sheets
(ii) oestrus cornified epithelium only 32
(iii) metoestrus few cornified cells tozether 24

with many leucocytes
(iv) dioestrus predominantly leucocytes with 24

few nucleated epithelia
The stage of the oestrous cycle was determined by the vaginal smear
technique of Zarrow, Yochim & licCarthy (1964). In addition the
dried smears were covered with Leishman's stain and inmmediately
drained vertically. This resulted in characteristic staining and
unquestionable recognition of the leucocytes and the nucleated

epithelial cells (see Plate 5-8).

3.2, Induction of chronic hyperglycaemia

In some rats an experimentally induced hyperglycaemic state

was achieved with the drug Streptozotocin (Upjohn Co, Kalamazoo,



Plate 5: Appearance of vaginal epithelial cells (pro-oestrus).
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Predominantly nucleated cells, Stained with Leishman's.

L T

Plate 6: Appearance of vaginal epithelial cells (oestrus). Corrx-i Fied

cells only. Stained with Leishman's.



Plate T7: Appearance of vaginal epithelial cells (metoestrus)., Few

cornified cells and many lemcocytes., Stained with Leishman's

Plate 8: Appearance of vaginal epithelial cells (dioestrus). Pre-

dominantly leucocytes with few nucleated cells.

Stained with Leishman's.




Michey UesS.A.) This was chosen, since the older drug alloxan, has
been shovm to influence calcium metabolism (Hang, Rogler & Doolittle
1973) y has fiarly toxic side effects and the success rate in
destroying the pancreatic Jp-cells is variable,

Streptozotocin produces its P-cytotoxic effects more consistently
(Caspary 1973) and does not apvear to influence calciun retabolism
(see Results - Part 2), The drug was given in a minimal volume of
0,1 citrate buffer pH 4,5; +the dose was 65mz / kg, dissolved
rapidly (within 30 seconds) and adninistered by i.p. injection

(Junod, Lembert, Stauffacher & Renold 1969).

3¢3.  Administration of Vitamin D3

Even though a physiologic dose of Vitamin D3 in the rat is
10-I.U. (Stohs & De Luca 1967), and the weekly requirement for the
normal physiological development of a 100-150g rat is 100-200 I.U.
(Carlsson & Lindquist 1955; Steenbock & Herting 1955) most workers
(4violi, Scott, Lee & De ILuca 1969; lartin & De Luca 1969; Birge
& Alpers 1973) have administered either 100 or 50C I.U, of Vitamin
D3 orally to Vitanin D-deficient animals when studying the intestineal
calcium transport in response to Vitamin D, A toxic dose of
Vitamin D in rats is about 10,000 I.U./100g body weight (Hashim &
Clark 1969),

The young (150g) rats were naintzhed on a Vitamin D deficient
diet (Cooper Nutrition Products Ltd, Witham, Essex - full dietary
'composition in Appendix) for 3 wecks prior to the experimental day.
100 or 500 1.U. of Vitamin D3 (Sigma Ltq London) Wao then given
by oral intubation to lightly etherised rats, in O0.1lml of arachis

oil., Control animals were given an equal volume of the vehicle,
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To ensure the vitanmin reached its site of action, the animals were
starved for 48 hours prior to use and the sawdust changed on these

days to prevent coprophagy.

3.4, Administration of Sex Steroids

In some experiments the relative contribution of the ocestro-
gens and progestogens upon mitotic events was studied, From day 2
to 5 after ovariectomy rats received a daily injection of either
oestradivl benzoate (Sigma Ltd, London) or progesterone (5igma Ltd,
London) . Oestradiol dissolved in 0,1ml arachis oil was given s.c.
at a dose of %ug/lOOg body wt/day and progesterone dissolved in 0,1ml
érachis oil was given g.,e. at a dése of 1ng/100g body wt/day.
These doses were chosen on the basis of the normal daily secretion
of these steroids znd adequately compensate for lost ovarian func-
tion (Hashimoto, Henricks, Anderson & lelampy 1968; Shaikh 1971).
Preliminary experiments revealed the vehicle to be ineffectual to-

wards mitotic activity.

2+5. ___Animal Operations

Surgical procedures which necessitated subsequent recovery
were performed under semi-sterile conditions, such that the
instruments and open wounds were frequently washed in an anti-
septic solution of Lyseptol (Philip Harris Ltd, Birmingham),

For shart term surgery (i.e. not > 15 minutes duration) gaseous
(ether) anaesthesia (Diethyl Ether -~ TFisons Ltd, Loughborough) was
employed, Sufficient depth of anaesthesia could be obtained by
firstly exposing the animels to the anaesthetic in a closed con-
tainer, and subsequent maintenance of this level by the adminis-

tration of an ether-cotton wool pad to the nasal region as the



need arose.

Experience has shown however that although ether facilitates
repid recovery, the dose has to be very carefully nonitored since
the animals may readily die, due to overdose. This was prevented
by periodic pinching of the hind toes, and observing the degree of
consciousness. To minimise post operativelinfection, the animals

were placed in cages lined with fresh sawdust.

a) Ovariectonmy

Bilateral ovariectomy of young female rats was performed
according to D'Amour, Blood & Belden (1965). Following light
ether anaesthesia, the latéral wall of the mid-abdominal region
was shaved and washed with antiseptic solution., A small (lem)
vertical incision was made in the shaved area, By careful
exploration of the exposed abdominal cavity, the ovary could be
identified as a briznt red globular mass embedded in much fat.
Forceps were employed to exteriorise the ovary; the fallopian
tube and its associated fat and blood vessels were doubly
ligatured with suture thread, and then severed about lcm distal
to the ovary to ensure complete excision cf the gland., The
reraining tissue was washed in antiseptic and returned to the
abdoninal cavity, the muscle wall closed with suture thread using
a curved triangular needle, and the body wall closed with surgical

clips.,

b) Parathyroidectomy and Thyroparathyroidectomy

Animals were thyroparathyroidectomised (TI'TX) by the

method of Ingle & Griffith (1942), and parathyroideciomised (IPTX)



by electocautery. PTX by cautery was introduced by Erdheim

in 1906, and since then has been employed extensively because of
its convenience and effectiveness. Yarious methods of PTX
(Hirsch, Gauthier & lunson 1963; Nunson & Hirsch 1966) have been
employed, and careful analysis of these results in fact led to the
discovery of TC, the hypocalcaemic principle of the thyroid.
Cautery quickly and completely destroys the parathyroid gland by
brief application of a hot copper wire tip.

The two mzjor hazards of the technique are firstly damaging
the recurrent laryngeal nerve which is manifest by severe respira-
tory difficulties, and secondly haemorrhage, which may occur as a
result of exposing the thyroid gland sufficiently from the
surrounding connective tissue and blood vessels.

The serum calcium falls precipitously folloving cautery, and
three hours later approaches values around 6mg. (Hirsch, Gauthier
& Yunson 1963). This low plasma level may be maintained if the
animals are subsequently fed a calcium deficient diet. The low
1,25 DHCC level in aparathyroid rats (Norman 1974b) together with
decreased dietary calcium minimises intestinal calcium transport.
Any possible 1,25 DHCC induced bone resorption would also be
minimal since this requires the participation of PTH Harrison,
Harrison & Park 1958; Holick & De Luca 1974). Thus both the
intestinal and skeletal routes for vossible elevation of plasma
calcium are kept at a low level,

The parathyroid glands are small structures partially embedded:
in the upper area of each thyroid lobe (Plate 9). Sham PTX was

performed by cauterising the lower areas of each thyroid lobe,



Plate 9: Location of the thyroid-parathyroid complex. The thyroid
gland consists of two lateral lobes joined by a thin isthmus. The
parathyroid gland (arrowed with p) is located in the anterior portion

of each thyroid lobe. Forceps are holding one thyroid lobe.



-

since due to the anatomical location of the parathyroids, TC is
released following PTX (lunson & Hirsch 1966).
The following regzime (Hirsch, Gauthier & lunson 1963) was

followed for PTX:

Day 1 - PTX by electrocautery;
normal diet and tap water

Day 2, 3 & 4 - normal food and tap water
Day 5 - animals transferred to a calcium
deficient diet (Cooper Nutrition
Products Ltd, Witham, Essex - full
dietary composition in Apvendix)
and distilled water
Day 6 - calcium deficient diet and distilled water

Day T - experiment, together with blood sampling
by cardiac puncture.

In all PTX animals, daily food intaze was recorded and this
amount of food subsequently given to the sham PTX animals, All

the sham PTX animals were given standard 41B diet, from days 1-7.

c) Venous infusion technique

In some experiments it was desirable to maintain elevated
plasma calcium levels for about an hour. This was achieved by
slowly infusing a concentrated calcium solution into the jugular
vein., Rats were anaesthetised with Nembutal at a dose of 0.1 ml/100g
by i.p. injection. They were shaved in the throat region and the
Jugular vein exposed. fter ligating the blood supply from the
head, a small angled incision was made in the vein, and a short length
of pp20  cannulation tubing (Portex Ltd, Iythe, Kent) filled with
heparinised saline (50mg’) cerefully inserted into the aperture,

This was securely tied, and if the procedure had been accomplished



correctly, slight withdrawal of the syringe plunger would result

in blood appearing in the tubing. Having replaced the heparinised
saline syringe for a 5ml syringe containing a calcium concentration,
(l2mg'0a012/ml) sufficient to sustain elevated plasma calcium
levels of llmgj, the syringe and associa‘ce& tubing was attached to
a slow infusion apparatus (Scientific Research Instruments Ltd,

Croydon, Surrey), and set at a rate of 0,025 ml/min for 1lhr.
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'STATISTICS!

Significance between given groups of parameters was determined
by the Students t-test, The level of significance was taken as being

that which gave p < 0.05.

The line of best fit through scattered points was constructed
by the method of least squares; the correlation coefficient 'r' was

determined as appropriate.
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PART ONE

The role of the oestrogen molecule in
cell division in lymphopoietic and

haemonoietic tissues.
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Introduction.

About twenty years have elapsed since Bullou&h (1950) and Ebling
(1954) indicated that cell division in the skin of the female rodent might
differ from that in the male. It has also been well characterised that
young female rats have regular 4-day oestrous cyclés (Long & Evans 1922)
determined by fluctuating plasma levels of oestrogen and progesterone
(Butcher, Collins & Tugo 1974).

Experiments were thus designed to make a detailed study of the possible
significance that the oestrogen molecule may have upon mitotic events in

the bone marrow and thymic cell populetions of the female rat.
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Results.

Irevious work employing male rats has shown that thymic lymphopoiesis
was enhanced by elevated calcium or magnesium concentrations (Perris,
mhitfield & Rixon 1967; Whitfield, Perris & Youdale 1968; lorgan & Perris
1974) and cell division in the bone marrow was also enhanced by calcium
(Perris, Whitfield & Rixon 1967). It was therefore necessary to establish
if there were any sex differences in the normal plasma concentrations of
these ionic mitogens before any exogenous pertubations were imposed on the
female animal, In young animals (150-250g) total plasma calcium of males
showed consistent values of around 10.Cm i female rats on the other hand
showed a variation throughout their oestrous cycle exhibiting peak concen—
trations at oestrus and minimal concentrations at pro-oestrus (Table 1.).
Tonised calcium levels followed a similar pattern. However the plasma mag-
nesiun levels in the male did not differ significantly from those in the
female at any stase of the oestrous cycle (Table 1.,), in accordance with the
human studies of Raut & Viswanathan (1972).

Several grouns of virgin female rats were studied over a 6-day period,
and it was concluded that these \listar rats exhibited 4-day cycles, with
a very short and often undetectable metoestrus. Due to the fluctuwation of:
plasma total calcium during this cycle, 2ll female rats used as controls
in subsequent experiments were in dicestrus.

Yhen male and female rats were compared for their mitotic responsive-
ness to these cations, it was shown that injections of CaCl2 significantly
increased the division of both bone marrow and thymus cells in the male
rat (Fig. 1.). However, in the female rat, although the basal level of
mitotic activity in both tissues was not significantly different from tﬁat

in the male, cells were completely unresponsive mitotically to the calcium
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(in mgd’) in younz (150 - 200g) male and female rats.

in each group shown in parentheses.

TEMALE VALE
N -\
ProiOestrus Oestrus Il'etestrus  Dioestrus

Plasna 9.31 x 0.22 [10.18 + 0.26 | 9.62 % 0.24 |9.54 % 0.18 [10,0740.13
total (8) (10) (5) (11) (14)
celcium . ~~ o

p =<0.05
Plasma 4,00 £ 0.18 | 4.42 £ 0.09 | 4.23 % 0.27 |4.14 + 0,10 | 4.4540,07
ionised (8) (10) (5) (11) (14)
calcium . ~ 4

P =<€0,85
Plasma 2,49 £ 0,20 | 2,26 + 0,11 |2.38 £ 0,25 |2.36 = 0,14 | 2.%920.12
total (8) (10) () (11) (14)
nagnesium
Table 1: Comparison of plasma calcium and megnesium concentraiions

Number of animels
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challenge. On the other hand, MgCla injections provoked a highly signif-
icant mitotic stimulation in bone marrow and thymus cells in both sexes
(Pim. 2.).

