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ABSTRACT

Male hooded rats were thymectomized (TMX), sham-thy-
‘mectomized (SHAM), parathyroidectomized-thymectomized (PX-
‘TMX). parathyroidéctomized—sham thymectomized (PX-SHAM),
thyroparathyroidectomized-thymectomized (TPX-TMX) or thyro-
parathyroidectomized-sham thymectomized (TPX-SHAM) at 7-8
weeks and maintained in individual metabolism cages. They
were giVeh tap water and either Purina Chow (regularvdiet)
and/or vitamin D-deficient diet for control and injection
periods of 3 weeks each. Urinary electrolytes were measured
weekly and the valﬁes were corrected for food intakes. Serum
calcium (Ca) and inorganic phosphafe {P) were measured prior
fo and following vitamin D treatment.

All surgical groups on the regular diet excreted more
chloride (Cl) but less inqrganic phosphate, sodium, potassium
and calcium during April-~August than during quember-March
T™MX, PX—TMX and TPX-TNX animéls excreted more ¢hloride
calcium, sodium and phosphate than SHAM, PX-SHAM and TPX-
SHAM groups respectively during July-August, but thymectomy
had 1ittle effect duringthe winter months. Parathyroidecto-
mized rats (PX-SHAM, PX--TMZ, TPX.-SHAM, TPX-TMX) excreted more
chloride, potassium and calcium than TMX and SHAM in July-
Avgust, SHAM animals had the highest serum Ca and P concen-
trationz in both summer and winter. Parathyroidectomy and
“thyroparathyroidectomy reduced Ca and elevated serum P levels

more markedly in the suuwwer, TMX and PX-TMX rats had lower

iv



serum Ca concentrations than SHAM and PX-SHAM animals res-
pectively'habothwdﬁter and summer. 400 IU vitamin D3 (DB)
3x weekly in April-August incfeased Cl excretion in SHAM
only, but it decreased Ca excretion in PX~SHAM, TPX—SHAM.
| PX-TMXW;ﬁd TPX-TMX rats. This dose élso elevated serum Ca
levels of all groups. 4,000 IU D3 3x weekly tremendously
increased Ca, P and Cl excretion and serum Ca levels in all
PX groups. During November-March. 400 IU D3 3x weekly in-
creased Cl and Ca excretion in SHAM, PX-SHAM and TPX-SHAM
but not thymectomized rats, while 800 IU D3 increased Cl but
decreased Ca exéretion in TMX and SHAM rats. |

TMX and SHAM rats, when fed a D-deficient diet during
April-August, eXcreted moire P, but less Cl, K than when fed
the regular diet. ‘'he serum concentrations of Ca and P were
not greatly affected by the deficient diet. 800 IU D3 3x
weekly to D-deficient TMX .and SHAM elevated serum Ca and Cl
excretion values but 1oweréd_Ca, P, Na and K excretion.

. These findings show influences of the thymus gland on
electrolyte metabolism, on seasonal variations in responses
to vitamin D administration and on responses to surgical
manipulations of the endocrine system that affect . Cl, Na,

K as well as Ca and P metabolism,

v
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INTRODUCTION

I -'Objéctivés

| In recent year, most of»the research on the thymus
gland has been directed towards elucidation of the role
of that organ in the development and maintenance of
cellular immunity (258, 305, 307; 316). The immune res-
ponse can be permanentiy damaged if the thymus gland ié
removed very early in 1life (eg. during the first L8 hours
after birth in rats or mice). However, if fhe surgery is
performed only days later, only hinor damagé is inflicted
(68, 113, 206). The thymus grows rapidly long after the
critical period for influences on the immune system seem
to be completed (203).- It exhibits exquisite sensitivity
to glucccorticoids and to.the gonadal hormones secreted
later in life. Reprdducible effects -of thymectomy on a
variety of physiological functions of adult -animals nave
been describved (23, 39, 58, 182, 183, 184, 189, 233, 256,
276). The findings point to some kind of thymus function
which may'be unrelated to its role in celiular ipmunity.

Several kinds of observation support the concept

that the {thymus gland markedly influences the metabolism
of calcium, inorganic phosphate, sodium, potassium, chlo-
ride and water (188). Findings consistent with a physio-

logical role in the regulation of calcium metabolism



include the following:

1~ Very young salamander larvae exhibit symptoms of
hypocalcemic tetany if they are fed thymus tissue. As
they ﬁature and develop parathyroid glands, the sala-
mandefs'becbme résistant to the thymus effects (309).

2~ Weak, fragile skeletons, reduced bone calcium
content and elevated serum phosphate cqncentrations have
been described in tadpoles, pupbies, rabbits and nice
subjected to thymectomy at early ages (Zéﬁ. 267). |

3- Calcitonin (99, 170) and proteins of higher
molecular weight %hat}depress plasma calcium concentra-
tions (95, 208) have been isolated.from thymus glands.
A thymus-derived protein hés'been reported to reverse
the effects of thymectomy in young rabbits. Glucagon
(95, 170), which is known to stimulate the secretion of
calcitonin (297), has also been identified. .

L. Thymectomy seems to impair the ability of rats
to clear the plasma of excess calcium following injection
of calcium gluconate (79) and to enhance the suceptibility
to development of cardiovascular necrosis following induc-
tion of hyperparathyroidisn (161, 162, 189, 190).

5- Patients suffering from myasthenia gravis often
show inflammation of the thymus gland and abnormal pro-
duction of thymopoetin. Anomalous patterns of calcium

.and phosphorus metabolism have been found in such patients

(113).



The thymus gland also exerts.profound influences on
the renal excretion of sodium, potassium, chloride and
water (133); and thymectomy impairs responses to salt
loading.. Although adrenocortical steroids rapidly promote
involution of the gland, at least some thymectomy influences
on electrolyte metabolism are exaggerated by adrenalectomy
(39).

. The thymus gland seems to synthesize and secrete
sulfated mucopolysaccharides (49) and it  influences plasma
concentrations of heparin (81). Heparin has been shown to
modify both sodium excretion (185) and bone mineralization
(118). It has been reported that heparin injections affect
e;ectrolyte excretion in thymectomized rats.

Thymus gland éélls are also markedly sensitive to
gonadal steroids (44, 64, 278), somatotropin (64, 181, 232,
298, 309), thyroxine (64, 191) and parathyroid hormone
(64, 131), all of which iﬁfluence electrolyté metabolism,

The present study was designed to inyestigate some
thymus gland influences on the metabolism of calcium and
phosphate and related electrolytes, and to-elucidate
'possible relationships of the gland with the hormones
mdst'frequently implicated in calcium and phosphate meta-
bolism, |

The hormones‘most directly involved in maintaining
calcium homeostasis in terrestrial vertebrates are para-

thyroid hormone (PTH) (77, 100, 137), cholecalciferol (Dj3)



and its metabolites (21, 71, 101, 160, 218, 220, 288, 295,
297) and calcitohin'(cr) (10, 221, 275, 297). In addition,
caleium and phosphorus. metabolism are influenced by
gonadal and adrenocortical steroid hérmones, somatotropin,
thyroxine. brolactin, and otﬁer components of the endocrine

‘system (10, 64, 105, 172, 221, 244, 258),

II - The importance of maintaining calcium homedétasis.

Calcium (Ca2+)Ais‘one of the mosf biologically |
important cations. It is a key factor in the regulation
of numerous cellular events in a variety of cells.

Calcium, the intracellular "messenger" is the couplingv
factor for excitation-contraction and excitgtion-transmis-
sion (74, 172). It plays a crucilal role in.cardiac muscle
physiology (90, 319). Acute elevation of calcium concen-
tration enhances cardiac confractility, impairs the relax-
ing phase and can lead to systolic arrest. AThe calcium
transport system of the sarcoplasmic reticulum is a major par-
ticipant in the process of force development (259), and in
the regulation of the contraction-relaxation cycle of
skeletal muscles (78, 287). It ié essential for displacing
troponin from the actin filament and allowing formation of
the actomyosin complex. Hypercalcemia impairs the ability
of acetylcholine to promote depolarization of the skeletal
muscle membrane {7y, In smooth muscles (72, 280), although

the role of tihe sarcoplasmic reticulum has not been unequi-



vocally established, there is evidence for calcium parti-
cipation in the felaxation system and activation of smooth
muscle contraction. Calcium is also a current-carrier in
excitation secretion processes at presynaptic endings. Its
preéence“is critical for the release of neurotransmitter
substances (26, 141, 239, 303) and in the propagation of
nervous impulses (35, 50). Such roles cannot be demons-
trated for cells bathed in calcium—free media. A rise in
intraceilula:[;azt]triggers transmitter release. This leads

2t following depolarization. Some of

to a large influx of Ca
that calcium is sequestered in mjtochondria and other orga-
nelles, Eventually all the exceés Ca2+.Qﬁich enters must be
extruded. Na+--Ca2+ exchange appears to play an important
role here (26, 259).