The hypothesis that some ovarian secretion may have a restraining role
and be responsible for the inhibition of calcium-induced mitogenesis in
the female was strengthened by the observation that the basal level of
mitotic activity in bone marrow and thymus tissue was increased when neas-—
ured 6 days after ovariectomy (Table 2.). A significant increase in thymic
weight was also observed following removél of the ovaries (Fig, 5.).
Plasma concentrations of calcium and megnesium 6 days after ovariectomy
did not differ from those in the sham-ovariectomoised controls (Fig., 5).
Although initial food intake of the operated animels was much reduced, 6
days after ovariectomy the food consumption was again basal (Fig, 3.) and
lack of the oestrogen molecule 6 days post ovariectomy did not influence
the 24hr. feeding pattern (Fig. 4.). Indeed, to exclude any influence of
possible dietary changes Tollowing ovariectomy (Kemney & loak 1974) on
mitotic activity, control rats were pair-fed with the operated animals,
Thus neither extracellular divulent cationic mitogens nor dietary factors
Play any role in the enhanced cell proliferation following ovariectomy,

Furthermore, in the ovariectomised (0x) rat, in contrast o intact
ferales, calcium injections markedly stimulated prcliferation in both bone
marrow and thymic cell populations (Table 2.). ‘hen replacement therapy
with 1 ne oestradiol benzoate/100g body weight/day was given to Ox rats,
to restore oestrogen levels in the blood (Shaikh 1971), the mitogenic cap~-
acity of cealcium was again abolished when observed 6 days after ovariectomy
(Table 2,). A similar regzime of injections of rrogesterone at a dose of

1ng/100g body weight/day, to restore progesterone levels in the blood
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Treatment Bone liarrow p. Thymus P
Normal female | 12.240,6 (23) 6.840.3 (28)
N3 -
Sham-0x 12.440.9 (4) 6.840.8 (
<O 05 <0.05
Ox 15.540.6 (18) 8.940.4 (17)
<0,001 <0.001
Ox +iCa 22.240.9 (17) 11.540.4 (17)
0x + OB 15.2+1.7 (5) T.740.4 (6)
NS
Ox + OB + Ca 14.540.7 (6) 8.1+0.3 (6)
Ox + Prog 14.6£1,1 (5) 8.440.7 (5)
<0.01 <0.,001
Ox + Prog + Ca| 21.110.9 (5) 13.040.3 (4)

Table 2: Effect of CaCly injections on mitotic activity in ovariec-

tomised femele rats expressed as the percentase of cells in netaphase
- -~ 2 oy

6h after the first injection (neans i s.e.m,). Control animals in

dioestrus. Treatments were: ovariectomy (Ox); series of i.p.

injections of 62.5ml! Calls (Ca); replacement therapy with either

oestradiol benzoate (OB) or progesterone (Prog) as described in
Nethods, Number of animals in each group is shown in parentheses.,

NS, Not siznificant.
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(Haghimoto, Henricks, Anderson & lelampy 1968) were without effect
(Table 2.). Thus it is the presence of oestrogen and not prosresterone
that is the agent responsible for negating the mitogenic potential of
celcium in the bone marrow and thymus tissue of the female rat.

This inhibitory action of oestrogen on the mitotically competent cells
could be either a direct or an indirect effect. Thus if oestrogen was
able to interact with the calcium homeostatic hormones in some way (Currie
& Black 1972; Shai & Wallach 1973) the response to the calecium challenge
in the female rat might be modified so that the usual mitotic response could
not be elicited. Tor example, if oestrozen facilitated either the release
of TC, or the inhibition of PTH output in response to Ca012 injections, the
calcium load would rapidly be eliminated and mitogenic levels in the plasme
never attained, IHowever, when rats of both sexes were thyroparathyroid-
ectomised, the basal level of mitotic activity in both tissues was reduced
below that of the control values in accordance with previous observations
(Perris, Weiss & Vhitfield 19703 Rixon & Thitfield 1972a), calcium inject-
ions again stimulated cell division in the male rat, but had no effect on
female bene marrow and thymus tissue (Table 3.). A nmore direct inhibitory
action of oestrogen on the mitogenic capecity of calcium was thus considered.

In an attempt to clarify the mechanism of this direct action of oes-
trogen, attention was focused towards in viiro experiments employing
isolated thymic lymphocytes. Such cells maintained in a BGS medium contai-
ning colchicine continue to flow into mitosis and accumulate at netaphase
as they do in vivo, Thus when the calcium concentration in the nedium
was increased above 0.6 m mol/l there was a sigmificent stimulation of cell
division (Fig., 6.). This occurred whether the thymic lymphocytes were of
male or female origin., Thus the cells taken from the oestrogen-rich envir-

onment of the female rat possessed no inherent resistance to the mitogenic
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action of calcium. Iowever when oestradiol benzoate was added to the
cultures of thymocytes taken from either male or female rats, the steroid
again blocked calcium-induced cell proliferation, even when the calcium
concentretions were as high as 3.0 m mol/l (FPig. 6.). The concentration of
oestradiol benzoate employed in these culture experiments was O.l.pg/ml,
but previous experiments had shovn that a concentration of 0.001 pg/ml was
equally effective,

In line with the in vivo experiments illustrated in Figs. 1. & 2.5 1t
was shown that in other culture experiments if the calcium concentration
was kept constent at 0.6 m mol/l, and the magnesium concentration increased
above l.d m mol/l stimulation of division also resulted, irrespective of the
sex of origin of the thymocytes. The level of mitosis was raised from a
mean vglue of 3.77 to 5.5 when the megnesiun concentration in the media
wasincreased from 1.0 to 2.5 m mol/l. The vresence or zbsence of an oes—
tradiol benzoate concentration of 0.1.pr'ml was without effect on this
megnesium~induced nitogenesis, Experiments also showed that this concent—
ration of cestradiol was itself non-mitogenic. These in vitro experiments
reinforce the originel postulate of a direct imhibition by oestrogen at the
cellular level of calcium-stinulated mitozenesis in bone marrow and thymic
cell nopulations., “

Since these female rats underwent regular 4-day oestrous cycles, which
are characterised by fluctuating levels of plasma sex sieroids (Butcher,
Collins & Tugo 1974) it was anticipated that a fluctuation in mitotic
activity throughout the oestrous cycle micht well exist in bone marrow and
thymic cell ponulations, since Bullough (1950) had demonsirated the presence
of such & rhythm in skin., Indeed, a marked fluctuation in mitotic activity
in both tissues was shown (Fig. 7.) with maximal activity at oestrus and

minimal activity at pro-oestrus., There was a significant difference
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(p <0.05) in mitotic activity at these two times. In spite of the dem-
onstration of a blockade of calcium-induced mitosis in the female due %o
the presence of oestrogen, this pattern of proliferation throughout the
4-day oestrous cycle still closely followed the plasma total calcium
concentration (Fig. 8.; Tatle 1.).

This activity was subsequently studied at three different seasons
throughout the year, namely Spring (January-February); Summer (l'arch—
April), and Winter (October). The same general pattern was shown at each
seacon i.e. at oestrus plasma total calcium and cellular activity were
highest, whereas at vro-oestrus these parameters were both minimal in bone
marrow (Fig, 9.) and thymus (Fig, 10,) tissue. There was some seasonal
fluctuation in this mitotic rhythm with minimal activity being at Summer;
even so plasma total calcium closely followed this change (Tigs. 9 & 10.).
The main fluctuation of the plasma total calcium at different seasons was
at pro-oestrus (TMigs. 9. & 10.). Plasma total calcium did not always ex—
hibit a direct relationship to the mitotic index, but did appear to paral-
let colcemid metaphase figures more closely. Thus, when this latter
method of assessing division was employed, regression lines for both the
bone marrow (Fig, 1lb.) and the thymus (Fig. lla.) showed a very highly
significant (p < 0.001) correlation to the plasma total calcium throughout
the 4-day cycle. However, despite this very highly significant relationship
further elevation of the plasma calciunm by i.p. injection of CaCl2 was ine-
effectual in provoking an additional increase in cell proliferation at any
stage of the oestrous cycle, in marked contrast to the male (Fig. 12,).

Even though a distinct correlation between plasma total calecium and
cell proliferation in these tissues was apparent over this relatively short
period Gallagher & Nordin (1973) showed that a more protracted loss of
oestrogens in post-menopausal female patients was accompanied by hyper-
calcaemia, With an appreciation of the links between calcium and oestrogen

gained from previous experiments it was of interest to persue this relation-
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ship further to discover what calcium changes, if any, were apparent in
female rats several months after ovariectomy, and how this might be re-~
flected in cell proliferation in old female rats,

In the male thymic weight has previously been shown to be correlated
with the concentration of extracellular ionised calcium (Perris, Weiss &
Whitfield, 1970). In one group of long term Ox. female animals, both
thymic weight and ionised calcium were significantly reduced (Fig. 13.); a
significant (p < 0.05) correlation between these parameters was shown (Fig.
14535 However, in two subsequent experiments (Figs. 15. & 18.) removal
of the ovaries for the same length of time (50 weeks) resulted in both the
thymic weight and ionised calcium being'significantly elevated; a signifi-
cant (p < 0.05) correlation was shovm between these parameters (Fig., 16.)
from the latter two experiments., Due to age involution of the thymus gland
some of the control rats were athymic.

Since food intake patterns of ovariectomised females are changed over
& short time period (Kenney & llook 1974) it was necessary to show whet diet-
ary changes were apparent in rats ovariectomised for 50 weeks. Food consug—
ption studied over this period revealed that ovariectomy caused (Fig. 17.)

& transient hyperphegia with a subsequent return towards control values
(l'ook, Kenney, Roberts, Nussbaum & Rodier 1972; Tarttelin & Gorski 1973).
In terminal weeks the Ox. rats consumed about 30¢° less food than control
females kFig. 17.), but even so these animals showed highly significant in-
creases in body weight (Figs. 13, 15, & 18.). When the mitotic activity of
bone marrow and thymus from a2 grouv (Fig. 18.) of long term Ox. females
with elevated ionised calcium was assessed, it was revealed that in contrast
to the elevated mitosis in rats Ox. for 6 days (Table 2.), ovariectomy for

50 weeks resulted in a decreased mitotic activity (Fig. 18.).
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Piscussion.

This study clearly demonstrates that an elevated extracellular caleiua
concentration serves as a trigger to initiate events leading to enhanced
cell proliferation in bone marrow and thymic cell populations in male
(Fig. 1,) rats, whereas a similar regime in female rats (Fig. 1,) was tot-
ally ineffectual. Oestrogen rather than proesterone was the ovarian steroid
responsible (Table 2.) for this inhibition of mitosis. 1In contrast, eleva-
tion of the extracellular magnesium concentration was found to be effective
in stimulating cell vroliferation in these two tissues from either male or
female animals (T'ig. 2). These findings substantiate previous in vitro
results of these divalent cations upon thymic lymphopoiesis (llorgan & Perris
1974), and inply that magnesium may stimulate cell division via a completely
different mechanism,

The mechanism by which calcium stimulates proliferation of thymic
lymphocytes and bone marrow cells has been discussed in detail in Introduc-
tion 3.6. Whitfield, Rixon, lacllanus & Balk (1973) bvelieved thet an in-
flux of calcium into the cell in some way inhibited the enzyme phospho-
diesterase thus increasing the intracellular conceniration of 55 evelic
adenosine monovhasphate (cyclic-Al’P). The cyclic nucleotide was then
responsible for activating the chain of biochemical events that culminated
in heightened DNA synthesis and ultimately in cell division. This occurs
very quickly, since quiescent ¢° cells of the bone marrow (Lajtha 1962)
and the thymus (7hitfield, Rixon, Perris & Youdale 1969) enter nitosis
within 4h, of the calcium stimulation (Perris 1971).,

The ability of oestrozen to block this Sequence of events could occur
in a number of ways, If cestrogen were to induce new RIJA and protein
synthesis in these cells as it does in uterine tiscue (Tachi, Tachi &

Lindner 1972) such a protein might inhibit one or more of the biochemical
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stages which links the calcium-stimulus to mitosis., If such an inhibitor
exists it must have an exceedingly short lifespan since thymocytes derived
from the relatively ocestrogen-rich environment of the female rat responded
strongly to the mitogenic challenge of increased ambient calcium levels
when cultured in vitro. In the whole animal and in vitro, oestrogens had
to be present at the time the mitotic stimulus was applied in order to
exert their inhibitory effect. Clearly (Table 3.; T'ig. 6.) oestrogen is
dictating subsequent mitotic events at the cellular level, rather than an
interference with the calcium homeostatié hormones FTH and TC. Perhaps the
simplest explanation, therefore, would be to ascribe to oestrogen the
ability to prevent the entry of the calcium ion into sites on or in the cell
where the initiation of the co-ordinated chain of events which lead to
mitosis occurs, The low ambient plasma calcium concentration in the TPTX
femals rat, coupled with the presence of oestrogen, which would presumably
inbibit diffusional entiry further, could account for the diminished mitotic
activity in the bone merrow and thymus of the aparathyroid female (Table 3.).

The role played by the oestrozen molecule in these mitotic events is
believed to be one of preventing access of extracellular celcium ions to
some membranal receptor. The relationships between divalent cations, cyclic
nucleotides and the sex steroids has recently been thoroughly investizated
(Xorzan, Hall & Perris 1975a, b; Perris & Morgan 1975) and there is strong
evidence to sugjest that the divalent cations themselves, calcium and
magnesium, may well be the ultimate azents promoting DilA synthesis in the
cell nucleus.