Calcium 1s involved in intercellular and intracellular
communication. It regulates the pefmeability of cell-cell
" membrane chhnnels. Such éhannels are'"open“.when‘qy%osol
[bazj'(0a2+in)'is low or normal, and "closed" ﬁhen.the[éazj
is elevated (167). The changes affect the transfer of hydro-
philic molecules from one cell interior to. another.

‘The cytosol. calcium is a modulator of enzyme activity.
It affects several regulatory enzymes including adenylate
cyclases (34), guanylate cyclases (54), phosphodiesterases
(165), prosphorylase kinases (205). 1In fact, the effects
\gf calcium ions and cyclic AMP overlap to a great extent.

Several laboratories have shown the requirement for ca?*



(and for'cAMf) in the stimulation and profileration of lym-
phocytes (116) and its critical involvement in mitogen action
(248)., The importance (247) of calcium is seen, after capa-
citation,‘ih the acrosome reaction and following egg ferti-
lization when a high rise in [bazfjin triggers an enzyme
kinase that helps provide the energy for thé synthesis of
many cell constituents needed 5y a rapidly dividing embryo
(193). | |

Ca2+ prepares cells for entry into mitosis (131, 139).
It plays a role as a membrane-to-nuclear signél. It affec{s
assembly of microtubules (279). Calcium seems to provide the
dominant trigger for exocytosis of several hormones, such as
vasopressin, oxytocin (303), insulin (178). It also partici-
pates in the regulation of prostaglandin biosynthesis (246),
and the activity and degradation of parathyroid hormone (115,
123, 229), |

The extensive evidence presented above, and others found
in the literature (35, 322), for calcium’s role in cellular
regulation in such a variety of systems raise the question of
how this cation produces its diverse effects, Recently, the
discovery of calmodulin has brought some new insights to such
an afray of functions (146, 149, 193, 320). Calmodulin (193),
a peptide molecule with a molecular weight of approximately

17,000, is believed to be an intracellular calcium receptor for

2+

the binding of caleium ions when the Ca“’ concentration is rai-

sed in response to a particular signal or stimulus. Following



some conformational change in the protein molecules,. the Ca-
peptide cbmp1e24affects cell activities by binding directly
to certain enzymes or by affecting calcium itself or other
regulators including cAMP, So far, several enzymes,'includ_
ing phosﬁhodiesterases and adenylate cyclases, iaﬁe been link-
ed to calmoduliﬁ.:iit'is‘even believed that calmodulin is
one of the four chains that eonstitute phosphorylase kinase
of skeletal muscles. lMore and more e#idence is accumulating
for the involvement of calmodulin-calciuﬁ complexes in
several of the systems of which calcium is known to be a
regulator, including smooth muséle contraction, neurotrans-
mitter release, mitosis, sperm activation and sperm-egg
fusion (135, 193). Calmodﬁlin has been identified in all
nucleated cells and it mediates the "messenger" function of
calcium,

:Powerful intracellulér reégulatory mechanisms control
the level of calcium in the'cjtosql. The intracellular
‘caleium concentration of unstimulated cells is about 1077
to 10"8M, while that of the blood plasma is 10'3M. Even
in stimulated cells, the cytosol Ca2+ concéntration rarely

6 to 10'5M. The precise regulation of [Caszn

rises above 10~
depends on the c¢oncerted operation of specific caleium
pumping systems located in the plasma membrane and in such
cellular organelles such as endoplaémic reticulum, sarco-

~plasmic reticulum and more especially in the mitochondria.

hile the plasma membrane pumps and the low permeability of



the cell membrane constitute long-term control, the
mitochondrial tfansport system is of central importance
in the short-term end overall regulation of intracellular

2+

calcium (43). The influx of Ca“’ into mitochondria is

probably'mediated by a carrier, via a "passive electro-~

2t i sequestered along

phoretic uniport." Iuch of the Ca
with phosphate in an inactive but recruitable complex
conveniently represented és Ca3 (P04)2° The mitochondria
are capable of returniﬁg calcium ions td‘fhe cytosdlbwﬁen
the need arisés, such as when the cell pH is high or
cytosol calcium is low. This prqbably is accémplished

2+ releasing system.

via a Na+-depehdént—Ca

The constancy of calcium in tﬁe extracgliular fluid
and blood plasma is important for the maintenance of the
regulatory system of the eytosol, Such constancy is
achieved by a complex set of interrelated hormonal and
non-hormonal controls. The three main hormone systems
involved are PTH, calciﬁonin and vitamin D3. Together,
they help maintain the calcium content of blood plasma
within very narrow limits, at about 10 mg/100 ml, ana they
protect against development of hypocalcemia, Other hor-
mones affect calcium homeostasis eithér directly or indi;
rectly.

The importance of proper calcium balance can be

.appreciated from examination of effects of calcium depletion,

Acute or severe hypocalcemia can lead to the dzvelopment of

w0



tetany and the associated convulsions, muscle spasms
resulting in.death (80, 243), while chronic or milder
conditions lead to mental retardation in children. Hypo-
caicemia. which may arise from parathyroidectomy or rickets
»in‘animals, can lead to formation of some typés of cataracts
(8). |

Well balanced diets and normocalcemia provide sufficient
aﬁounts of calcium to satisfy the mineralization of bone.

Blevation of calcium concentration above the normal
range leads to calcification of soft tissues of the vascular,
digestive and renal systems. Severe hypercalcemia can lead to
renal failure due to deposition.of calcium salts within the
tubules, particularly if there is concomittant hyperphospha-
temia such as in the case of vitamin D toxicity.

Hypercalcemia can also reset afterial baroréceptors, can
lead to deposition of calcium within the aorta reducing its
elasticity; and it impaifs physiological vasodilation, adjust-
ments of blood pressure and heart rate, and-body temperature

(35, 153).



IITI - Relationships between metabolism of calcium and
metabolism of other lons.

Phosphate ion: The.metabolism of calcium is intimately related

to that of phosphate. Calcium forms poorly ionized complexes
with inorganic phosphate; and the amount of calcium jon free
to enter.body cells is dependent on concentration of plasma
phosphate (187). | =

Hyperphosphatemia retards calcium entry into cells but it
facilitates’deposition-of calciuﬁ salts in bone and sof%
tissues (51).
| Hypophosphatemia impairs cellular uptake, sequestration of
calcium, and bone mineralization. Phosphate depletion leads
to augmented intestinal caicium absorption, increased mobi-
lization of calcium from previously formed bone, and enhanced
urinary excretion of calcium. Renal handling of phosphate is
associated with calciﬁm'tranSport‘in various parts of the
nephron (106, 291). | »

The hormones known to regulate calcium metabolism also

influence the metabolism of phosphate (106). They are dis-

cussed later.,

Sodium ion; Sodium interacts with both caicium and phosphate
in several ways. Transport of sodium ions acros; plasma
membranes is affected by calcium. Calcium is extruded from
cells by a sodium - dependent process (303a). Martin and
DeLuca (192) demonstrated the requirement for sodium for the
expulsion of calcium across the basal-lateral membrane of

the integtinal cells. In the absence of sodium, calcium

10



accumulates in thé intestinal villi structures engaged in
Ca transport. |

Renal handling of sodium, phosphate and calcium are
interdependent”in'the proximal tubule. However, they are
dissociéted and fegulated by different mechanisms in the mofe
distal portions of the nephron- (106, 134, 291). Because of
the close association of these ions, the assessment of the
influence of any facto: on urinary calcium excretion must
take into account any simultaneéus changes in ﬁrinary sodium
excretion.

‘Clearance studies have shown that sodium administration
leads to volume expansion of extracellular fluid, renal
vasodilation, and decreased sodium, calcium; phosphate re-
absorption (291).. This results in increased urinafy excre-

tion of all three ions.

Chloride and Potassium, other Factors: Reﬁal handling of
chloride is closely assoﬁiated with the handling of sodium.

It is believed that sodium is actively reabsorbed in proximal,
distal, collecting ducts, and that chloride transport depends
" on this active sodium transport. However,  recent studies
with diuretics show that chloride, (not sodium), is active-

ly fransported by ascending limb of loop of Henle (40). The
interrelationships between chloride excretion and the excre-
~tion of calcium and phosphate have not been extensively
investigated., Only calcitonin has been reported to somehow

affect chloride excretion via its effect on sodium (140, 187).

11



" No mention of vitamin jSnfluences of chloride excretién
are reported in the literature. |
Potassium movements across plasma membranes are related
* to those of sodium. Potassium excretion depends in part
upon establishment of sodium-dependent electrochemical gra-
‘dients in renal tubules (221), but it can be dissociated'from
Naf transport under certain conditions (4, 24).

Water reabsorption mechanisms have recently been directly
linked to active transport of chloride ions,by.the cells of
the lopp of ﬁenle (40).

Metabolic acidosis associated with low bicartonate content
of blood, and alkalosis associatéd with elevated bicarbbnate
ions in blood, also influence renal excretiqnyof calcium

phosphate, potassium and sodium (291).



IV - Calcium regulating hormones

Parathyroid Hormone (PTH)

The term PTH designates a group of chemically and
biologically related species-specific peptides secreted by
the parathyroid glands. For purposes of discussion, PTH will
be treatéd as a single entity. It plays essential roles in
the regulation of the metabolism of calcium, phesphorus and
other minerals. The hormone elevates the total calcium
content of the blood plasma and fhe_fraction thereof that is
present in ionic form. It also lowers the plasma concentra-
tion of inorganic phosphate. The physiological effects are
attributed primarily to influences exerted on mobilization
of calcium from bone and éoft tissues, renal mechanisms for
cbnservation of calcium and exéretion‘of phosphate, and
(indirectly) on the intestinal absorption of calcium and
phosphate. The actioﬁs of PTH on its primary target organs,
nameiy bone, kidney make fhis'hormone a potent hypercalcemic
agent (77, 81, 100, 204, 209). | |
a) Action on bone: PTH is probably the major physiological

regulator of bone resorption (137, 228). It directly stimu-
lates osteoclastic activity and osteocytic.osteo;ysis. Thé
actions on the gkeleton are mediated, at least in part, via
a rise in cAMP levels in bone tissues’(212, 227). In addi-
tion, when present at physiological doses, PTH permits exten-
sive remodeling of bone while maintaining a normal calcium
ion activity (209). There is evidence suggesting that low

concentrations of PTH promote bone formation (225, 247, 315).
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b) Action on kidney: PTH affects the kidney in several

ways. It inhibits calcium reabsorption in the proximal
tubule, but it promotes calcium reabsorption in the distal
portions of the nephron (106). Under physiological conditions
and following administration of small doses, the net effect
is usuaiiy calcium conservation, since distal effects tend

to predominate. However, chronically elevated PTH levels
promote the development of hypercalcemia and the consequent
appearance of high concentratiqné of calcium in the glomeru-
lar filtrate. PTH also promotes development of phoéphaturia
via inhibition of phosphate reabsorption in the proximal tu-
bule. This effect of PTH involves a parallel inhibition of
sodium reabsorption (106, 207). Usually,.there is no net
change in sodium excretion, because inhibitéry effects of PTH
on reabsorption in the proximal tubule are offset by more
distal actions of mineralocoticolds. PTH also affects the
renal excretion of hydrogen and bicarbonate ions (187, 209,
210, 231).

c) Action on intestine: PTH also indirectly elevates plasma

calcium via both activation and induction of the kidney en-

zyme, 25-0H-D.-1-hydroxylase (69, 94, 121); This enzyme is

3
needed for the conversion of 25-(0H)-vitamin D3 to 1,25—(OH)2-
D3' the primary metabolite invclved in intestinal calcium ab-
sorption. The mechanisms of action of PTH on the renal

enzyme have not been established, but there are reasons to

believe that they involve stimulation of adenylate cyeclase.

cAMP and dibutyryl cAMP are knovm to stimulate the production

14



of 1.25—(0H)2-D3 (155). Biosynthesis of 1,25-(0H)2-~D3
occurs mainly in the proximal tubule (290). PTH has been
shown to accumulate in this regign (29, 87, 245), |

Thé‘parathyroid glands serve as major sensors of plasma
calcium concentration. Hypocalcemia leads to augmented
secretion of PTH, and this is followed by increased pro-
duction of 1,25-(OH)2-—D3 (69). The latter supports PTH
actions on bone andvkidney. The restoration of blood calcium
level to norhal leads to suppressioh of PTH release and of
vproduction of 1,25-(0H)2-D3L(Figure I).

‘Enzymeé affecting PTH activation and degradation are
widely distributed (47, 268). There is evidence for a Ca-
dependent intracellular pathway for the degradation of
pfeformed PTH and also of pro-PTH and pre-p£o~PTH (115).

The half-life of the circulating hormone in blood plasma is -
about twenty minutes (199, 273).

Responses tp the hormone are age;dependent, and the
level of the circulating PTH has also teen found to decrease
with age (138, 244). TFurthermore, PTH actions on kidneys
surpass those exerted on bone in older individuals (137)
of at least some species,

Evidence is accumulating for neuronal regulation of

PTH secretion (36, 119).
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~ Parathyroid glands monitor hypocalcemia while parafol-
licular cells or "C" cells of the thyroid monitor hypercal-
¢émia.  In response to hypocalcemia, PTH is secreted, which
stimulates the kidney to produce 1,25-(0H)Dz. 1,25-(0H)%~D;
initiates (turns on) intestinal calcium absorption by itself
and together with PTH stimulates (turns on) the mobilization
of calcium from bone. In addition, both PTH and 1,25-(0H}-Z&
improve renal reabsorption of calcium. These mechanisms
therefore elevate serum calcium concentration, shutting off
secretion of PTH. The parafollicular cells serrete CT in
response to hypercalcemla, which then inhibits the mobiliza-
tion of calcium from bone, thereby bringing about a suppres-
sion of .serum calcium concentration (69).
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Calcitonin (CT)

Calcitonins are species-specific peptide hormones
secreted by parafollicular cells of the thyroid gland of
mammals,'ahd by ultimobranchial glands of sub—mammalién
'vertebrates‘(187); Althoﬁgh CcT hasvbeen identified in plasma
samples from all mammals studied, including man (164), and
although it can exert both anti-hypercalcemic and hypophos-
phatemic actions, there are controversies concerning its
physiological functions. There are no indications that its
absence in man or other mammals is life-threatening. Endo-
genous CT does not completely preQent hypercalcemia nor does
its absence cause exaggerated hypercalcemia (136). However,
CT may confer the ability to adjust (13). Failure to see
hypercalcemia when no CT is present could depend upon com-
pensatory suppression of PTH secretion.

However, under non—physiological conditions such as
following the administration of'large amounts of calcium by
intravenous infusion; gavage or intraperitoneal injection,
endogenous calcitonin prevents or decreases hypercalcemia
and shows its importance as an anti-hypercalcemic hormone.

Calcitonin secretion is stimulated by hypercalcemia, by
feeding, and by certain of the gastro-intestinal hormones
released during meal absorption (61, 296). Secretion tends
to rise after parathyroidectomy (292), and it is inhibited

by somatostatin (119).
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Potenf preparations of CT have been shown to exert
various influences on several aspects of mineral metabolism,
The biological activity of tﬁe hormone varies with both the
source of the hormone and the species tested. Salmon CT is
by many criteria the most pofent preparation at least in
part, because 6f its resistance to degradation, and also
because it binds with.especially strong_affinity to.ﬁecep—
tors. It is alSOEImOS? potgnt stimulator of cAMP (122). The
primary target tissues of CT are bone, kidney and possibly
the intestine. CT accomplishes its effects by facilitating
the removal of Ca’’ and HPQA= from the extracellular fluid
(ECF) and/or by decreasing the rate of entry of these ions

into the ECF (209).

a) Action on bone: The major action of CT seems to be

suppression of osteoclastic bone resorption and osteocytic
ostequsis (96.'187, 275). Changes in morphology and
reduced osteolytic activity can be demonsirated within
minutes after administration of the hormone (187). 1In
additicn, less calcium.is released, and collagen synthesi-

zing activity is augmented. The long-ranged effects of
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the hormone involve changes in bone mass related to decreased
mitoses of precursor cells and'reduced numbers of osteoblasts
(125, 187, 200). Receptors specific for CT have been demons-
k.trated.in bone (122, 228, 277, 300, 321). Although CT stimu-
lates skéletal adenylate cyclase, its hypocalcemic effect ﬁas
been shown to be dissociable from its effects on bone CAMP

metabolism (213).

b) Action on kidney: Calcitonin increases the urinary

excrgtion of numerous solutés, inéluding calcium, phosphate,
sodium, chloride and water (&4, 5, 2L, 48,'76, 216, 281).
This action can lead to marked reduction of:cifculgting blood
volume and to depletion of body fluids., Although the effects
of CT have been attributgd'by some to PTH antagonism (106),
there is evidence for direct action of CT on kidney, via
stimulation of adenylate cyclase. Such action is observed in
parathyroidectomized but not in nephrectomized animals (254).
This view is further supported by the demonstration of renal
receptors specific for CT, at sites different from those for
PTH receptors (122, 194, 195, 196).

Calcitonin decreases plasma calcium and phosphate con-
.;éntrations through its dual effects on bone and kidney

(140, 294)., The actionson bone usuzlly predominate when
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bone turnover is rapid. The calciuria and phosphaturia
produced by CT are hot essential to its anti-hypercalcemic
and hypd?hosPhatemic actions., But, when bone turnover is
slow, the renal effects of CT contribute significantly to

the hypophosphatemia and hypocalcemia.

c) Actions on intestine: CT has been implicated in inhibi-

tion of rénal—i—hydroxylase activity (243). _ﬁowevér,‘findings
are conflicting. Lorenc et al (168)‘were unable to demonstrate
an effect of thyr;idectomy on vitamin D metabolism in rats

made hypercalcemic by high Ca or/and low phosphate diets.

Age and sex related differences in plasma concentrations

of, and responses to CT administration have been found . (70,

.90, 230, 271).