Indeed, as a further consequence of both calcium and magnesium (Lorgan
& Perris 1974; Smith, Gurson, Riddell & Perris 1975) ions being mitozenic
in thymic lymphocytes, it has been shown (llorgan, Hall & Perris 1975a) that

several mitogenic hormones have an obligatory requircment for either calcium



or magnesium ions. Thus there have been shown to be two distinct groups
of hormones that are knovn to enhance thymic lymphopoiesis., The first
group of hormones, waich includes parathyroid hormone, acetylcholine,
insulin and histamine (llorgan, Hall & Perris 1975a) and a number of other
agents (Perris & Vhitfield 1969; Whitfield, Perris & Youdale 1969;
Whitfield, Rixon, llaclianus & Balk 1973) require calciuﬁ ions in order to
fulfil their mitogenic role; an action which is inhibited by the presence
of oestradiol (llorgan, Hall & Perris 1975a). The second sroup of hormones
which incluides glucagon, dopamine, and isoprenaline (liorgan, Hall & Perris
1975a) and probably adrenaline and certain prostaglandins (liaclianus,
Wnitfield & Youdale 1971; Whitfield, Nacllanus, Braceland & Gillan 1972)
require magnesium ions in order to exert their mitogenic potential; an
action which is inhibited by the presence of testosterone (llorgan, Hall &
Perris 1975a,c).

This clear dichotomy between the calcium-dependent horrones and the
megnesium-dependent hormones may be the consequence of the two different
cyclic nucleotides utilised by these hormones as 'second messengers',
(Posternak 1974). “hus the well knovm antagonistic actions of adrenaline
and acetylcholine or of glucagon and insulin (each hormone having specific
and opposing cation dependancy) have been ascribed to the ability of the
agonist to increase either intracellular cyclic 3'5' adenosine monovhos-
vhate (cyclic-Al'P) or cyclic 3'5' guanosine monothosphate (cyclic-GLF)
concentrations (Goldberg, Haddox, Enstensen, White, Lopez & Hadden 1973).
Since in the presence of divalent cations, both cyclic-AlP (Whitfield,
Rixon, llacllanus & Balk 1973) and cyclic-GIP (Wnitfield, lMaclianus, Franks,
Gillan & Youdale 1971) enhance thymic lymrhopoiesis it is feasible that‘
these cyclic nucleotiies may be major particivents along the two mitozenic

axes,



Indeed, it had been shovm that both adrenaline (liacManus, Whitfield
& Youdale 1971) end glucagon (N,H, Hunt, personal communication) can
stimulate adenylate cyclase in plasma membrane preparations from thynic
lymphocytes, and both these agents and other nasnesiun—dependent hormones
(llorgan, Hall & Perris 1975a) activate this enzyme in other tissues thus
provoking an increase in intracellular cyclic-AllP levels (Robison, Butcher
& Sutherland 1971).  Although the activation of adenylate cyclase by com-
pounds such as glucagon, dopamine, isoprenaline and epinephrine is itself
a magnesiun-dependent event (Birnbaumer, Pohl, liichiel, Krans & Rodbell
1970), it is believed that as a consequence of the elevated intracellular
cyclic-AllP, this nucleotide may function to resulate magnesium transfer
into the cell (liorgan, Hall & Perris 1975Dh). Testosterone, since it blocks
the mitogenic action of high exogenous cyclic-AP, adenylate cyclase-
stimulationg hormonal mitogens and raised extracellular masmesium concent-
ration (llorgan, Hall & Perris 19752, b, ¢) must either block this magnzasium
flux into the cell, or a step subsequent to it (see Figure).

In an analogous fashion, acetylcholine, insulin and histamine might
somehow be linked to guanylate cyclase, Certainly in other tissues this
appears to be true (Goldbersg, O'lLea & Haddox 1973a; Illiano, Tell, Siegel
& Cuatrescasas 1973), and indeed PTH fails to activate adenylate cyclase
in thymic lymphocytes ("hitfield, liacllanus, Youdale & Tranks 1971). The
obligatory requirements of these group of mitogens for caleium may be a
reflection of the necessity for this ion as a cofactor to activate a mem—
branous cyclase enzyme (Hardman, Reavo, Gray, Chrisman, Patterson &
Sutherland 1971). Alternatively, calcium may act as an intermediary between
the hormone and a soluble guanylate cyclase in the cytoplasm (Schultz,
Hardmen, Ilurwitz & Sutherland 1973). Consequently, these calcium-dependent
hormones possibly by stimulating guanylate cyclase and increasing intra- |

cellular cyclic-GliP could provoke a calcium influx into the cell. Certainly



NUCLEUS
DNA SYNTHESIS » MRS

FESTOSTERONE
ADRENALINE PTH
ISOPRENALINE INSULIN
CLUCABON HISTAMINE
DOPAMINE ACETYLCHOLINE

Proposed model (after Perris & Morgan, 1975) of the interaction between
divalent cations, hormones and cyclic nucleotides in the control of
mitosis, Two distinct and totally independent routes to mitosis exist:—

(i) Hormones requiring extracellular calcium ions:

Membranous guanylate cyclase is stimulated by the combined action
of calcium and hormone (H). The cyclic-GMP thus formed facilitates
calcium influx into the cytosol.

(ii) Hormones requiring extracellular magnesium ions:

Membranous adenylate cyclase is stimulated by the combined action
of magnesium and hormone (H). The cyclic—AMP thus formed facilitates
magnesium influx into the cytosol.

Oestrogen and testosterone impede the calcium and magnesium ion
influx respectively, the necessary prelude to mitosis.
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cyclic-GI'P is knowvn to enhance calecium influx into splenic T-lymphocytes
(Freedman, Raff & Gomperts 1975). The probable mechanism of action of
oestradiol can thus be anticipated, Since this steroid blocks the mitogenic
action of low exogenous cyclic-GI'P, guanylate cyc¢lase-stimulating hormonal
nitogens and raised extracellular calcium concentrations (llorgen & Perris
19743 liorgan, Hall & Perris 1975a, bj Smith,IGurson, Riddell & Perris
1975) , oestradiol may perhaps impede this calcium movement into the cell
(see TMigure).

Furthermore, in cation-free media, the high stimulatory dose of cyclic-

10 _ -2,

AP (:Lo"7 = 10"%Y) and low stimulatory dose of cyclic-GiP (10~
wnich are believed 1o approximate the normal intracellular concentrations
of these nucleotides (Goldberg, O'Dea & Haddox 1973b), are muted (llorgan,
Hall & Perris 1975b). From the above evidence it would apnear +hat physio-
logical variations in ecyclic nucleotide concentration within the cell_misht
subsequently determine the cationic environment of the cytosol. In turnm,
therefore, the intracellular calcium or megnesium conceniration will function
as the ultimate mitogenic messenzer, and will dictate whether or not
certain quiescent cells will initiate DNA synthesis.,

The fundamentals of the model outlined above hinge on the acceptance
of the fact that there are two distinet and completely separate routes to
mitosis, with each mito en haviny no dependence or requirement for the other
cation. Thus the model is able to explain clearly why in the presence of
physiological conecentrations of oestrogen in vivo (Smith, Gurson, Riddell
& Perris 1975), calcium injections are ineffectual in female animals, but
are able to provoke a mitotic resvonse in both bone marrow and thymus tissue
of male animals (Fig. l.). Perhaps not so clear at first sicht is the
reason why magnesium injections are effective in stinulating cell prolif-
eration in both tissues from male and female animals in vivo (Smith, Curson,

Riddell & Perris 1975). iale animals obviously possess circulating
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testosterone which would tend to inhibit this response., However, it has
been shown (llorjan, Hall & Perris 1975c¢) that the:anti-mitotic action of
testostarone vas only manifest at pharmacological doses, since no blockade
wes apparent when concentrations approaching the physiological plasma
levels between 2-4ng/ml (Cooperg&iaites 1974) were approached, Turther
support for this specific cation-nucleotide prelude to cell proliferation
was shovm in the results obtained from the experimentally-induced dizbetic
animals of Part 2 of this thesis. Insulin has been showm in viitro to
activate one route leading to mitosis (llorgan, Hall & Perris 1975a) by a
calcium—dependent process. Results (Part 2, Table 3.) corroborate this
theory since low plasma insulin in vivo is accompanied by a reduced mitotic
activity in both bone marrow end thymic tissues. Similarly, since evidence
would point to insulin leading to elevated cyclic-CilP levels, which would
consequently lead to caleium influx into s»lenic lymphocytas'(Preedman,
Raff & Gomperts 1975) and presumably elevated cell proliferation, the siz-
nificant reduction of the splenic weight of the Streptozotocin treated
animels (Results, Fart 2, Table 3) may be due to diminished splenic lympho-
poiesis as a consequence of hyvoinsulincemia,

Despite the well known stimulztory action of oesiro ens and progest-
ogens in maimalian mammary (Tolley 1955; Smith 19553 Jacobsohn 1958);
uterine (Epifanova 1966; Tachi, Tachi & Lindner 1972; Illartin, Das & Finn
1975; Lee, Rogers & Trinler 1974) and vaginal (llartin & Claringbold 1960;
Thrasher, Clark & Clarke 1967; Lee & Rozers 1972) tissues, the studies
outlined in the results section above have shown that in non-target tissues,
especially the lym-hopoietic and haematopeietic tissues, oestrogen inhibitis

the cell division induced specifically by the calcium ion.
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Indeed, oestrogen is able to exert a much wider influence upon tissue
growth generally. Thus female rats are smaller (Jackson 1913) and grow
less rapidly than males of the same age (Wade 1972), as a result of
oestrozen action (Treudenberger & Clausen 1957a, b: Clausen & Freudenberger
1939; Korenchevsky, Burbank & IHall 1939; latthews, Schwabe & Lmery 1942).
Whereas the effect of the female gonadal hormones is exerted continuously
during adult life, the effect of testosterone annears to be a persisting
consequence of an action exerted prenubertally (Harvey, Ilervey & Hutchinson
1973).

There is considerable evidence that the ovarian hormones influence
physical activily and food intake patterns which might account for the
effects unon growth and body weight. Thus, during dioesirus food intake,
level of activity and body weizht all increase (Tartielin & Gorski, 1973;
Kenney & look 1974). The converse occurs at oestrus. 'hen the ovarics are
removed, animals sihow an increase in the food consumed (llook, Kenney, Roberts,
Nussbaum & Rodier 1972)., Indeed it has been shovmi that intact rats consune
8-12 discrete meals a day (Teitelbaun & Campbell 1958; Lellagmen & Devos
1970) ; ovariectomy initially causes an increase in the meal size and a red-
uction in the meal frequency (Kenney & liook 1974). ihen oestradiol is ad-
ministered to the Ox. animal, food intake decreases (Wade & Zucker 1970;
Rodicr 1971), and body weight returns to a low level., Over the period of
several months after ovariectomy, body weight remanins elevated (Figs. 13,
15. & 18.), althoush hyperrnhagia is only transitory (liook, Kenney, Roberts,
Hussbaum & Rodier 1972; Tarttelin & Gorski 1973). It is believed that
this obesity in chronically Ox, rats is resulated, since they eventually -
reduce their food intake and resulate their body weight at an elevated but
re-set level (llook, Kenney, Roberts, lussbaum & Rodier 1972; Tarttelin &

Gorski 1973).
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A marked contrast was shown in the plasma calcium levels and also
the mitotic activity in bone marrow and thymic tissue in the short term
(6 days) Ox. as compared to the long term (50 weeks) Ox. female rats.
In the former there was no significant difference between total or ionised
plasma calcium levels in control or the Ox. animals (Fig. 5.)3 in the
latter, however, total calcium was again unchaﬁged in 21l of the three
groups of animals (Figs. 13, 15. & 18.), but two out of the three groups
exhibited significantly elevated plasma ionised calcium (Figs. 15. & 18.).
This anomaly may partly be attributed to an altered handling of calcium
with age. In order to maintazin normocalcaemia, PTH-induced bone resorption
occurs continually (Potts, Buckle, Sherwood, Ramberg, liayer, Kronfeld,
Deftos, Care & Agrbach 1968) and in the female this process is inhibited by
oestrogen (Lafferty, Spencer & Pearson 1964; Eisenberg 1966; Stott 1968;
Young, Jasani, Smith & Nordin 1968; Anderson, Greenfield, Posada & Crackel
1970; Atkins, Zanelli, Peacock & Noriin 1972; Orimo, Fujita & Yoshikawa
1972). In the young Ox. female one might thus expect a transient hyper-
calcaemic episode which would be rapidly counteracted by an elevated bone
accretion directed by calcitonin. However, adult animals are refractory io
the action of TC (Care & Duncan 1967; Orimo & Hirsch 1973; Royeroft &
Talmage 1973), and even though bone turnover rate is reduced (Copp 1969a),
in the absence of oestrogen, PTH-induced bone resorption will predominate.
Consequently, one might anticipate hypercalcaemia in these animals, as
indeed Gallagher & Nordin (1973) reported in post-menopausal female patients.
Why the long term ablation of the ovaries in the rat was manifest by
altered plasma ionised but not total calcium levels is unknown.

The enhanced cell proliferation following short term overiectomy, and
indeed subsequent calcium injections to these animals (Table 2.), has been
attributed to an influx of calcium ions into the cell; the oestrogen

molecule impedes this process, Thus, even though the same sequence of



events presumably operates in adult Ox. females, a reduced cell prolifera-
tion was avparent, despite elevated ionised calcium levels (Fig. 18.).