Vitamin D and its metabolites

Vitamin D3 is perhaps the most important single factor
regulating the use of dietary calcium and a major one in con-
trolling the éoncentration of calcium in the extracellular
fluids (69, 70, 121). Its metabolites play essential roles
in stimﬁlating the active transport of calcium and phosphate

across the small intestine, mobilization and mineralization

of bones, and the renal handling of phosphate and calciumn.
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Vitamin D metabolism

| Vitamin D cén be totally synthesized from ubiquitous en-
dogenous precursors (acetyl CoA or cholesterol) in individuals
receiving adequate exposure to sunlight that provides ultra-
vioiet radiation of appropriate wavelengths (69, 121).‘
Seasonal variations have been reported in serumnlevels of
vitamin D metabolites, with lowest concentrations found in the
winter months and the highest vélues_during the summer months.
In fact, vitamin D may not be required in the diet during. the
summer months (157, 211, 289).

Cholesterol, synthesized in the liver or elsewhere from
acetyl coenzyme A, is converted by an intestinal enzyme into
7-dehydrocholesterol (186). This product - is then carried
by the circulation to the skin. Ultraviolet irradiation of
skin is believed to induce photoiytic opening of the B ring
and this gives rise to pre-vitamin Dj and other photoisomers.
A final temperature-dependént reaction leads to the formation
of vitamin D3 (Figure 1I).

Before it interacts with its target organs, vitamin D
must be metabolically activated (69, 121) (Figure III).
Vitamin D3 (from dietary or endogenogs sources) accumulates
first in the liver, where it is convertéd To 25—0H—D3. The
latter is secreted into the blood stream, in which it asso-
ciates with specific transport protein (94). The high-affinity
ginding accounts in large part for the fact that the concentra-

tions of 25—-OH~D3 are one hundred {imes greater than those of
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the vitamin or of any other of its metabolites. The potency

of 25-0H-D, is 2-5 times greater than that of D, on'mineral iza-

3
tion of bone, elevation of serum calcium and stimulation of
intestinal calcium transport (218). 25-0H-D; is possibly the
ﬁésﬁﬁoﬁﬁa)Qﬂich bringsvaﬁout‘fhe toxic effects of vitamin D3
such as metastatic calcification (69). In addition, it may
be the metabolite that facilitates the exchange of phosphate
across the cell membrane in muscles, in response to an acute
hypophosphatemic challénge, therefore maintaining homeostasis.
Cytoplasmic binding components for 25-OH-D3 have been found
in several chick and rat tissues (313).

25-0H-D., is further converted in the kidney into 1,25-

3

(0H),-D the most potent metabolite known for regulation of
Vitlo p |

3
calcium and phosphorus: metabolism (102, 151, 174). It will
be considered below,

.In addition, 24-hydroxylation (152) can occur in kidney
and other tissues, and this_leads to formation of 24,25~(OH)2-
D

or 1,24,25-(0H).,~D 24,25-(0H) ,-D.,, possibly because it
3 273

3 37
can be 1¢-~hydroxytated, is almost as active as 25--OH--D3 and
is believed by some researchers to be the predominant circu-
lating dihydroxymetabolite under conditions of high calcium
dieté, normocalcemia and hypercalcemia, and when PTH secre-
tion is depressed or absent (18, 124, 249, 251). It has
little action on bone resorption and would vrreferentially
Npromote bone mineralization (27, 179, 222, 226) and collagen

synthesis (241). Resorbing effects on bone can only be seen

at concentrations 1000x more than that of 25—OH—~D3 (226).
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2h-hydroxylation is also thought by many to be a mechanism
for inactivation of 1,25—(0H)2-D3 (69).

1,24,25-(0H) 3-Dy is about 60% as active as 1,25-(0H),-D,

3
in the rat but much less so in the chick. 1Its exact functions
remain unknown (69).

Hydroxylation can also occur at the 26 position to yield

25,26—(0H)2—D This metabolite, found in low concentrations

3¢
in normal animals, has little effect on Ca transport and bone
mobilization and mineralization (69,'251).‘ The administration
of superphysiological deoses of vitamin D brings the appearance
of large amounts of 25,26-(OH)2—23 lactone—;D3 (266). The
functions of this metabolite are still unknown.
1,25-(0H),-D;: Evidence is accumulating that 1,25-(0H) »-D,

is the active and potent hormonal form of vitamin D3 as
mentioned earlier. It is 500x more effective on a molar
basis than 25—OH—D3 fdr calcium transport in intestine and for
bone'mineral mobilization (174). The responses are seen much
sooner following‘administrafién of 1,25-—(0H)2-D3 tban of
cholecalciferol or the other metabolites (70, 218). In addi-
tion, highly specific receptors for 1.25-(QH)2-D3 have been
demonstrated in intestine (31%), bone (180), kidney (56, 290),

parathyroid glands (313). While 25-0H-D., and 24,25~(0H)2-D3

3
synthesis are not stringently regulated (except possibly for

product inhibition) (69, 127), the biosynthesis of 1,25-(0H),-D,
is strictly controlled and suffers minimal fluctuations (Figure
IV). The concentrations of 1,25~(0H)2~D3 are maintained within

a constant range (250) and do not show the seasonal variations

reported for 25—(OH)2“D3 (211, 289). Besides being regulated

.
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by PTH (171, 263), the vitamin D status of the animal (127),
and'dietary calcium and phosphate (250), there is evidence
for feed-back regulation by 1.25-(0H)2-D3 itself (55, 56).
When vitémin D3 is administered to Da-sufficient animals,

to animals on high calcium diet, or the non-growing animals,
there is no rise in 1,25—(0H)2—D3 level nor inFreased intes-
tinal calcium transport, whereas the level of éS-OH—D3 does
increase. Colston and Feldman (56) demonstrated the existence
of a highly specific cytoplasmic receptor for 1}25—(0H)2~D3
in kidney - tubules and suggested a dual role for this re-
ceptor:. on the -one hand, if would be directly involved in
Ca and P reabsorption; on_fhe other, it would serve as a
sensor for circulating level of 1.25-(0H)2~D3. Elevated
lévels of 1,25-(OH52—D3 would inhibit'the 1-hydroxylase en-
zyme. This induction of enzyme activity is dependent'upon
new protéin synthesis as gssessed by studies with transcrip-
tional inhibitors. Evidence for a direct influence of 1,25-
(OH)ZfD3 on its own synthesis or transcriptional event is seen
from the extremely rapid increase in nuclear RNA polymerases
I and II activities following subcutaneous -administration of
the metabolite (55).

However, such direct effects of 1,25—(OH)2—D3 upon its
own synthesis are not accepted by all, and Fraser (94) propcsed
anlalternative explanation: the influence of 1,25—(OH)2~D3
upon its synthesis is indirect and secondary to the actions

S . 2
on Ca and P metabolism. Factors such as Ca“t concentration



and consequently PTH secretion would regulate the synthesis
and the maintenance of adequate supplies of 1,25-(0H) 5-D.

Defects of the regulatory processes of vitamin D
metébolism have been implicated in a variety of clinical
conditions (12) ihdluding postmenapausal osteoporosis (157),
renal osteodystrophy (69), nephrotic syndrome (117) and
osteomalacia (25). '

Vitamin D metabolites act as modulators of PTH functions
(219, 244), and they aiso direcfly (46) and indirectly (108,
121, 129) affect the secretion of that hormone. Influences
on calcitonin secretion have also been demonstrated (92, 311).
" In common with PTH and célcitoniﬁ, levels of the active meta-
bolite (1,25r(0H)2—D3) decrease with age. This may partially
explain the poor ability of adult inﬁestine to adapf to low
calcium diets (7). |

Much remains to be known about vitamin D metabolites.
Most observers agree that 1,25~(0H)2~'D3 is the most active
form of the vitamin. However, recent findings by Beamer
et _al (19) shed some doubt on the importance of 25-hydroxy-
lation, at least in phosphate metabolism.  10(-(0H)~D3 prepa-
ration was found to be successful in repairing hypophosphate-

mia in mice whereas 1d,25-(0H),~D, was not (19).
. 2 3
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Vitamin D actions

a) Actions on intestine: Vitamin.D3 is essential for

adequate absorption of dietary calcium. It improves the
active transport of calcium.and phosphorus in the small
intestine by two independent mechanisﬁs: Ca and P are
absorbed together along the entire length of the small
intestine, but in the jejunum, P transport is stimulated
independently of that of calcium. The mechanisms whereby
vitamin D and its metabolites stimulate intestinal Ca and
P transports are matters of controversy, and several aspects
of the process remain largely unknown. There is good evidence
that they involve induction of synthesis of proteins for the
tranSpoft of Ca, and presumably of‘P, across the brush bor-
der of the intestinal cells. The absorbed Ca and P accumulate
in vesicles or are taken up by mitochondria (69).