It must be stressed that the short term Ox. animals were pair fed,

whereas the lonz term Ox. group were not, and hence the apprarent anomolous
result could be due to diminished nutrition. Since starvation is knowmn to
arrest dividing cells in the Gl vhase of the cell cycle (Cameron &
Cleffmann 1964) this could be a plausable explanation,

The dietary chanzes known to occur throushout the oestrous cycle
(Tarttelin & Gorski 1973; Kenney & liook 1974) are believed to be a conse-
quence of oestrogen acting through the ventromedial nucleus (Vi) (Wade
1974). Since calecium infusion into the cerebral ventricles of rats causes
elevated food intake (Iyers, Bender, Krstic & Brophy 1972) an antagonism
between plasma oestrozens and calciunm centrally has been proposed (Bull,
Hurley, Kennett, Templin 2 Williams 1974) to bring about these changes,

The VIIN has alsobeen accorded & significant role in the control of
oestrous rhythmicity (Carrer, Asch & Aron 1973) in female rats. The dis~
tinguishing attribute of such rats is that they undergo regular 4-day
cycles characterised by fluctuating levels of plasma oestrogens and pro-
gestogens (Butcher, Collins & Fugo 1974). The concept that variations in
these levels throuchout the oestrous cycle of.mice and rats may dictate
subsequent mitotic rhythm in certain non-target tissues has resulted in
conflicting opinions. Ebling (1954) showed that in the sebaceous Zland
there was no correlation between mitotie activity and the plasma oestrogen
level. Bullough (1950) showed that the ear epidernis underwent cyclic
growths similar to the target tissues, and hypothesised that oestrogens
; might be general mitotic stimulants in tissues throughout the body.
However, work of Carter (1953) who studied the effect of oestrone injections

upon target and non-target tissues does not support this contention.



In contrast analysis of bone marrow and thymic cell populations revealed
a cyclic rhythmicity of mitotic activity showing a close parallelism not
between the plasma oestrogen but the plasma total calcium concentration.
Iiven thoush oestrogen itself is not-mitogenic towards these tissues, it is
conceivable that since the food consumption throughout the cycle has been
postulated to be a consequence of the intracellular caleium concentration
determined by the respective oestrozen level in the VI'N, a sihilar mechanisnm
may operate peripherally.

Plasma oestradiol lT—p levels ere cheracterised by sharply rising
concentrations throughout pro-oestrus; peak concentrations are shown at
noon of pro-oestrus. Subsequently levels sharply decline throughout oestrus,
and remain at these low levels throushout metestrus and dioestrus (Butcher,
Collins & Tugmo 1974). Thus, since there is a cyclic variation of total
plasma caleium (maximal concentrations at oestrus and minimal concentrations
at pro-oestrus) it might well be that oestrogens themselves are responsible
for these fluctuations in total plasma calcium throughout the 4-day
oestrous cycle.

Since bone is considered the major control tissue in calcium homeo-
st#sis (see Introduction 3.l1), this might in part be explained as a con-
sequence of the well known oestrogsen inhibition of PTH-induced bone resorp-
tion (Lafferty, Spencer & Pearson 1964; Eisenberg 196063 Stott 1968; Young,
Jasani, Smith & Yordin 1968; Anderson, Greenfield, Posada & Crackel 1970;
Atkins, Zanelli, Peacock & Nordin 1972; Orimo, Fujita & Yoshikawa 1972).
Thus, the rising oesiradiol l?—p levels throu-hout nro-oestrus would lead
to maximal inhibition of bone resorntion and account for the low plasma
calcium at pro-oestrus. Due to the sharp fall in oestradiol levels in
late pro-oestrus, there would be a sudden release from this inhibition as
oestrus was approached and hence calcium levels might be expected to rise

throughout oestrus.
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On the other hﬁnd, oestrogen might be modulating vitamin » metabolisn
in some way. It may be anticipated that oestrogen is exerting its effect
by an action upon the kidney cell. Thus if oestrosen is able to inhibit
calcium influx into the renal cell, as it is known to in skeletal, bone
marrow and thymus tissue, the resultant low intracellular calcium would be
the stimulus for enhanced production of 1,25 DICC. The time lag for 1,25
DHCC synthesis and its calcium-promoting action would result in hyper-
calcaemia at oestrus. Purthermore, Nicholson, . Akhter & Taylor (1975)
have shovm in the Japanese quail that oeétrogen treatnent resulted in much
greater concentrations of duodenal CaBP. It might be that the female rat
shows greater concentrations of CaBP as the plasma oestrogen levels rise. IT
this is the cace, then an elevated CaBP at pro-oestrus would be manifest
by hypercalcaenia at oestrus. It is possible, therefore, that one or maybe
all of these mechanisms might be in overation at any one time.

Further evidence to substantiate the postulate that oestrogens might
control plasma total calcium levels is shown firstly by the fact that
following ovariectomy, animals do not cycle, but remain rermanently in
dioestrus as showm by vaginal smear end plasma total calcium levels (per-
sonal observations). Secondly, oestradiol injections into intact female
rats resulted in a small but si mificant reduction in rlasma total calcium
(Shai & Wallach 1973).

The strong correlation shovn between plasma total calcium and mitotic
activity throughout the 4-day cycle implies that this long exposure of
about a day to an altered calcium environment does influence division
despite the nresence of oestroz-n. In contrast to this relatively lons
exposure of calcium to these cells throushout the cycle, a short 4h. ex-
posure brought about by injectinz Cal o into females at each stage of the
oestrous cycle was without effect, even thoush a similar recime to males
provoked a further mitotic increment., Hence, despite the presence of

oestrogen, these cells eventually responded to the chanzed calecium environ-
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ment, even though oestrozens clearly retard this response.

Plasma total calcium levels are known to be finely controlled within
very narrow limits throughout a 24hr. period, sucﬁ that circadian varia-
bility of male rats is only of the order of 0.6my. (Hunt & Perris 1974).

In the femele an equally striking degree of control was observed throughout
the 4-day oestrous cycle; the change in plasma total calcium between the-
maximal value at oestrus and the minimal at pro-ocestrus was also approx-
imately O.6mgS’s This apparently smell change from pro-oestrus to oestrus
was however significant (p <0.05). Throughout the year there was a slight
variation in calecium levels, which was reflected in the mitotic activity.

Since these calciumlevels have been assuned to be a reflection of the
circulating oestrogen levels, nlasma oestrogens might also fluctuate season-
ally. Throughoutthe year the weisht of the thyroid gland certeinly changes
(1ianolov & Boyadzhiev 1973) and presumably the pvarathyroid gland also
follows a similar pattern. An antagonism between the two secretory rates
of PTH and oestrogens throughout the year may well account for the observed
changes.,

Variations throushout the oestrous cycle in the haematopoietic tissue
have also been reported in other rodents. In the mouse, Fruhman (1966)
has shovm maximal splcﬁic erythropoiesis at oestrus consistent with the
maxinal numbers of splenic stem cells at pro-ocstrus (Lord & lurvhy 1972).
Since oestrogens are generally resarded as devpressors of both erythropoiesis
and circulating red blood cell numbers. (Vollmer & Gordon 1941; Finkelstein,
Gordon & Charipper 1944) these observation imply that the snlenic stem cells
and their progeny are still able to undergo maximal proliferation at oestrus,
desvite maximal levels (in the mouse) of oestrogen.

Several characteristics which in the male depend upon levels of calcium
in the extracellular environment, are known to be reduced in the presence
of physiological concentrations of oestrojens. Thus female rats regenerate
erythrocyte numbers slower then males (Finkelstein, Gordon & Charipper 1944)

due to an action of oestrogen (Fisher 1972; Gordon 1973). Even though



erythropoictin (EFO) is knowm to stimulate erythropoiesis directly
(Introduction 2.2) maximal effect of this stimulus is only seen when it
can collaborate with the parathyroid gland to produce hypercalcaemia (Hunt
& Perris 1973), the necessary prelude to enhanced erythropoiesis (Perris
& Whitfield 1971). In the female the retardation of erythropoietic recov-
ery could be due to an inhibition by oestrogen of the action of EPO upon
responsive cells in the bone marrow (Jepson & Lowenstein 1966; Peschle,
Rapparort, Sasso, Condorelli & Gordon 1973). Alternatively, the work from
this thesis would imply that oestrogen could block the influx of calcium
into the bone marrow cclls, one of the prerequisties for enhenced cell
proliferation in this tissue (Perris, Whitfield & Rixon 1967; Rixon 19683
Perris & VWhitfield 1971; Hunt & Perris 1973).

Other mitotic chenges in the rapidly renewing lymvhopoietic and haemat—
opoietic tissue requiring parathyroid devendency to express their mitogen-
icity show a marked sex difference., Diurnal fluctustions occur in these
tissues of the male rat (Hunt & Perris 1974); in the female these are absent
but appear after ovariectomy (1.1, Hunt, personal communication), and
females have their own daily rhythm (Smith, Gdwards & Perris 1975) dependent
upoﬁ an interaction between calcium and oestrozen.

The rapid growih in overall body weight of male animels (between 125~
225g) is known to be correlated with the rlacma ionised calcium levels
(Perris, Whitfield & Tolg 1968), but in females body growth rate is retarded
as a result of oestrogen action (Freudenberzer & Clausen 1937a b; Clausen
& Freudenberger 1939; Korenchevsky, Burbank & Hall 1939; liatthews, Schwabe
& Bmery 1942). This thesis has shown that in two calciun-sensitive tissues
(the bone marrow and the thymus) oestrogen prevents hyperplasia. It night
well be that division and growth of other cell types may also be influenced
by the concentration of this ion. Perhaps other factors such as altered
concentrations of hormones might affect the sensitivity of individual cells

to calcium, or alter the size of a calciur-sensitive subropulation of cells
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in a tissue. Whether or not the general body growth-retarding property of
oestrogen is also a consequence of an inhibition of entry of calcium into

several cell types in the body remains to be established.
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PART TWO

The role of the calcium homeostatic system
in normal and pathological cell proliferation

in the small intestinal epithelia



@ 1L

Introduction

Several workers (Urban & Schedl 1969; Spielvogel, Farley &
Norman 1972; Birge & Alpers 1973) have acclainmed a role for
Vitamin D in promoting cell division and growth in the small
intestine, With the known links between Vitamin D and calciunm
homeostasis, it was reasonable to postulate that physiological
fluctuations in plasma calcium or changes in the intestinal hand-
ling of calcium might also be reflected by paralleled changes in
division rate,

Also, the information acquired in Part 1 of Results, in
conjunction with all previous work on the mitogenic action of
calcium in lymphopoietic and haematopoietic tissue, raises the
important question of whether cell division in other rapidly
proliferating tissues (e.g. the intestinal epithelium) may also
be governed by the extracellular calcium ion concentration.

Further possible indications towards the general theme of
a calcium-dependent control of intestinal cell proliferation came
from observations on experimentally induced alloxan-diabetic
animals, Such animals exhibited a negative calciunm balance
(Schneider & Schedl 1972; Schneider, Wilson & Schedl 19735 1974)
in conjunction with the marked intestinal hypertrophy (Jervis &
Levin 1966; Nakabou, Okita, Takano & Hagihira 1974). Experiments

were thus designed to elucidate any such role that calcium might
play in the control of normal or pathological cell proliferation

in the intestine.
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Results

Histological examination of arrested quasi-metaphase figures
has been successfully employed for the estimation of mitotic activity
in bone marrow and thymic cell populations (see Introductbn 3,5 and
Results Part 1). The hope that equally rewarding results would be
obtal ned from the intestinal epithelia was met with some.dis—
appointment. It was considered essential, in the first instance,
to use stained transverse sections of the intestine to establish
that it was the crynt epithelial cells that were responding to any
of the exogenous factors applied, and not any other mitotically
competent cell population such as the lyuphocytes of the lamina
propria.

The major drawback experienced, apart from the tedious proced-
ure of obtaining 'well-sectioned' crypts, was the uncertainty in
identifying precisely the crypt-villus junction. Thus the crypt
cell population seemed to vary between 80 and 120 cells (Table 1;
Fig.1l). This may have been due to a real variation in cellularity
or the imprecise identification of the crypt boundary. Whatever
the reason, when mitotic activity was expressed as the percentage
of the cryrt population arrested in metaphase, very variable
results vere obtained; mitotic figures did not accumulate linearly
with time (Fig.1l). In view of this crypt population variability
results were therefore expressed as arrested mitoses/crypt. In
this way minimal counting error was experienced and there was a
linear progression of cells into mitosis over a 4h period (Fig.2).
By 6h mitotic figures had misrated from the crypt to the villous
epithelium (Plate 1), In all subsequent experiments, a 4h

accunulation time was therefore ewployed.



Plate 1: Duodenal crypt showing number of arrested metephases Ghrs

after colcemid. Note the migration of these cells onto the villus.

Plate 2: Duodenal crypt showing number of arrested metaphases 2hrs

after colcemid.
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2 hr 4 hr .6 hr
() (%) (6
16/99 16.1 31/122 25.4 40/114 35.1
18/100 18.0 25/105 23.8 40/91  44.4
23/91 25.3 30/107 28.0 32/92  34.8
22/86 25,6 26/98 26.5 35/88  39.8
8/68 9.1 33/97  34.0 34/107 31.8
22/111 19.8 35/107 32.7 29/85  34.1
19/93 20.4 22/83 26.5 37/124 29,8
16/96 16.6 22/81 27.2 32/119 26.9
16/87 18.4 34/108 31.5 34/114 29.8
17/107 15.9 22/86  25.6 28/112 25.0
15/85 17.6 28/87 32.2 ' 28/86  32.5
17/91 18.7 33/108 30.6 27/80  33.8
Table 1: Typical results of colcenid accumuletion in the duodenunm with

time, expressed firstly as the number of celcemid metaphases per total
crypt cell population showing the vzriability of the denonminator, and

secondly as the percentase of colcenid metaphases per crypt.
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To elucidate the possible involvement of the calcium homeo-
static hormones in controlling the rate of cell proliferation in
the cyrpts of [ieberkuhn, animals were first parathyroidectomised
(PTX) by electrocautery and subsequently fed a low calcium diet
(Cooper Nutrition Froducts Ltd, Witham, Essex) following the dietary
regire of Hirsch, Gauthier & lunson (1963). This procedure
produces a profound Kypocalcaemia with plasma calcium concentra-
tions remaining around 5.0 mg, throughout the experimental period
(Table 2). Shamn-PTX animals were pair-fed on standard diet, When
mitotic activity in these groups of animals was assessed, T days
following ablation of the parathyroid gland, it was found that the
PTX group showed a significantly decreased number of mitoses per
cyrpt (¥ig.3) compared to normal control animals., So in fact did
the shan-PTX group. llitotic activity was not significantly
different in the PTX and sham-PTX groups of animals (Flates 5 & 6).
Analysis of the post-operative food consumption pattern (Fig.4)
showed that by switching to the diet low in calcium, the food
intake of the FTX animals dropped drastically. The pair-fed sham-
PTX animals also ate considerably less than a similar group of
cshan~PTX animals allowed food ad libitum (I'ig.4). Thus both the
PTX and the sham-PTX rats studied T days after the operation had
severely reduced food intake. Indeed other workers (Hooper &
Blair 19583 Brown, Levine & Lipkin 1963; Clarke 1970b; Altmann
1972) have shown that starvation itself reduced cell division in
the intestine.

To circumvent this problem imposed by the starvation factor a
further group of animals were parathyroidectomised, fed standard

diet, and studied 3 days after the operation. Sham-PTX animals



FPlate 5: Duodenal crypt showing number of arrested metaphases of

shan-PTX animal studied 6 days after cautery.

Plate 6: Duodenal crypt showing number of arrested metaphases of PTX

animal studied 6 days after cautery.
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Fig, 4: Influence of parathyroidectomy (PTX) unon daily food consumption
of groups of 4 male animals.BZZA Control animals receiving 41B diet ad
libitum expressed as mean % s.e.n. @—@ han-P7X animals allowed 41B and
calcium deficient diet ad libituu on the days indicated. O—O Sham-PTX
animals rair-fed with a group of PTX animals according to the regime of

Hirsch, Gauthier and llunson (1963).



were again pair-fed with the operated animals. Food consumption
up to this time was comparsble to unoperated controls (Fig.4) and
plasma total calcium in the PTY rats (6.6 mg') was still signific-
antly lower than the sham-PTX animals (8.9 mgi ), as showm in Table
2. Subsequent analysis of the mitotic activity revealed that there
was no significant difference between the FTX nor the sham-PTX group
(Fig.3; Plates T & 8). This indicated that a lowering of the
extracellular calcium concentration for a period of 3 days was
without effect unon the rate of intestinal cell proliferation.

To bring about a transient elevation of the extracellular
calcium, a group of rats were injected with a 62,5 ml’ solution

of CaCl, as detailed in llethods, Colcemid was administered at

2
6 & 8%h; control animals also received colcemid and an equivalent
volume of 0.9 saline at the appropriate times. Intestinal
mitotic activity was found to be the same in both control and
calciun-treated rats (Fig.3; Plates 3 & 4). Thus unlike bone
marrow and thymus tissue, neither increases nor decreases in plasma

galcium concentration affected the rate of cell division in the
crypts of Lieberkuhn,

Microtomy has certain inherent disadvantages wi.ich have been
recognised by Abercrombie (1946); MNarrable (1962); & Clarke (1968).
Even though the stathmokinetic method appeared to indicate that
calcium plays no role in controlling intestinal cell proliferation,
it was decided to employ a radioactive label (tritiated thymidine -
3thR)‘ to assess intestinal DNA synthesis, the necessary prelude to
mitosis. Since the 5H-th method does not visualise cells, if

these two methods gave comparable results, then it could be reason-

ably assumed that the 3H—th counts truly represented DN. synthesis



- Plate 73 Duodenal crypt showing number

of arrested metaphases of sham-PTX
animal studied 3 days after cautery.

Plate 8: Duodenal crypt showing a number of

arrested metaphases of PTX animal studied
3 days after cautery.



Plate 3: Duodenal crypt showing number of arrested metaphases 4hrs

after colcemid,

Plate 4: Duodenal crypt showing number of arrested metaphases after

a series of Ca012 injections.



of the same group of mitotically competent crypt epithetizl cells
observed directly by microscopic examination.

At increasing times after the initial calcium injection, as
described in lethods, animals were flash-labelled with a single
pulse of 3H——'th. One hour after the label was introduced animals
were sacrificed and the isotope incorporation into the intestine
agsessed, No significant difference was shown between control
and calcium-injected groups up to 4h after the initial calcium
injection (Mig.5).

Thus, neither enhanced DIIA synthesis nor increased entry of
duodenal cells into mitosis was apparent following CaCl2 inject-
ions. However, i,p., administration micht constrict mesenteric
blood vessels, restrict the supply of nutrients to the crypt cells
and perhaps prevent expression of the ion's mitogenic potential,
To obviate this possibility Ca{}l2 (12 mg/ml) was infused directly
into the jugular vein for lh to give an elevation of plasma
calcium of approximaiely 1.0 mgl.. TVhen 3H—th was administered
at the start of the infusion, again no significant difference in
isotope incorporation was shown compared to 0.9 saline-infused
controls (Fig.6), corroborating the previous results suggesting a
lack of calcium upon intestinal cells.,

Parathyroidectomised animals were studied 3 days after
operation. Two groups of sham-FTX animels were compared; firstly
by opening the cervical region and closing again, and secondly by
electrocautery of the lower thyroid poles. No significant
difference in isotope incorporation was shown between either
group (Fig.6). These labelling studies in toto provided no
evidence for a calcium involvement in determining the rate of cell

proliferation in the intestine.
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X Vitamin D deficient diet (3 weeks) + 500 {J Vitamin D3 (3H-tdR 4hrs
later); © Vitamin D deficient diet (3 weeks) + 500 U Vitamin D3 (JH-tdR
12hrs, later). Animals receiving Vitamin D or vehicle were starved 48111"

prior to oral administration.



In contrast, Vitamin D3 proved to be mitogenic. By the
histological technique a 41 colcemid metaphase accumulation
initiated 4 hrs after 500 I.U, of D3 orally, resulted in a
significant increase in the rate of mitosis compared to the
starved controls (7ig.3; Plates 9 & 10). To elucidate more
clearly the precise location within the cell cycle that the
vitanin may be acting, attention was then focused towards the
flash labelling technique vith 3H—th. 4h following either 100
I.U. or 500 I.U, of Vitamin D3 no increase in intestinal nuclear
activity was showm (Fig.6); however 12h following 500 I.U.
elevated nuclear activity was demonstrated (FPiz.6). When
endogenous levels of 1,25DHCC (the active metabolite of Vitamin
D3) were raised by placing young animals on a low calcium diet
(Cooper Nutrition Products Ltd, Witham, Essex) enhanced intestinal
DNA synthesis was again observed (Fig.6).

Thus althoush extracellular calcium doesnot seem to influence
intestinal DI'A synthesis and mitosis directly, Vitamin D and
perhaps its active metabolite which influence the intestinal
handling of calcium do seem toc have an effect. Since the diabetic
intestine also seems to exhibit altered calcium transport character-
istics it was predicted that a similar relationship might occur in
this pathological situation.

Following injection of the pancreatic P-cytotoxic agent
Streptozotocin, 24h food intake measurements were made at intervals
over a 10wk period. These animals ate about 2-3 times as much
food as their resrective age controls (Fig.T), consistent with
earlier workers (Jervis & Levin 1966; Nakabou, Okita, Takano &

Hagihira 1974) who had employed alloxan.



Plate 9: Duodenal crypt showing number of arrested metaphases in

an animal starved for 48hrs.

Plate 10: Duodenal crypt showing number of arrested metaphases in an

animal starved for 4B8hrs, then given 500 I,U, of Vitamin DB'

i
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Subsequent measurenents revealed a very highly significant
elevation of the blood glucose and reduction of the plasme insulin
(Table 3) confirming that pancreatic ﬁ-cell destruction had been
successful. Plasma total calcium and plasma total magnesium showed
no significant difference between eitner group (Table 3).

Despite the very highly significant reduction in body weight
of the Streptozotocin-treated animals (Table 3; Plate 14), the
gastro-intestinal organs shoved marked size increases., The stomach,
the smell intestine and the caecum seemed grossly enlarged in situ.
Purther analysis of the small intestine revealed a significant
increase in the mucosa/muscle ratio, in the thymidine incorporation
per unit length of intestine, and of the total DNA per unit length of
intestine. The specific activity (dpm per pg of total DIA) however
was not significantly altered (Table 3). Histological sectioning
showed that these animals had longer villi (Plate 13) compared to
their controls (Plates 11 & 12), which was responsible for the
increased surface area (E/I!) and increased surface/volune ratio
(E/L) noted (Table 3).

The lymphoid organs were also affected by this experimentally-
jnduced diabetes. A reduced bone marrow and thymus mitotic index
was apparent, although these results were not significantly different.
There was also a striking reduction in the size of the spleen in the

Streptozotocin-treated animals (Table 3).
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Plate 1l4: Comparison of animal injected with Strevtozotocin for 10

weeks with control of the game age., Note the grossly distended

abdomen of the former.



- 161 -

Veight Age Streptozotocin
Control Control Diabetic
1. Body weight 281 = T (5) 450 £ 3 (3)*x® 266 £ 17 (4)
()
2, Duodenum
2., JH-tdR incor-
poration per 5165 4 364(5) *xx* 6200 + 950(3)#** | 12960 + 761 (4)
intestine
length (dpm)
b. Total DNA per
intestine 2352 & 11 (5)=% | 299 4 44 (3)% | 589 1 33 (4)
length (pg/ml) :
c. Specific acti-
vity (dpm/pg) | 22,3 & 1.2 (5) NS | 20.8 £ 2.1 (3)NS| 22.0 = 0.4 (4)
DilA
d. lucosa/muscle | 1.20 £ 0,02(5)** 1.31 + 0.11(3)* | 1.86 + 0,12 (4)
ratio.
e. BE/N 5.8 % 0,19(5)118 4.7 % 0.,19(3)% | 6.3 + 0.34 (4)
£e B/L 0.90 + 0,02(5)1s 0.51 # 0.05(3)* | 0.89 + 0,09 (4)
3, Spleen weight 0.56 = 0.04(5)1s 0.81 + 0,02(3)** | 0,55 + 0.04 (4)
(g)
4. ¥itotic index
a. thymus 0.7 =+ 0.06(5)1s 0.7 # 0.03(3)IIS|0.5 ¢ 0.07 (4)
b. borne marrow 1.3 + 0.05(5)* 1.3 % 0.09(3)ES 1.1 % 0.05 (4)
5. Plosma values
a, total calecium |9.71 + 0,11(5)lS 9.82 ¢ 0,15(3)N3 | 9.91 + 0,10 (4)
(mes:
b. total magnes- | 2,26 & 0,10(5)NS 2.35 £ 0.05(3)NS | 2.44 £ 0,22 (4)
ium (mgel)
c. glucose (mgfh) |108 £ 3 (5)**x | 120 £ 2 (3)**¥552 123 (4)
d. insulin (pU/ul)f 70 + 4  (5)%*= 63 + 6 (3)**x| 16 & 2 (4)

Table 3:

narameters.

Statistice for controls of the same weight or of the

Influence of Strepiozotocin for a period of 10 weeks ujon various

samne

age are in each case compared to the Diabetic group (*p<0.05; **p<0,01;

*¥¥p < 0,001) IiS, Not significant,

in parentheses.

lNumber of animals in each group shown
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Discussion

It is apparent from this study that physiological fluctuations
in extracellular calcium concentration did not influence the pro-
gression of cells through the cell cycle in the small intestine,

Thus there is neither a reduction in cell cycle time, nor any
recruitment from quiescent c° (De laertelaer & Galand 1975) or Gzo
(Pederson & Gelfant 1970) populations, induced by hypercalcaenia,

There is a considerdle body of evidence from in vivo systems
with variable proliferative rate which suggest that alterations in
the rates of entering or leaving ¢° could play an important part in
cell regulation (Bresciani 1968b; Epifanova & Terskikh 1969),

This has further been clarified by Izquierdo & Gibbs (1974) who

have suggested that if there is a a° phase in a cell-renewin: tissue,
this is short with respect to the turnover time and that it may be a
specific compartment where the control of cell proliferation operates.
Such ¢° or G2° cell populations were viable candidates for a possible
. mitogenic action of calcium in the small intestine since physiological
increments in cell division in both bone marrow and thymic tissue have
Hann EiGrinatsa o Saehuithart <Ma° aslls by the calcium ion
("hitfield, Rixon, Perris & Youdale 1969). These observations are
in general agreement with the work of Weber, Bohne & Robe (1970) and
Taylor & Jones (1972) who employed various cation-specific chelating
agents to study DNA synthesis; they concluded that only the
chelating agent that was specific for zinc resulted in any sifnifi-
cant decrease in DHA synthesis in the intestine.