Under physiological conditions, vitamin D stimulation
of calcium and phosphate absorption does nof lead %o excessive
elevation of cytosol Ca®™* concentrations, since the minerals
are rapidly tranSported to the mitochondrial matrix for
sequestration in inactive (but readily recruitable) form.
A shuttle system which seems to be'sodium—dependent (69),

+ . .
and to . railse its concen-

functions to replenish cytosol ca’
trations under appropriate conditions., However, pharmacolo-
gical doses of vitamin D can lead to the development of .

severe hypercalcemia.
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b) Actions on bone: Vitamin D effects on bone are dose-

related. Physiological amounts facilitate bone mineraliza-
tion, since the influences exerted on the intestine provide
thé needed minerals. Additional calcium and phosphate are
made available for new bone formation by actions of the
vitamin on resorption of older bone that is undergoing
remodeling (27, 69, 121, 179). The vitamin (at least 1,25-
(OH)Z'DB) may also limit the bibsynthesis of collagen, and
thereb& favor shunting of calcium and phosphorus: into the
new, growing portions of the bone that are useful to the
organism, It hés been suggested that the growth-promoting
effects are mediated indirectly via augmentation of the
supply of calcium and phosphate. The ions can stimulate
localized collagen synthesis (121, 240). However, there is
evidence for direct effect of vitamin D on bone mineralization
without changes in serum calcium and phosphorus.: (28, 63);
and spec ific receptors for vitamiﬁ D mefabolites have been
identified (313).

’Pharmacological doses of vitamin D bring about the mobi-
lization of calcium and phosphorus' from the bone fluid
compartment, This leads to elevation of.plasma ¢alcium
concentrations (69). This process, as well as the action
on intestinal transport, is actinomycin D sensitive and may
therefore depend upon an induction process. However, while
a calcium-binding protein has been demonstrated in intestinal
cells (69, 84, 89, 255) following D3 administration, little

is known concerning the mechanism thereby vitamin D brings
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about the release of calcium from bone.

Unlike the physiological effects, the pharmacological
ones are not dependent on PTH, for they are seen in parathy-
roidectomized and thyroparathyroidectomized animals. Large
émounts of the vitamin can céuse.marked demineralization
of bore 2% the same-time they are causing hyperéélcémia,x
soft tissue calcification and nephrocalcinosis (215, 311).
Toxicity may develop following vitamin D administratiqn or
excessive dietary intake since this vitamin and its deriva-

tives are stored in the body (121, 128, 311).

¢) Actions on kidney: Vitamin D seems to exert direct, as
well as indirect influences on the‘kidney. ;Physiological
amounts promote calcium, phosphate and sodiﬁm reabsorption

in intact, parathyroidectomized and thyroparathyroidectomized
animals (104, 236, 286). .The effects are more’apparent in
D-deficient animals (62). Further support for direct renal
actions derives from the discovery of specific receptors for
vitamin D metabolites in mouse (56), chick and rat kidneys
(290, 313). Those receptors are similar to the ones found

in intestine and bone (56) and aré located in proximal and

distal portions of the nephron.



Prolacitin and Frowth Hormone .

Prolactin is said to modify calcium and'phoSphOr&sé”
metabolism, particularly during lactation. Prolactin affects
intestinal 6a and P absorption (175) and also renal handling
of sodium and potassium (140). Administration of ovine
prolactin to rats leads to augmentation of both serum calcium
concentration and urinary output of calcium (1%3, 252).

Like prolactin,‘growth hormone influences the metabolism

of calcium and .phosphorus It incréases the rate of bone
formation in young animals probably via enhancement of intes-
tinal {fanSport of calcium aﬁd phosphate (32, 85, 176).
}Chronic administration results in increased urinary excretion
of calcium. In addition, growth hormone promotes phosphate
and sodium retention (106, 140). Althbugh large doses df
growth hormone raise plasma concentrations of PTH, the effects
on the kidney have been attributed to antagonism of PTH,
‘influences on the renal tubules (106) and/or expansion of

the extracellular fluid voluﬁe (106, 140).

Under conditions of calcium stress, such as pregnancy,
lactation, and growth, it has been reported. that circulating
levels of 1,25~(0H)2-D3 are elevated (172). Thérefdre; it
has been suggested that effects of growth hormone and pro-
lactin under those conditions, are mediated by thés metaﬂolite.
Ividence has been presented for prolactin and growth hormone
regulation of vitamin D metabolism during pregnanéy and growth,
The mechunisms of action, however, have not been fully eluci-

dated (9L4).



Thyroid Hormones

Thyroid hormohés tend to incfease the urinary excretion
of calcium and phosphate. The calciuric and phosphaturic
effects seem to be due chiefly to enhanced skeletal turnove?.
Direct rénal actibns on mineral ions have been found but are

poorly understoocd (75, 106, 140},

Sex Steroids

Although estrogens seem to affect the intestinal absofp~
tion of minerals; promote bone maturation, and éntagonize
PTH actions on bone, the influences of the steroids on calcium
and phosPhogPé metabolism in mammals have not been clearly
defined (29, 75). The_horﬁones evidently do not affect renal
14 -hydroxylase activity under physiological conditions;. Iio
cyclical variations in plasma 1,25~(0H)2—D3:have been found
during the course of normal menstrual cycles in women (1L4)
and there are many indications the calcifefols are not the
major promotors of calcium congervation during either preg-
nancy or lactation in rats (147). Postmenopausal females
show an increased loss of calcium into the urine (97), but
estrogens effects on renal handling of calcium are variable
and poorly documented (140).

There is, however, support for the concept that estro-
gens play special roles in the regulation of calcium metabo-~
lism in birds, During egg-laying cycles, the birds accumulate
large quantities of mineral-rich medullary bone. They sub-

sequently transfer the calcium to the liver and shell gland
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and utilize it for the production of egg yolks and the
formation of egg shells. Stimulatory influences of the
steroids on 1-¢{- hydroxylase and inhibitory ones on the
_Zafhydroxylase have been described in studies utilizing
kidney cell cultures (282). Such influences are apparently
independent of PTH, However, testosterone and progesterone
synergize with estrogen in the stimulation of the 1%—hydroxy1;
ase system . . egg laying hené and maximum stimulation |
is achieved by a combination of moderate dosages of all.
three (299).

‘It is doubtful that such observations have rélevance
for mammalian physiology. Mammals do not ordinarily make
" the type of bone described.above, ﬁor do they have shell
glands and the associated needs for massive calcium transfer,
It is possible to persuade rodents. to form medullary bone
when they are grossly overdosed with estrogen; but the

findings are purely of pharmacological interest,.

Prostaglandins

Intravenous administration of prostaglandin E, has
been reported to markedly elevate plasmz calcium concentra-
tion, probably via stimulation of bone resorption (93).
Prostaglandin E, inhibits parathyroid hormone release fron
parathyroid glands (103). Renal influences of prostaglan-
.dins, particularly those on sodlum, made some consider
those hormones as “"natriuretic" (158), However, more recent

evidence militates aganinst this concept (304).
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Insulin and Glucagon

Insulin deficiency is associated with disturbances in
calcium metabolism (65, 264). Defective intestinal calcium
trén8port,vreduced calcium-binding-protein concentrations in
the intestine, and hypocalcemia are among the abnormalities
reported. Diabetic rats show low concentratiogs of 1,25-

observation is consistent with a stimulatory influence of

(OH)Z-D which rise following insulin treatment. This

‘ insu;iﬂ'on vitamin D métabolism, probably exerted on the
renal 1-hydroxylation step. Spencer gt al recently provided
in vitro evidence for the latter possibility (284).

In vitro administration of insulin supports the concept
of stimulation of bone collagen synthesis, an action antago-
nistic to that of PTH. Administered gluéagon (physiological
doses) inhibits bone resorption and stimulates calcitonin
secretion (42).

In pharmacological doées; glucagon substantially increa-
ses demineralization of bone and renal excretions of numercuc

solutes including calcium (140, 235).

Mineralocorticolds

Aldosterone and deoxycorticosterone acetate, when
administered acutely, decrease sodium excretion without
affecting the excretion of calcium (163, 198). However,
following prolonged administration, healthy animals soon
"egscape" from the sodium-retaining actions and they regain

the abllity to excrevte sodium, The expansion of extracel-



lular-fluid volume leads secondarily to increased calcium

excretion (106).

Mineralocorticoids counteract the effects of PTH on
sodium excretion by enhancing sodium reabsorption in the
terminal parts of the nephron, and especially in the col-

lecting tubules (106).

Glucocorticoids (GCC)

Acute administration of GCC does not appeér‘to éignifi—
cantly alter caléium excretion (163). However, chronic doses
lead to development of hypercalciuria (106). This effect secems
to result from enhancement of bone resorption which in turn
leads to an increased filtered load. It has also been sugges-
ted that the calciuria observed following high dosés of GCC
might be the result of inhibition of pairedvsodium and calcium
transport in response to .chronic ECF eXpansion, as is the case
for mineralocorticoids (iOé).

GCC have direct effects on the parathyroid glands. GCC
treatment causes increased PTH secretion and parathyroid
hyperplasia in humans (98) and rats (318).  In addition, a
direct stimulatory effect on PTH secretion has been demonstra-
ted in cultured parathyroid cells of rats (11).

GCC have been implicated in the regulation of vitamin
D metabolism but the data ars conflicting. Some laboratories
revort inhibitory effecis of cortisone on intestinal action of
1,25—(OH)2~~D3 (83) while others report aistimulatory influence

cen 1Y -hydroxylase by cortisol (283). In other experiments, no
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effect of GCC oﬁ vitamin D action was observed (83, 148).
However, GCC are effective in treating acute cases of hyper-
vitaminesis D. They can decrease calcium absorption without
affecting the ability of 1,25—(OH)2—D3 to induce calcium-

binding protein (8%, 217, 226).



V - The thymus as part of the endocrine system.

The thymus gland is comprised of lymphoid and epithe-

- lial cells, and can be rightly designhated as a "lymphoepi-
thelial"‘ofgan (67, 177, 202, 227). It develops in the.
embryo from branchial pouchés of the pharynx, in close
proximity to the precursors of parathyroid glands, thyrqid
gland and the cells that will later secrete calcitonin (114).
In higher vertebrates, epithelial bﬁds grow out as solid
cords, pinch off and migrate to the midliﬁevof the upper
thorax and Becoma infiltratgdwithlymphocytes. The origin .
of thymus lymphocytes has long been a subject of controversy.
It is now generally agreed that,.in the early embryo, théy'
come from the yolk sac and only later do they migrate from
the bonzs marrow,. |

The typical thymus (202), which looks whitish-grey in
some mammals, and pinkish in others, has two lobes containing
very small blood vessels. Its weight varies among species,
but in all, there is a division of the organ into lobules,
each comprised of a cortex and a medulla. Lobular size
appears to be consistent from species to species.

All known verteﬁrates, with the exception of hagfiSh,
possgess a thymus gland. However, hagfishes do show ability
to reject homografts and may have some yet undiscovered
"thymug~1ike" structure (2). They are also the only verte-
brates that do not osmoregulate (188).

- In species with long gestation periods, the thymus

exerts influences on cellular immunity prior to birth.

“J
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Thereafter, it continues to grow in absolute size to thé
time of puberty,valthough the thymus weight to body weight
ratio may decrease (30, 31).

 The thymus undergoes two types of atrophy: one that
probeeds gradually with time (age involution), and the other
characterized by occasional rapid bursts that follow severe
stress or GCC administration (accidental, hormonal involution)
(73, 210, 260, 262, 272). In addition, there is diurnal
v variation}in weight (262a). Such changes complicate the
problems of determining the size of a normal thymus. The
most accurate approximations are oftained from examination of
thymuses of healthy persons who died suddenly by accident.
Such studies have been reported by Boyd (30, 31) who found
that the medulla, (wﬁich in most species contains concentrical-
ly arranged cells or bhodies called ﬁasséi cbrpuéclés) begins
to involute at about the age of pubérty. Involution of the
lymphoid cortex starts at 4 years of -age. The connective
tissues and fat content increase until old age.

The thymus gland is not directly affected by antigenic

stimulation (202) probably because of the barrier formed by
the epithelial sheath cells of the organ,.and the absence of

true macrophages in the cortex.

Sndocerine Functions in Immunity

The phenomeniom of age involution lead people to helieve
at on2 time that thymus is only important in early life.
Such belief was supported by observations made following

nconatal thyvmectiomy in rodents, These are the occurence of

-~



wasting disease, immunological deficiency, decrease in number
of circulating 1ymphocytes. and loss of ability to reject
heterologous grafts. More recently, Haltori and Brandon
(120) demonstrated autoimmune-like damage in the ovaries of
neonatally thymectomized rats.

But, if the effects of fhymectomy are not as drastic
in adult animals, they are still important. Metcalf and
Miller (170) reported that thymectomized adult miée become
lymphopenic and cannot cope with certain Stresses‘to the
immunological system; However} these effects develop very
slowly. In addition, immune capability cannot be restored
following X-irradiation of the thymus (188).

Much is known of the role of ‘the thymus in immunity,
but many controversies remain., The gland pr&vides specific
populations of lymphocytes, and the most obvious effects of
thymectomy can be corrected with thymus grafis (202). The
imporfance of humoral factors releaséd'by the gland are
obvious from studies in which thymus extracts and thymus
tissue placed in chambers that are impermeable to cells
have béen shown to restore some of the functions (206, 305).
The existence of thymic hormones is widely accépted; but
the multiplicity of factors identified and/or isolated is
vpuzzling and confusing. (12, 109, 169, 306, 317).

The isolated peptides show specific influences on T-
cell differentiation, maturation or proliferation within

énd/or outzids the thymus (169).
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TABLE I

THYMIC FACTORS AND THYMUS DEPENDENT SERUM FACTORS

FACTOR ' * AUTHOR

Thymosin A L. Goldstein

1 : ‘

21

Fraction 5 (mixture of more than 30 peptides)
Thymopoietin I : G. Goldstein
Thymopeoietin II :
Thymi¢ humorsl factor N. Trainin
Thymic factor : ‘ ' D, Amici
Facteur thymique serique (FTS) ‘ J.-F, Bach
Human FTS ~J. Lacovara
Serum factor (SF) : ' , A, Astaldi
Prealbumin A, White
Th&mic epithelium supernataﬂts ‘ A, Kruisbeek
Thymic epithelium - produced chemotactic factor K. Pyke
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The Thymus in Endocrine Phvsiology

The observafions of immunologists have been concerned
primarily with the influence of thymic humoral factors on
immune functiohs.' While the recent findings suggest age
related changes in T-cell functions that affect the deve-
lopment of autoimmune disease (12a), they provide little
insight into the reasons for the rapid growth of the gland
long after its major role in lyﬁphocyte differentiation hasv
been accomplished; nor‘do their observations of hofmonél
contrcl of the immune system adequately explain the exquisite
sensitivity of thé gland to sex steroids secreted by the
adult animal and to glucocorticoids (132).

Thymectomy does cause changes.not rela#edvto the immune
system. Thymic influences have been demonstrated on:

- Thyroid gland (57, 58, 233) |

'~ adrenal glands (39, 58, 59, 66, 81, 184, 233, 276, 295)

- gonrads and secondary sex characteriétics'(lhh. 182,

183, 189, 190, 214, 257)

- pituitary gland (59, 60, 142, 233)

- blood glucose concentration (59)

~ muscle physiology (110, ilé, 143)

- calcium and phosphorus metabolism (207, 208, 234, 2567)



present study is concerned with the investigation of:

The role of the thymus gland in the metabolism of

calcium, inorganic phosphate, and related electrolytes.

‘Vitamin‘D. thymus gland and seasonal interactions in

the regulation of come aspects of electrolyte excretion.
Some interrelationships between thymus, parathyroid and

thyroid glands.



MATERIALS AND METHODS

1) Experimental animals

| Young adult hooded rats of a Long-Evans derived strain
were bred in our laboratory. To avoid cqmplications imposed
by horméhal changes associated with ovarian cycles, only
males were used. Since experimental procedures included
thyroparathyroidectomy and parathyroidectomy which impair
growth and are poorly toleratedlby immature animals, surgery‘
was delayed until rats attained ages of ?48'weeks'and bédy
weights of 180-200 grams,
2) Housing '

The animals were maintained in a temperature and
humidity controlled room, and expoéed to na?ural changes
in environmental lighting. |
3) Surgery

A1l surgical procedures were performed under ether
anesthesia according to the methods described by Segaloff
(82). One group of rats was thymectomized (TMX). Sham-
thymectomy was performed on a second group (SHAM) to control
for the possible effects of the deep anesthesia, cutting of
the sternum, exposure of the cheét cavity to atmospheric
prescure and other stress. The SHAM operation was identical
to the thymectomy except that the thymus gland was replaced
in the thoracic cavity after the surrounding comnective tissue
was loosened. Additional groups of rats were thymectomized-

parathyroidectomized {(MMX-PX), shan~thymectomized-parathy-
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roidectomized (SHAM-PX), thymectomized-thyroparathyroidec-
tomized (TMX-TPX), sham—thyméctomized-thyroparathyroidecto-
mized (SHAM-TPX).

- Following surgery, animals were housed in group cages
containing wood shavings for a 2-day recovery period. They
were then placed in individual metabolism cages for the
duration of the study.

L) Metabolic studies:

Each cage was equipped to ﬁermit monitoring of food
and fluid intake, and collection of feceénfree urine. The
animals had continuous access to powdered food and dfinking
water, |
5) Diet

Depending on the parficular experiment, the rats were
given one of the following diets, along with +tap water ad

1ibitums

Regular diet: Purina laboratory Chow containing 1,20 gmCa,
0.86 gmP and 530 1IU of vitamin D3 per 100 grans,

Vitamin Djndeficient diett Purified Diet from Ralston Purina

Company; containing also 1.2% Ca

and 0,864 P but no vitamin D The

3¢
animals given this diet had been
previously kept for three weeks on
the Regular Diet so that the effect
of vitamin D3 deprivation could be

observed.