In contrast, Vitamin D3 was showm to be mitogenic in the small

intestine after a relatively short exposure time. 8h following an

oral dose of 500 I.U, of Vitamin D% a significant elevation of the
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number of mitoses/crypt was observed (Fig.3). Long term growth-
promoting activity of Vitamin D has been well documented (Urban &
Schedl 1969; Spielvogel, Tarley & Norman 1972), and recently Birge
& Alpers (1973) have recorded maximal incorporation of 5H—th into
intestinal DNA, 4h after oral administration of 100 I.U, It was
thus envisaged that Vitamin D misht be promoting the entry of
quiescent ¢° or G2° cells into the cell cycle, or possibly causing
a reduction in the duration of the Gl.phase. However, since the Gl
phase in the duodenum lasts only 1zh (Cairnie, Lamerton & Steel 1965)
& very dramatic reduction in this phase would have to be assumed to
account for an elevated mitotic activity. The most likely and
feasible explanation therefore resides in a quiescent cell recruit-
ment, Even though hypercalcaemia was noted 8h after an oral dose
of 500 I.U., this did not invalidate the results, since previous
experinents had ruled out any direct mitogenic action of calcium;
secondly 500 I,U, of Vitamin D3 would take between 8-10h to promote
intestinal calcium absorption in the rat (Chen & Bosmann 1964;

Yorman 1966). A resultant hypercalcaemia could not possibly have
caused a recruitment of quiescent a° or G2° cells to be subsequently
arrested at metaphase by 8h. The mitotic action observed must be
solely due to the Vitamin D molecule per se. This is of particu-
lar importance since the increase in weight and dimensions of the
intestine (Urban & Schedl 1969) in response to Vitamin D, have been
attributed to increased availability of calcium.

In an attenpt therefore to characterise which group of quiescent
cells were likely candidates for this mitogenic action of Vitamin D,
attention was turned towards labelling the dividing cells in the S-
phase of the cell cycle with 5H—th. Bearing in mind the cell cycle

parameters Gy (1ih); S (6ih); G, (1h) and ¥ (1h) of the rat small



intestine (Cairnie, Lamerton & Steel 1965), it was assumed that if the
cells observed in metaphase 8h after Vitamin D had originated from a
g? porulation, then these same cells should be passing through the
DNA- synthetic phase 4h after the vitanin.  However administration

of JH-tdR 4h after an oral 100 I,U. or 500 I.U., dose of Vitamin D3
showed no increase in the incorporation of the radioactive label into
DNA (Fig.6). It would anvear therefore that ¢° cells are not those
stimulated by Vitamin D, and possibly the G2° porulation are more
likely.

Since dividing cells were arrested in the quasi-metarhase
configzuration 8h following Vitamin D administration, it was con-
ceivable that this mitotic increment may be the reslt of an influx
of G2° cells into the cycle., By 12h after the vitamin administra-
tion these cells wmld have re-cycled and be in the S-phase. This
in fact was shown ‘o be the case, and indicates that Vitauin D per se
may be mitogenic by virtue of its ability fo recruit quiescent G2o
cells. The difficulty in substantiating this G2° effect resides
in the lag periods required for the conversion of Vitamin D to more
polar active metabolites. Indeed, this.effect would well be
attributed to metabolites more polar than cholecalciférol, since
25 HCC and 1,25 DHCC may be detected in plasma within 15 and 30
minutes respectively following administration of the parent molecule
(Lawson & Emtage 1974).

Intestinal calcium transport is known fto be enhanced by Vitamin
D3, 25 1CC, and 1,25 DHCC in successively decreasing times (Norman
1974b)., Since the principal agent promoting intestinal calcium
transport is 1,25 DHCC it is likely that since Vitamin D enhances

intestinal cell proliferation, 1,25 DHCC may also be the principal



form of Vitamin D acting on the proliferative axis. Evidence to
substantiate this possibility was obtained by feeding young rats
a diet deficient in calcium ions, which artificially raises the
plasma 1,25 DHCC levels, By so doing an increased incorporation
of 3H—th in intestinal DA was observed (Fig.6)., These reaits

imply that both Vitamin D, and 1,25 DHCC are able to stimulate cell

3
proliferetion in the crypts of Lieberkuhn,

It must be concluded therefore in view of these results that
regulation of cell division in the small intestine is not under
the direct control of the parathyroid glands, unlike the bone
marrow and thymus tissues. (Introduction 3.5). loreover Vitenin
D and its associated metabolites which.are closely involved in
calciun ion homeostasis do appear to be mitogenic.

Even though fluctuations of extracellular calcium were
ineffectual upon mitotic parameters, the stimulatory effect of
Vitamin D is perhaps not that surprising since its effect in
promoting body growth (Steenbock & Herting 1955) has long been
recognised, It might indeed be that this mitogenic action upon
intestinal crypt cells is the prerequisite to the well documented
Vitamin D - mediated growth properties manifest by increased villus
height and increased nmucosal weight (Urban & Schedl 1969;
Spielvogel, Farley & Norman 1972), The physiological signifi-
cance of these findings has not been clearly defined but mi ht
reflect an increase in the absorptive surface area which in itself
may facilitate the absorption of calcium.

It is now well established that the epithelium of the small
intestine is replaced rapidly in mammals (Cheng & Leblond 1974a),

yet the mechanism of contirol of this replacenent is unknown.
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Several hormones (Introductien, (1.3), T le 2) havé.been shown to
influence the intestinal epitheliun, However, these workers have
paid little attention to cell cycle parameters; +they have simply
noted gross anatomical changes such as hypertrophy or used the im-
precise method of estimating the change in mitotic index. Generally
no specific compartment within the cell cycle has been associated
with these changes, although Laguchev & Avetisyan (1973) concluded
that adrenal corticoids were causing a lengthening of the DiA-synthetic
(S) phase of the cell cycle.

The functional compartiment of this renewing system is the villous
epithelium, This compartment has three related properties (Quastler
1963): size (cell number), transit time (time spent by a cell in the
corrartaent) and flux (rate of entry of cells = rate of loss of cells
in the steady state). Presumebly the mechanism which controls the
replacenent acts directly on one or more of these properties.

The hypotheses put forward to explain the conitrol of intestinal
epithelial cell replecement may be divided into two groups: 'systemic’
and 'lozal’. The 'systemic' hypotheses assert the existence of a
blocd~-borne control signal, which may be tissue-specific and stimu-~
latory (Loran & Crocker 1963; Loran & Carbone 1968), tissue~sypecific
and inhibitory (i.e. 2 chalone) (Tutton 1973), or tissue non-specific
and stimulatory (Leblond & Carriere 1955; Carriere 1965; Tilson,
Philips & Wright 1971). 'Tocal' hypotheses stress tie autonomy of
each of the several parts of the small intestine in the regulation of
its own epithelial cell replacement (Fell, Smith & Campbell 1963;
Jervis & Levin 1966; Dowling & Booth 1967; Gleeson, Cullen & Dowling
1972), In fact there is no overwhelming evidence for any of the

possible control mechanisms at present. This thesis has endeavoured



to establish another source of control, namely the calcium homeo-
static system, but results have refuted this possibility.

The importance played by the ingesta itself must not be
overlooked at this point. The local translocation of food
undoubtedly influences division in the cyrpt cells, since it is
well known that starvation arrests dividing cells in the Gl phase;
refeeding of starved animals restores the movement of such cells
through the cell cycle (Cameron & Cleffmann 1964). It might be
anticipated that the quantity of food, directly or indirectly,
provides the physiological need for enhanced cell division., On
the fundaﬁental assumption that the only fate of crypt cells is
migration on to the villus (Loehry, Croft, Singh & Creamer 1969),
the ingesta could provide the necessary stimulus for initiation of
a new absorptive villous epithelium,

Thus, there have been several reports on the relationship
between chanses in weight and length of the gastro-intestinal tract
and the quantity of food consumed. Addis (1931) found that high-
residue diets increased both weight and length of the glimentary canal
in rats, He interpreted the observed change as an adaptation to
increased work i.e. work hypertrorhy. Fell, Smith & Campbell
(1963) and Campbell and Fell (1964) showed that the alimentary canal
of female lactating rats increased progressively in weight and size
and concluded that this hypertrophy was due entirely to increased
food intake. Durand, Fauconneau & Penot (1965) revorted thet in
growihg rats, which showed progressively increasing food intake, the
weight of the intestine per 100g body weight increased, and con-

cluded that the growth was due to hyperpiasia.
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Thus in the pathological condition of experimentally-induced
diabetes the food consumption was about twice that of the respective
age controls (Fig.7). The thymidine+ incorporation into the
dividing crypt cells per unit length of intestine was double that
of the controls, So also was the total DHNA per unit length of
intestine, presumably as a consequence of the greatly increased
surface area (%3/1)) occupied by the villi., The increased number
of dividing cells in the crypts may well be a direct result of the
elevated food intake, Under physiological conditions, the rate of
entry of cells into mitosis is balanced by their loss from thé
villus tip and transit time is therefore constant (Loehry, Croft,
Singh & Creamer 1969). In the Streptozotocin-treated animals
villus length was greatly increased; probably this was a compen-
satory change to accommodate the excess food, In order for the
villus dimensions to have increased in this way, there must have
been a lengthening of the cell transit time, Indeed, a number of
parameters are known to affect the intestinal transit time. These
include age, nutritional requireiients and disease (Lipkin & Bell l968).l

The underlying factor responsible for the control of the
intestinal changes in the diabetic animal have yet to be clearly
defined. There are at least two possble causes of the enlargement
of the small intestine in the diabetic rat, The first is that the
increase in weight is due to hyperplasia associated with polyphagia.
The second is that the change is induced by insulin deficiency and
not by an increase in food consumption. Jervis & Levin (1966)
concluded that although it was possible that the endocrine imbalance
of chronic diabetes may affect growth of the small intestine per se,

it was likely to bc of minor importance compared to the effect of
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the changed dietary intake., Nakabou, Okita, Takano & Hagihira
(1974) support this idea.

Jervis & Levin (1966) speculated that the increase in diameter
and length of the intestines of alloxan-injected rats might be a
response to the amount of nutrient ingested. Schedl & Wilson
(1971a) carried out similar experiments with alloxan or streptoz-
otocin-induced diabetic rats and obtained the same conclusion.
Further evidence in support of the nutrient per se came from dia-
betic rats on a restricted diet where the small intestine was showvm
not to enlarge (Nakabou, Okita, Takano & Hagihira 1974).

However, when Jervis & Levin (1966) fed control animals a
'bulked-out' diet by adding an equal amount of talec to the stock
diet to augment the mass of the ingested material, there was only
a 109 increase in weight of the small intestine, whereas the dry
weight of chronic alloxan-diabetic small intestine was doubled.
This tends to exclude simple work hypertrophy from increased bulk
ingestion as the cause of the changes in experimental diabetes.
These observations are supported by Dowlingz, Riecken, Laws & Booth '
(1967), who showed that bulk feeding witﬁ kaplin did not induce
changes in intestinal weight and mucosal thickness in comparison
with matched controls. These findings sugsest, in accord with
other observations (Addis 1931; Wierda 1950) that the degree of
intestinal growth found in diabetes is unlikely to result from
bulk feeding,

Indeed, another unresolved facet of the diabetic animal is
the role played by the calcium homeostatic system. It is known
that there is a derangement of calcium metabolism in these animals,

Alloxan-diabetic rats exhibit negative magnesium balance (Schneider



& Schedl 19T74) as well as negative calcium balance as shown by a
marked reduction in duodenal calcium transport (Schneider & Schedl
1972) and greatly reduced concentrations of duodenal CaBP (Schneider,
Wilson & Schedl 1973%; 1974). The reason for the low levels of
CaBP are unknown, It cannot be attributed to poor nutrition,
since the animeals are hyperphagic (Jervis & Levin 1966) nor can it
be the result of any generalised defect in protein synthesis since
mucosal growth is greatly enhanced (Schedl & Wilson 1971b).

It may be that the failure of the diabetic rat to produce CaBp
is the result of abnormal Vitamin D metabolism, but is certainly
not due to parathyroid hormone insufficiency. Diabetic rats main-

.tain normal to slightly elevated serum calciwu levels and compensate
for the calcium malabsorption by mobilisation of bone throush sec-
ondary hyverparathiyroidism, as evidenced by the elevated serum
immunoranctive PTH (Schneider, Hargis, Schedl & Williams 1974).
The possible significance of these observations to the intestinal
hypertrophy in the diabetic animal remains unknown. Such animals
show the paradoxical combination of depressed body growth and en-
hanced intestinal growth (Schedl & Wilson 1971a) in spite of the
depression of calcium transvort (3chneider & 3chedl 1972), in
contrast to the Vitamin D deficient animal where mucosal growth
is depressed (Urban & Schedl 1969), Results from this thesis
would tend to exclude calcium ions per se as being the underlying
cause of the hypertrophy, but could well be due to some altered
Vitamin D metabolite, since results show that cholecalciferol and
metabolites more polar, enhance cell proliferation in healthy

animals,



Evidence favouring some aspect concerned with the food con-
sumption is presented in Fig.8. There is a highly significant
positive correlation between the food intake and the thymidine
incorporation per unit length of intestine, whereas there is a
negative correlation with the plasma insulin and no correlation
with the plasma total calcium. One consequence of the muéh
increased food intake in the Streptozotocin-treated animals would
be increased gastrin secretion. This process would also occur
under physiological conditions of a normal feeding regime, since
food is the direct stimulus for gastrin release (licGuigan 1974;
Talmage, Doppett & Cooper 1975). Indeed the circulating gastrin
concentration could well play a fundamental role in the control
of gastrointestinal cell renewal. The reasoning for this is
presented below.

The major action of gastrin is considered to be its effect in
stimulating gastric acid secretion, but it exhibits = mul*iiude of
other actions (Il cGuigan 1974). It is, for example, known to
stimulate cell division of the small intestinal mucosa in vitro
(Lichenberger, liller, Erwin & Johnson 1973; Pansu, Berand,
Dechelette & Lambert 1974) which presumably is a direct effect
and not one mediated by its ability to enhance intestinal blood
flow (Burns & Schenk 1969). The major circulating gastrin in the
nonfed state is "big big" gastrin, and in response to feeding,
especially protein (Korman, Soveny & Hansky 1971) smaller gastrin
species are liberated into the circulation (Yalow & Wu 1973)
predominantly from the stomach (Berson & Yalow 1971) but also from
the upper smali intestine (Berson & Yalow 1971; Stern & Walsh 1972). -

The lack of gastrointestinal hypertrophy following the 'bulked out
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diets' of previous workers (Jervis & Levin 1966; Dowling, Riecken,
Laws & Booth 1967) may realily be explained., If the protein con-
tent of the food and subsequent stimulation of gastrin is the mejor
stimulus for gastrointestinal proliferation, both in the normal and
the diabetic animal, then no cellular changes would be expected
from these diets with 'talc' or 'keolin' added since they would not
provide the necessary mitogenic stimulus.