Ly



6) Hormone administration

After a control period of threce weeks during which
metabolié studies were performed, selected groups of animals
were injected subcutaneously three times weekly for three
weeks withxone of the following dosages of vitamin D3:

| "Low dose"s 400 iU/injection
"Medium dose"s 800 IU/injection
"High dose"s 4000 IU/injection

Source_of the vitamin: Vitamin D3 Powder from Nutritional

Biochemicals Corporation. 400,000
units/gram #1640,

7) Measurements

A- Body weights, and food and fluid intakes were measured c¢n a

weekly basis, o ‘

B- Measurements of urine: weekly determinations were made of

urine volume, and urine content of the following electrolytes:
Calcium (Ca), inorganic phosphate (Pi), chloride (Cl), sodium
(Na), potassium (K)
+ - Calcium was measured according to the method of
Kingsley and Robnett (145).
- Inorganic phosphate was measured according to the
method of Fiske and Subarrow (86),
-~ Chloride was measured with an Orion specific ion
electrode and Corning Model #7 pH meter.
-~ Sodium and potassium were measured by Flame Photometer
(IL Model #143 equipped with #144 automatic dilutor).

C- Measurements of plasmas  Samples of blood were taken from




the tall vein prior to and following D3 treatment,
permitted to clot at room temperature, and centrifuged.  The
serum was used for the following determinationé:
~-Calcium: measured colorimetrically with reagent Di
(0-hydroxyphenylimine) ethane, with the aid:of a
‘éommercially purchased HPE calcium kit (126).

- Inorganic phosphates -measured according to the

method of Fiske and Subarrow (86), modified for the

use of 504l samples. ' |
8) Autopsys At the end of the experiments each animal was
exsanguinated under ether anesthesia. The blood was used
for determination of calcium and phosphate concentrations,
sodium and potassium concentrations and hemafocrit. All the
animals were examined for grossly visible abhormalities
including possible soft tissue calcification and coﬁpleﬁe-
ness of thymectomy where appropriate. Endocrine glands and
other pertinent organs were especially examined and their
wet weights obtained with an electro-balance.

9) Dalta analysis: Data were pooled according to diet and

vitamin D3 treatment. Urinary electrolytes were corrected
for food intakes and expressed as mg or MEQ /#k/rat/iOOg Food
intake. In addition, since the values varied with the time
of the year, the data were pooled in the following manner,
baged on the similarity of the results for these time periods:

a) For calcivm and phogphate

"Winter" experiments: November - March

"Spring~Sumner" experimentss April - August

ny



b) Seasonal variations in chloride, sodium and potassium

excretion were more marked and displayed different
patterns than thése for P and Cas. The data for these
ions were grouped into
.” “Winter" - November - March
"Sprihg" - April - June
"Summer“ - June - August -
Samples for all the above time periods were collected
during at least three consecutive years. | B
Analysis of variance and paired t"tésté were.utiliéed

for the statistical studies..

N8



RESULTS

I- URINARY EXCRETIONS OF CALCIUM AND ASSOCIATED CHANGES

"IN SERUM CALCIﬁM CONCENTRATIONS.,

A ~ Influences of surgery on seasonal variations in calcium

excretion (Table 2).

Animals with intact thyroid and parathyroid glands
excreted more than twice as much calcium during the "winter"
than dﬁring the "summer" months. (Fig. 5, TMX and SHAM groups,
summer:winter, P{,001). |

Parathyroidectomy did not appreciably affect calcium
excretion during the‘winter,'buf it did blunt the seasonal
differences. Thyroparathyroidectomy also failed to appre-
ciably affect calcium excretion in the winter., However, it
totally abolished summerswinter differences in animals with
thymus glands (TPX group). |

Thymectomized groupé (TMX, TMX-PX and TMX-TPX) all
excreted more calcium than their sham operated counterparts
(SHAM, PX, and TPX) during the winter. An effect of thymus
deprivation on-calcium excretion is apparent for the summer
“only when animals with intact thyroid and parathyroid glands

are compared (TMX vs SHAM PL0.05).

B .~ Influences of surgery on seasonal variations in serun

calcinm concentrationa (Table 3).

Shan operasted animals had the highest serum calcium

%9



values in both the summer and winter. The values were lower
for the summer (although the animals excreted less calcium).
Parathyroidectomy reduced serum calcium levels somewhat
during the winter, It more markedly lowered them during
the summer, and it thereby exaggerated the summeriwinter
differenéeso Thyroidectomized rats (TPX) had serum calciums
similar to those of parathyroidectomized ones (PX); but the
sunmer depreésibnvof calcium éoncentrations was less marked
than in animals with parathyroid‘glands° (Fig. 6)
Thymectomized animals had lower serum calcium concen-
trations than their sham operated counterparts during the
winter months., The values for TMX and TMX-PX were also
lower than those for SHAM and PX, respectiQely, in the sum-
mer. However, animals deprived of all three;glands.failed

to show a reduction in serum calcium, during the summer.

C - Effects of vitamin D administration on calcium excretion
{Table 4).

" The administration of 400 IU vitamin D 3x weekly sig-
nificantly increased the calcium excretion‘for SHAM, TMX, PX
and TPX groups during the winter. The effects were most
marked for TMX animals. The increment for TPX-TMX animals
is not statistically significant, while TMX-PX animals showed
no obvious response to D30 (Fig. 7)

Administration of the same dose of vitamin D dufing
_the summer reduced the calcium excretion in all surgical

groups. The depression is statistically significani for all

50
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TABLE 2

EFFECTS OF SURGERY ON SEASONAL VARIATIONS IN CALCIUM EXCRETION

Mg/Rat /Wk/100 Gm Food Intake: Mean * S.E.

W:S (P.velues)

SURCICAL GRLZUP ’ SUMMER (S) WINTER (W) W/8
# rats # rats '
Suay 17 2.1 £ 1.2 15 5.6 £ 1.7 2.66 P «<0.001
TMX 18 3.3+ 2.1 13 7.0 £ 3.1 2.12 P < 0.001
PY.-SEAM (PX) 3 3.2+ .9 6 5.8 + 2.0 1.81 P < 0.05
PL-T1 6 3.6 £ 1.h4 Lo 6.8 = 2.1 1.89 P < 0,05
TPX-SHAM (TPX 7 5.6 = 2.2 5 5.3 .6 : .95
TPX-TMX 7 5.4 £ 1.4 L 7.2 1,2 . 1.33
Comparison of : TMX : SHAM < 0.05 TPX-TMX : TPX < 0.03
Means (P values) TPX-TMX : PX-TMX < 0.05. - (TPX + PX) -TMX : TPX + PX < 0.05
PX : SHAM < 0,03
TPX : SHAM << 0.001
TPX-TMX : TMX < 0.01
PX.-: TPX < 0.01
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IABLE 3
EFFECTS OF SURGERY ON SEASONAL VARTIATIONS IN SERUM CALCIUM CONCENTRATIONS

Mg % : Mean * S.E.
SURGICAL GROUP SUMER (S) WINTER (W) W/s w:S (P vaives)
' # rats # rats

SHAM 7 8.4 £ 7 13 10.1 = .7 1.20 p < 0.001
THX 7 7.1 % .3 13 9.8 + .7 1.38 P < 0.001
PX - SHAM (PX) 3 6.0 £ .6 5 9.0 = 1.4 - 1.50 P << 0.001
PX - TIT 6 5.8 £ 1.5 b 8.5 £ 1.8 1.4k7 p << 0.001
TPX - SHAM (TPXY 6 7.9 £ 1.0 5 9.2 +1.,8. 1.16
ToH - TMX 7 S 8.1+ 1.7 i 8.2 1.4 1.02
Comparison.of TMX ¢ SHAM <« 0,001 TMX+SHAM ¢ PX&+TPX 's
meens ( P Values) " PX : SEAM < 0.00L < 0,001

PX-TMX : ™MX < 0.05

PX : TPX < 0.05
TPX-TMX : PX-TMX< 0.001
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TABLE I

‘EFFECTS OF VITAMIN D, ADMINISTPATION ON CALCIUM EXCRETION

Mg /Rat Mk7/100 Gm Food Intake

: Mean + S.E.

WINTER
# Before AftermD3 # Before After D3
SURGICAL GROUP rets Dy __ 120010 /i rats Da._ 2Lo0IU Mk
SHAL 5 5. 1,3 8.6 2.78 8 5.3 % 1.3 3.7% .5A
T 5 5.7+ 3.0 9.8 5.L¢ 8 7.2+t 2.9 L3+ 8¢
PY-2HAM (PX) 6 5,8+ 2,0 8,1+ .4.LO
PH T, lu 6.8+ 2,1 6.5+ 2,6
TPY.-SHAM (TPX) 5 5.3 £ 0.6 8.1% 2,20
TPX-TMX It 7.2*1,2 7.7 %*1.8
SUMMER 4 _ -
Before After D3 Before After D # . Before fter D

rats _ D3 1200IU/Wk  rats _ D3 2LooTU Mk rats D3 120C0IU /Wk
SHAM 6 2.6 £ 0.4 2.4 %09 1 3.1 2.2 3 3.8%1,0 5.2 0,50
TV T 32,4 3,1%1,0 1 L,2 1.7 1 4,9 5.9 @
PX-SHAM (PX) 1 4,3 2.1 ") 2 2,8+ 0.5 5.3 1.54A
PY-TMK 1 L2 1.6 ¢ 5 3.4+£1.,5 4,5+ 0.8A
TPX-SHAM (TPX) 2  3.0%07 230,500 1 8,6 - k3 e 3 5.8%0.8 10.62.74
TEX-TM 2 3.7#0,5 2.k 0,500 2 6.1 0.5 2.8+ 0.50 3 6.1 1.4 12,3 3,7A
P Values (+D3 : No D3, Individual surgical gfoups Cdmbined groups