Purthernore, the increased cell proliferation noted following
intestinal resection (Loran & Crocker 1963; Loran.& Althausen 1970)
may well be attributable to an effect of gastrin, since the half
life of intravenously injected 125I—gastrin is substantially
increased following intestinal resection (Wickbom, Landor, Bushkin &
MeGuigan, 1975). Gastrin micht also provide the explanation for
the circadian mitotic activity observed in the rodent intestine
(5igdestad, Bauman & Lesher 1969) since cell proliferation reaches
its peak during the hours of darkness when food consumption is
known to be maximal (Hunt & Perris 1974).

In view of the fact that the predominant stimulus to the
release of secretin by the mucosa of the small intestine is acid,
it is believed thet acid secreted by the stomach and conveyed to
the upper duodenum evokes the release of secretin which then
inhibits further release of gastrin (Hansky, Soveny & Korman 1971;
Anderson 1973; lcGuigan 1974). It would appear likely therefore
that since secretin and gastrin have been shown to have opposing
effects upon intestinal cell proliferation (gastrin stimulates znd
secretin inhibits (Pansu, Berand, Dechelette & Lambert 1974) it
may well be that this system acts as a self-maintaining feedback

control in the regulation of gastrointestinal proliferation,



Since no evidence was obtained to substantiate a role played
by the calcium homeostatic hormones, and the relatively long time
required to obtain conversion of the renal metabolites of Vitamin D
sufficient to constitute the basis of physiological control, the
concept of local regulation by means of gastrointestinal hormones
would appear & more likely explanation, Villus height decreases
along the length of the small intestine (Altmann 1971); the
regional variation of stimulatory and inhibitory factors present
in the intestinal chyme (Altmann & Leblond 1970) have been acclaimed
responsible for this size difference. In a similar manner, there-
fore, the control of cell renewal in the small intestine micht
reside in a balance between the actions of secretin and gastrin.
The protein content of the diet (and consequent release of gastrin)
could well constitute the prime control of regulation since Pederson
& Gelfant (1970) have shown that by changing animals from a low to
& high protein diet is accompanied by an increase in cell prolifer-
ation (by a recruitment of quiescent G2° cells)., Whether or not
the Mitogenic action of Vitamin D (or its more polar metabolites)
is mediated via a secondary release of gastrin has yet to be
established, but is conveivable since hypercalceemia is knowm to
elevate plesna gastrin (Reeder, Jackscn, Bon, Clendinnen, Davidson

& Thompson 19703 Case 1973; Levant, Walsh & Isenberg 1973).
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Several possible control systems exist that could be responsible for
maintaining population dynamics in rapidly renewing tissues, whether these
be stimulatory (e.g. hormones) or inhibitory (e.g. chalones) factors (see
Introduction 1.3). This thesis has endeavoured to establish the importance
of enother possible source of control for these tissues (namely the calcium
homoestatic system) and the tissue specificity of this contrdl.

The bone marrow, the thymus gland and the mucosa of the small intestine
are all rapidly renewing tissues with thgir mature differentiated cells
having extremely short life spans. The accomplishment of this rapid turnover
in the bone marrow is provided by the erythrogenin-erythropoietin feedback
system. The thymus however is devoid of any such external control; its
cell population being maintained by factors secreted from its internal
milieu. Nevertheless, both these tissues are also resnonsive to the mitogenic
action of calcium and undergo vhysiological changes in cell proliferation
with a2 concomitant hypercalcaemia. The small intestine also appears to
possess its ovm inherent conirol emanating from some influence unon the stenm
cells in the cryvts of Lieberkuhn, This tissue is not influenced by physio-
logical fluctuations in calcium ion concentration, but a substantial body
of evidence supports the concept that the ingesta may be the underlying
control factor governing rates of cell renewal.

Indeed, aport from the role vostulated for the ingesta in controlling
cell division in the small intestine (Discussion, Part 2.), results have
shovm that maintainance of an adequate nutrition to the cells is an important
factor that could lead to wrong interpretation of mitotic data, Thus in
bone marrow and thymus the increased ionised calcium associated with long
tern ovariectony was expected to increase mitosis. The converse in fact
was observed, presumbaly as a result of diminished nutrition. Also, in the
intestine, the reduced food intake of the PTX and pair fed sham=PTX animals

obscured any response attributable to low plasma calcium.
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These three tissues all possess quiescent G° cells, but appear to
exhibit quite different regulatory mechanisms, Ap understanding of the
mechanismns involved in various tissues of the body in the healthy animal
may provide the vital answer to the aetiology of malignant growth., Thus
work in this thesis has established the mitogenic action of caleium and
megnesiun ions in vivo in lymphopoietic and haematopoietic tissue of the
ﬁgle rat; more recent work in vitro (llorgan, Hall & Perris 1975a,b) has
elucidated the role played by these mitosenic cations and cyclic nucleo-
tides in initiating DA synthesis, It is knovm that some malignant tissues
nossess greater calcium content than normal tissue (van Rossun, Galeotti &
Yorris 1973); certain malisnant tumours apnear to have an increased re-
quirenent for magmesiun ions (lieeley, Varnor & llayer 1974; Parsons,
Anderson, Clark, Ddwards, Ahmad & Hetherington 1974) ;s adenylate cyclase is
elevated in certain tunour cells (Browm, Chattapadhyay, Spjut, Spratt &
Fennington 1969; Brown, Chattopadhyay, Liorris & Pennington 1970) and cyclic-
GLP causes proliferation of some tumour cells in vitro (J.I. llorgen, personal
comnunication). Althouch consistent with derangerents in cyclic nucleotide
metabolism and intracellular ion balance, a direct demonsiration of their
Joint involvement in noeplasia remzins o be shown. Indeed, it would be
extremely interesting to test the effect of the sex steroids (oestrogen and

testosterone) on such transformed cells.
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APPENDIX



Composition of standard (41B)_and modified animal diets,

(major components only),
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Ingredient 418 Calcium~- Vitamin Dz-
deficient déficient
Crude oil 2. 1% 9.50% 9.50¢
Crude protein 16,95 21,0094 21,009
Crude fibre 58T 5,005 5.00¢
‘bigestible crude oil 24265, 8.00% 8.004
Digestible crude protein 13,685 18,504 18,505
Digestible crude fibre 3,005 2.004 2.00%
Digestible carbohydrate 45,075 44,005 44,00¢
Calciun 1.10% 0.0%% 0.804%
Phosphorus 0.85¢" 0. 705 0.804
l'agnesium 0.35¢ 0.16¢ 0,160
Potassiun 0865 0.54% 0.54:
Sulphur 0,245 0.20:. 0,207
Iron 181ng/kg 9%nmg/kz 93mz/ke
Copper 16mg/kg 20mz/kg 20ng/ke
llanzanese 115nz/ke 50ma/ks 50me/kg
Cobalt 98ps/ks 540ps/ks 540ps/kg
Zinc 45mg/ ks 25me/ks 25mg/ke
Todine 340ps/ks 540pa/ k%5 540ps/ke
Vitamin D3 300i.u,/kg 300i.u, /kg -
3 Y

v

Together with all other essential amino acids

and vitanins,
All diets produced in 3/8%" pellets. Filsbury's Standard 41B diet
menufactured by Heygate & Sons Lid., Northampton; calcium and vitamin D
deficient diets menufactured by Cooper Iutrition Producits Ltd., Withanm,

Essex.
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SUMMARY

In the male rat injections of CaCly and MgCl, stimulated mitosis in bone marrow and
thymus tissue. The magnesium salt was also mitogenic in the normal female, but calcium
only exerted its mitogenic effect after ovariectomy. Oestradiol, but not progesterone replace-
ment therapy abolished calcium-induced mitosis in the ovariectomized rat. The inability of
calcium to stimulate cell division was also apparent in the thyroparathyroidectomized
female rat, suggesting the oestradiol blockade did not operate via some indirect action on
the calcium homeostatic hormones calcitonin or parathyroid hormone.

When thymic lymphocytes derived from male or female rats were isolated and maintained
in suspension, increased calcium or magnesium concentrations in the culture medium stimu-
lated the entry of cells into mitosis. Addition of oestradiol to the culture medium abolished
the mitogenic effect of increased calcium levels, but had no effect on magnesium-induced
proliferation. These experiments suggested that oestradiol might act at the cell surface to
prevent the influx of calcium but not magnesium ions into the interior of the cell and thus
to block the sequence of biochemical events which lead to the initiation of DNA synthesis
and culminate in mitosis.

INTRODUCTION

It has long been recognized that oestrogens and progestogens powerfully stimulate cell
division in mammalian uterine, vaginal and mammary tissue (Folley, 1955; Jacobsohn,
1958; Martin & Claringbold, 1960; Martin & Finn, 1968, 1969, 1971; Baulieu, Wira,
Milgrom & Raynaud-Jammet, 1972; Das, 19724, b; Lee & Rogers, 1972; Martin, Das &
Finn, 1973; Martin, Finn & Trinder, 19734, b; Lee, Rogers & Trinder, 1974). Despite the
stimulatory actions in these target tissues, an inhibitory effect of oestrogen on cell prolifera-
tion and growth in other tissues may exist, Thus female rats and mice are smaller, and grow
less rapidly than males of the same age (Jackson, 1913; Santisteban, 1960) as a result of
oestrogen action (Freudenberger & Clausen, 19374, b; Clausen & Freudenberger, 1939;
Korencheysky, Burbank & Hall, 1939; Matthews, Schwabe & Emery, 1942). The arrest of
growth at puberty (Harvey, Hervey & Hutchinson, 1973) and the inhibition in the restora-
tion of normal erythrocyte numbers after haemorrhage can similarly be attributable to
oestrogen action in female animals (Finkelstein, Gordon & Charipper, 1944). In addition,
the marked diurnal fluctuations in mitotic activity in bone marrow and thymus tissues of
the male rat are absent in the female rat, but appear after ovariectomy (N. H. Hunt, 1973,
personal communication).

‘In thymus and bone marrow tissue of the male rat, physiological changes in cell division
seem to be determined by parallel alterations in plasma calcium concentration (Perris,
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Whitfield & Tolg, 1968; Perris, MacManus, Whitfield & Weiss, 1971; Hunt & Perris, 1974).
Since these mitotic changes are muted or absent in the female rat as outlined above, it is
possible that the female sex steroids may be able to block calcium-induced mitotic stimula-
tion. The present studies were designed to test this possibility.

MATERIALS AND METHODS

Male and female Wistar rats, weighing 190-210 g, were used. Food and water were supplied
ad libitum except where indicated to the contrary. To assess proliferation in the bone marrow
and thymus tissue, animals received two i.p. injections of a solution (0-4 mg/ml 0-9 % NaCl
soln) of the metaphase-arresting agent, des-acetyl-N-methyl-colchicine (Colcemid, CIBA
Ltd) at 0 and 2'5 h. At each injection, 0-2 mg/100 g body weight was administered. Six hours
after the first injection the animals were anaesthetized with ether and the thymus gland and
right femur rapidly removed. Cell suspensions of thymic lymphocytes and bone marrow
cells were then prepared, smeared on slides, fixed and stained as described by Whitfield,
Brohée & Youdale (19645). The percentage of nucleated cells which had entered mitosis
and reached metaphase during the 6 h period was then evaluated by scoring the number of
arrested metaphase figures in a sample of at least 1000 cells. Two independent workers
counted each slide.

To study the effect of divalent cations on the rate of entry of cells into mitosis, groups of
male or female rats received a series of 1 ml i.p. injections of either CaCl, or MgCl, solutions
(62:5 mmol/l) at 0, 0-5, 1, 2, 3, 4 and 5 h after the start of the Colcemid treatment. Control
animals did not routinely receive a comparable series of 0-9 %, saline injections since pre-
liminary experiments had shown that such injections did not significantly alter mitotic
activity in either bone marrow or thymus tissue.

In experiments designed to remove the potential effect of the female sex hormones on
mitotic events, a group of rats were bilaterally ovariectomized under ether anaesthesia
(D’Amour, Blood & Belden, 1965). The food intake of these rats was recorded daily.
A second group of female rats was sham-ovariectomized on the day after ovariectomy of
the animals in the first group, and their diet was restricted to the food intake of the ovari-
ectomized animals. Mitotic activity in these two groups of rats, with or without calcium
injections, was subsequently determined as described above on day 6 after the operation.
From days 2 to 5 after operation some rats received a daily injection of either oestradiol
benzoate or progesterone in an attempt to analyse the relative contribution of these steroids
to mitotic events. Oestradiol benzoate dissolved in 0-1 ml arachis oil was given s.c. at a dose
of 1 ug/100 g body weight/day and progesterone dissolved in 0-1 ml arachis oil was given
s.c. at a dose of 1 mg/100 g body weight/day. These dosages were chosen on the basis of the
normal daily secretion rates of these steroids and adequately compensate for lost ovarian
function (Hashimoto, Henricks, Anderson & Melampy, 1968; Shaikh, 1971). Preliminary
experiments had shown that the vehicle alone had no significant effect on mitotic activity.
Mitotic activity in bone marrow and thymus tissue of treated animals, with or without
calcium injections, was measured 6 days after ovariectomy (4 days after replacement therapy
was begun) as previously described.

Since any inhibition that female sex hormones might exert on calcium-induced mitosis
could operate either directly on the bone marrow or thymus cells or indirectly by some
effect on the calcium homeostatic hormones, some experiments to eliminate the latter
possibility were carried out in thyroparathyroidectomized (TPTX) female rats. Animals were
TPTX under ether anaesthesia according to the method of Ingle & Griffith (1942). In
order to bring about a permanent lowering of the plasma calcium levels after TPTX,
animals were fed a calcium-deficient diet (Cooper Nutrition Products Ltd, Witham, Essex)
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following the feeding régime of Hirsch, Gauthier & Munson (1963). Mitotic activity in bone
marrow and thymus tissue of animals, with or without the régime of calcium injections
previously described, was measured 6 days after TPTX.

To investigate more precisely the role of oestradiol on cell proliferation stimulated by
calcium, some observations were made in vitro using isolated rat thymic lymphocytes
suspended in a balanced glucose salts (BGS) medium containing 0-062 mM-colchicine
(Whitfield, Perris & Youdale, 1968, 1969). The basic composition of the medium was
5:5 mMm-glucose, 5:0 mM-KCl, 0:6 mm-CaCl,, 1:0 mm-MgSO,, 50 mm-Na,HPO,, 120 mM-
NaCl and 5-0 mm-Tris (hydroxy methyl) amino methane buffer. The pH was adjusted to
7-2 with HCI. Calcium and magnesium concentrations could be altered by appropriate
additions of concentrated stock solutions. In the presence of colchicine, cells continue to enter
into mitosis during a 6 h incubation period, and to accumulate at metaphase as they do
in vivo (Whitfield, Brohée & Youdale, 1964a; Perris, Whitfield & Rixon, 1967; Whitfield
et al. 1969). Thymocytes from both male and female rats were suspended and incubated in
BGS media containing different concentrations of calcium or magnesium ions. In some
experiments oestradiol benzoate dissolved in a minimum quantity of ethyl alcohol was also
added to the cultures, usually to give a final concentration of 01 zg/ml. Control cultures
were treated with the same amount of ethyl alcohol. At the end of a 6 h incubation period at
37 °C, samples were taken from the suspensions, mixed with a small volume of calf serum
on a slide, dried, fixed, stained and scored as described above.

RESULTS

Injections of CaCl, significantly increased the division of both bone marrow and thymus
cells in the male rat. However, in the female rat, although the basal level of mitotic activity
in both tissues was not significantly different from that in the male, cells were completely
unresponsive mitotically to the calcium challenge (Fig. 1). Magnesium chloride injections
provoked a highly significant mitotic stimulation in bone marrow and thymus cells in both
sexes (Fig. 2).

The hypothesis that some ovarian secretion may have a restraining réle and be responsible
for the inhibition of calcium-induced mitogenesis in the female rat was strengthened by the
observation that the basal level of mitotic activity in bone marrow and thymus tissue was
increased after ovariectomy (Table 1). Furthermore, in the ovariectomized rat, in contrast
to the intact females, calcium injections markedly stimulated proliferation (Table 1). When
replacement therapy with 1 xg oestradiol benzoate 100 g body weight/day was given to
restore oestrogen levels in the blood (Shaikh, 1971), the mitogenic capacity of calcium was
again abolished (Table 1). Injections of progesterone at a dose of 1 mg/100 g body weight/day
were without effect (Table 1). Thus the presence of oestrogen, but not progesterone, prevents
the mitogenic action of calcium, but not magnesium, on the bone marrow and thymus of
the female rat.

This inhibitory action of oestrogen on mitotically competent cells could be either direct
or indirect. Thus if oestrogen were able to interact with the calcium homeostatic mechanism,
the response to calcium challenge in the female rat might be modified so that the usual
mitotic response could not be elicited (Currie & Black, 1972; Klotz, Delorme & Ochoa,
1972; Swaroop & Krant, 1973). For example, if oestrogen facilitated either the release of
calcitonin or the inhibition of parathyroid hormone output in response to calcium chloride
injections, the calcium load would rapidly be eliminated and mitogenic levels in the plasma
never attained. However, when rats of both sexes were thyroparathyroidectomized, the
basal level of mitotic activity in both tissues was reduced below that of the control values in
accordance with previous observations (Perris, Weiss & Whitfield, 1970; Rixon & Whitfield,
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Fig. 1. Effect of a series of i.p. injections of 62:5 mM-CaCl, (Ca) on mitotic activity in bone marrow
and thymus tissue of male and female rats over a 6 h period. Number of animals in each group
shown in parentheses. Vertical bars indicate +s.E.M. NS, not significant.
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Fig. 2. Effect of a series of i.p. injections of 62-5 mm-MgCl, (Mg) on mitotic activity in bone marrow
and thymus tissue of male and female rats over a 6 h period. Number of animals in each group shown
in parentheses, Vertical bars indicate +s.EM.
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Table 1. Effect of CaCl, injections on mitotic activity in ovariectomized female rats, expressed
as the percentage of cells in metaphase 6 h after the first injection (means + 8.E.M.,)

Treatment Bone marrow P Thymus P
Normal female 122406 (23}1 68403 (28)1
NS NS
Sham-Ox 124409 (4) J] 68+08 (4) J}
< 0:05 < 0-05
Ox 15-5:1;0-6(18)1 iy 8:9+04 (17)1
< 0 < 0:001
Ox+Ca 222409 (17)J 11:5+ 04 (mJ
Ox+0B 152+ 17 (5) } 77404 (6) ]
NS NS
Ox+OB+Ca 14:54 07 (6) 81403 (6)
Ox+Prog 14-6+1-1 (5) } &5 84407 (5) } e
< 0 < 0:001
Ox+Prog+Ca 211409 (5) 130403 (4)

Number of animals in each group is shown in parentheses. Treatments were: ovariectomy (Ox); series
of i.p. injections of 62:5 mm-CaCl, (Ca); replacement therapy with either oestradiol benzoate (OB) or pro-
gesterone (Prog) as described in Methods. NS, not significant.

Table 2. Effect of CaCl, injections on mitotic activity in normal and thyroparathyroidectomized
rats, expressed as the percentage of cells in metaphase 6 h after the first injection (means +
S.E.M.)

Male Female

Treatment Borne marrow i Thymus f; rB-'.}ma marrow P Thymus ;’
Normal 124+ 0:5(17) 6-8+05(16) 12:240-6 (23) 6:8+03(28)

} < 0001 } < 0001 ] NS ] NS
Normal+Ca 163+1:5(5) 88+0:5(6) 11-8+0:7 (6) 62+04(12)
TPTX 6:6+0:5(7) 49+0:5(7) 9:6+07 (5) 50+05(6)

} < 0001 } < 0:05 } NS ] NS
TPTX+Ca 14141-2(6) 71407 (6) 86408 (5) 51406 (5)

Number of animals in each group is shown in parentheses. Treatments were: a series of i.p. injections of
62:5 mM-CaCl, (Ca) and thyroparathyroidectomy (TPTX). NS, not significant,

1972) and calcium injections again stimulated cell division in the male rat, but had no effect
on female bone marrow and thymus tissue (Table 2). A more direct inhibitory action of
oestrogen on the mitogenic capacity of calcium was therefore considered.

In an attempt to clarify the mechanism of this direct action of oestrogen, we carried out
experiments on cell division in vitro. Isolated thymic lymphocytes maintained in a BGS
medium containing colchicine continued to enter mitosis, and accumulate at metaphase as
they did in vivo. Similarly, when the calcium concentration in the medium was increased
above 0-6 mmol/l, there was a significant stimulation of cell division (Fig. 3). This occurred
whether the thymic lymphocytes were of male or female origin. Thus cells taken from the
oestrogen-rich environment of the female organism possessed no inherent resistance to the
mitogenic action of calcium. However, when oestradiol benzoate was added to the cultures
of thymocytes taken from either male or female animals, the steroid again blocked calcium-
stimulated cell division, even when calcium concentrations were as high as 3:0 mmol/l
(Fig. 3). The highest oestradiol benzoate concentration in the culture medium was 01 xg/ml
but a concentration of 0:001 ug/ml was equally effective (not illustrated). If the calcium
concentration was kept constant at 0:6 mmol/l and the magnesium concentration increased
above 1-0 mmol/l in cultures of thymocytes from male and female animals, stimulation of
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division also resulted. The level of mitosis was raised from a mean value of 3:7 % to 5-5 9% when
the magnesium concentration in the media was increased from 1-0 to 2:5 mmol/l. No
significant difference was found between values in the absence or presence of a final oestradiol
benzoate concentration of 0-1 #g/ml. These findings also suggest a direct action of Bestrogen
on calcium-induced mitogenesis in bone marrow and thymus.
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Fig. 3. Influence of oestradiol benzoate (OB) on mitotic activity of isolated thymocytes from male
and female rats exposed to varying concentrations of CaCl, in culture. Control media (O); media
containing 01 pg OB/ml (®). The magnesium ion concentration was maintained throughout at
1:0 mmol/l. Each value is a mean derived from at least five separate experiments. Vertical lines
represent +15.E.M.

DISCUSSION

The present study clearly demonstrates that although the calcium ion is a potent mitogen
for bone marrow and thymus cells in normal and aparathyroid male rats, it is ineffectual in
the female (Table 2). Ovarian factors are responsible for this blockade (Table 1), as they are
for thymic hypoplasia (Golding & Ramirez, 1928; Dougherty, 1952), and since oestradiol
prevented calcium-induced mitogenesis in isolated suspensions of thymic lymphocytes
(Fig. 3), a direct effect of oestrogens on the mitotically competent cells of the bone marrow
and thymus gland must be postulated.

The mechanism by which calcium stimulates proliferation of thymic lymphocytes (and
by inference bone marrow cells) has been amply reviewed by Whitfield, Rixon, MacManus &
Balk (1972). Briefly, an influx of calcium into the cell in some way inhibits the enzyme phos-
phodiesterase which is responsible for the degradation of cyclic AMP. The ensuing increase
in the intracellular concentration of this cyclic nucleotide activates a chain of biochemical
events which culminates in heightened DNA synthesis and ultimately cell division. The
ability of oestrogen to block this sequence of events could occur in a number of ways.

If oestrogen were to induce new RNA and protein synthesis in these cells as it does in
uterine tissue (Tachi, Tachi & Lindner, 1972), such a protein might inhibit one or more of
the biochemical stages which links the calcium-stimulus to mitosis. If such an inhibitor
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exists it must have an exceedingly short lifespan; thymocytes derived from the relatively
oestrogen-rich environment of the female rat responded strongly to the mitogenic challenge
of increased ambient calcium levels. In the whole animal and in vitro, oestrogens had to be
present at the time the mitotic stimulus was applied in order to exert their inhibitory effect.
Perhaps the simplest explanation therefore would be to ascribe to oestrogen the ability to
prevent the entry of the calcium ion into sites on or in the cell where the initiation of the
co-ordinated chain of events which lead to mitosis occurs. The low ambient plasma calcium
concentration in the TPTX female rat, coupled with the presence of oestrogen which would
further inhibit diffusional entry, could account for the diminished mitotic activity in the
bone marrow and thymus of the aparathyroid female (Table 2). Clearly, the access of the
divalent magnesium ion to initiator sites was not impeded by oestrogen. This might suggest
that magnesium enters the cell by a completely different route from calcium and indeed it
has been suggested it may stimulate cell division via a mechanism which does not depend
upon cyclic AMP (Morgan & Perris, 1974).

The consequences for the female mammal of this oestrogen blockade of calcium-induced
cell division may be the lesser growth rates (Harvey et al. 1973), poorer post-haemorrhagic
recovery (Steinglass, Gordon & Charipper, 1941; Finkelstein et al. 1944; Jepson & Lowen-
stein, 1966) and the absence of calcium-linked circadian mitotic variations (Hunt & Perris,
1974) found in females of many species. In male animals altered rates of growth, erythro-
poiesis and diurnal cell proliferation require the presence of the parathyroid gland and are
paralleled by concomitant changes in plasma calcium concentration (Perris et al. 1968,
1971; Perris, 1972; Hunt & Perris, 1973, 1974). The inhibition by oestrogen of the action of
erythropoietin upon responsive stem cells in the bone marrow (Jepson & Lowenstein, 1966;
Peschle, Rappaport, Sasso, Condorelli & Gordon, 1973) may also have a similar basis; it
has recently been shown that the maximum effect of this erythropoietic stimulant is only
observed when it can collaborate with the parathyroid gland to produce hypercalcaemia
(Hunt & Perris, 1973). This hypercalcaemia is thought to stimulate bone marrow cell divi-
sion, the prelude of enhanced erythrocyte production. The present study suggests oestrogen
would inhibit this calcium-mediated response.

The well-known oestrogen inhibition of parathyroid hormone-stimulated bone resorption
(Lafferty, Spencer & Pearson, 1964; Eisenberg, 1966; Kronfeld, 1968; Stott, 1968; Young,
Jasani, Smith & Nordin, 1968; Anderson, Greenfield, Posada & Crackel, 1970), and post-
menopausal osteoporosis (Gallagher & Nordin, 1972; Gallagher, Young & Nordin, 1972)
might also all be explained by an effect of oestrogen (or the lack of it) on calcium influx to
bone cells which may be a prerequisite for bone resorption (Talmage, Cooper & Park, 1970).
Whether these examples constitute general or special cases is not certain, but clearly where
a calcium influx to a cell dictates subsequent metabolic events, the possible interplay of
oestrogen and this ion at the cell surface may be of considerable interest and significance.
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