QP < 0.05 ¢ PX + TPX + PX-TMX + TPX-TMX P < 0.01
‘ 4P < 0.03 ® TMX + SHAM < 0.03

AP < 0,01
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animals without parathyroid glands (PX, TMX-PX, TPX and
TMX-TPX) . (Fig. 7) | ' |

By contrast with the above, the administration of 800
IU 3x weekly lowered calcium excretion of all rats tested
(SHAM and TMX) during the winter, and it also markedly lowered
calcium éxcretion for all groups tested during the summer (SHAM,
TMX, TPX, TPX-TMX)o

On the other hand, when a very large dose (4000 IU 3x
wkly) was given during.the summef, it markedly increased

calcium excretion for all surgical groups. (Fig. 8)

D - Effects of vitamin D on serum calcium concentrations

‘Table 22 o

The injection of 400 IUD, 3x weekly slightly elevated

3
the serum calcium concentrations of SHAM and TMX animals in
the winter, but had little influence on the calcium levels
of the other surgical grpups. By 6ontrast,lthe same dose.
given in the summer substantially raised thé calcium concen-
trations of all of the groups while it maintained the diffe-
rences associgted with parathyroidectomy ahd thyroparathy-
roidectomy.

The rises in serum concentrations during the summer
months were associated with reduced renal calcium excretion.

Removal of the parathyroid glands impaired the ability
of exogenous D to elevate the serum calcium concentrations.
_However, thyroparathyroidectomized animals had post-treat-

ment values closer to those for the SHAM and TMX groups



TABLE 5

'~ EFFECTS OF VITAMIN D,; ON SERUM CALCIUM CONCENTRATIONS
MG % : Mean * S.E.

WINTER

# Before After D # T Before After D
SUZCICAL GROUP  rats _ Dy 120011}/531{ rats _ D3 2LOOIU @
SHAM 5 10.2 £ 0.6 10.7 £ 0.k 8 10.0 + 0.7 10.5 * 0,5 @
TVX 5 9.5 £ 0.7 10.7 * 2,1 8 9.9%0.7 10.6'% 0;30
oX-3HAM (PX) 5 9.0+ 1.4 8.4 2,9 :
2N TV b 8.5 1.8 8.5%1.8
TEX-SHAM (TPX) 5 9,2+1,8 8.8z%1.2
TEX T 4 8.2+ 1.4 8.8=%1.2

, UMME,
v # Before After D # = Before After D, - #  Before After D
SURGICAL GROUP  rats Dy 12001V rats. . D3___' 2400TU rats D3 __ llzooomh{
SHAY 6 8.3+ 0.6 11.b +2,4¢ 1 9.4 10.k4 3 8.3+0.1 8.8=%0.2
T 7 7.1+ 0.3 10.7 £ 0.80 1 10.2 11.9 1 7.8 g.b
PY-SHEAM (PX) 1 5.6 7.3 2 6.3 £ 0.6 10.0 * 0.9 _.
PR 1 L.g 6.1 5 5.9%1.6 9.2¢# 0.3°
TPY.sHAM (TPX) 2 7.7+ 1.8 10416 1 8.7 13.3 3 7.8 £ 0.9 11.9 + 1.7
TPX-THK 2 7.0 28 B8.L4+1,0 2 9.6 ¥ 0,1 11.5 = 1.68@ 2 8,0+0,1 10,0x0 @
P VALUES (+D3 : N0 D3) Individual surgical groups ' Combined surgical groups

&P < 0,02 - B TMX + SHAM P < 0.05

8P < 0.01
OP < C.001



treated during the summer,

The administration of 800 IU 3x weekly elevated the
serum calcium concentrations of SHAM and TMX animals treated
during the winter and summer. This rise was associated with
a reduction in excretion.

The administration of 12,000 IU/wk of vitamin Dy in
the summer increased serum calcium levels of all rats. As
in the case of urine excretion of Ca following that dose,
the risé in serum Ca was most significant in animals depri-
ved of parathyroids and/or thyroid glands. The findings are
consistent with pharmacologiéal influences of the vitamin D

which should be (and are) more apparent in animals deprived

of the main regulatory organs of calcium homeostasis.

E - Effects of vitamin-D (dietary) deprivalion - Effects of

2400 IU/wk D. in D-deficient animals, (Table 6)

3

PMX and SHAM animals fed a D3—deficient diet in the
summer had Ca excretion values similar to those obtained
when the same animals were maintained on a normal diet.
The Deficient diet brought the serum concentrations of TMX
animals in range of those of SHAM.

The administration of 800 IU 3x weekly of vitamin D3
to D3~deficient TMX and SHAM reduced the execretion of cal-
cium to values below thoze that can be detected by Colori.-
metic methoda(value‘<pc5mg %) (Fig. 9). There was a con-
-comittant rise in serum calcium concentrations to values

higher than those observed in similaw rats on a normal diet

60
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TABLE 6

DIETARY Do AND 2,400 IU/WK D, ADMINISTRATION ON CALCIUM EXCRETION ANQ SERUM CALCIUM
R - I :

A- CALCIUM EXCRETION (Mg/Rat/Wk/ 100 Gm Food Inteke : Mean * S.E.')

SURGICAL GROUP # RATS  CONTROL DIET D4- DEFICIENT  D,-DEFICIENT DIET p VALUES

: (cD) - IET ( DF) #2400 TU/WK ( +D,)
SEAM 8 1.3 £ 1.0 2.2+ 1.8 < 0.5 DF:+Dg < 0.001
THX 9 2.2 £ 1.b _ oL+ 1.,h < 0.5 DF:+D3 < 0,001

'B- SERUM CALCIUM CONCENTRATION ( Mg % : Mean * S.E.)

"SURGICAL GROUP # RATS '~ CONTROL DIET D-DEFICTENT D_-DEFICIENT DIET - p VALUES
(cD) DIET (DF) +32400 TUMK (+D3)

SEAM 8 8.4 £ 0.7 8.2 0.6 13.k £ 5,0 DF:+D3 < 0.05

X 9. 7.1%0.3 - 8.2%0.3 ~ 13.9%fko  CD:F <0.001

DF:+D3 < 0.01L
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(v X, (%% higher in SHAM).

I .~ uTION_OF PHOSPHATE AND ASSOCIATED CHANGES

“SPHATE_CONCENTRATIONS.

A 1 wurgery on seasonal variations in phosphate

opie 7
sateet thyroid ahd parathyroid glands excreted

e : - =i phosphate during the "winter“ than during
o e {Tige 10) |
::atcmy decreased phosphate -excretion. The
v, : “riticant in the_winter,(P(o.01)o But,
K 't.ﬁifferenéés were still observed in PX rats,

ooenidectomized animals had phosphate excrew
- ieently lower than those of intact ahimals
feravers this was nct.obseryed in the summer.
. »udmals tend to show higher values than
e sanmer differences were blunted, but not

T3 orewmoval.

4 net significantly affect phosphate

% WM animals tended to have higher ex-

o SHAM animals.

~gery on seasonal variations in serun

suteations (Table 8).

w4 winters summer differences were found
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EFFECTS OF SURGERY ON SEASONAL VARIATIONS IN PHOSFHATE EXCRETION

TABLE 7

Mg /rat/Wk/ 100 Gm Food Intake: Mean * S.E.

W:S (P values)

SURGICAL GROUP , WINTER (W) SUMMER (S) w/s

# rats # rats
SHAM 5 81.1 + 12.3 17 W 6+ 16.8 1.82 P<o.01
THX 5 90.8 + 13.9 18 b7.2 + 20.3 1.92 P<o.01
PX - SHAM (PX) 6 58.9 * 25.0 3 35.0 + 14,9 1.68 P < 0.05
PX - TMX L 58.7 * 20.0 6 39.8 + 18.8 1.k7 P <0.05
TPX - SHAM (TPX) 5 58.8 + 20.3 7 50.8 + 22.1 1.11
TPX - TMX 4 66.9 + 24,0 7 4L7.0 £ 10.7 1.b2
Comparison of - TMX+SHAM : TPX+TPX-TMX < 0.01
means (P Values) TM¥+SHAM : PX +PX-TMX < 0.01

WINTER: yats @

SUMMER rats < 0.00L
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TABLE 8

EFFECTS OF SURGERY ON SEASONAL VARTATIONS IN SERUM PHOSPHATE CONCENTRATIONS
Mg % : Mean t S.E, ’ ' '

SURGICAL GROUP WINTER SUMMER
# rats # rats

SHANM 13 8.k £ 0.8° 7 5.2 * 1,2
T 13 7.9 £ 1.3 7 8.0 £ 0.6
PX-SHAM (PX) - 5 9.8 £ 1.3 3 8.4b 2.2
ZHL-TMX N 9.6 £ 0.8 6. 9.7 + 1.7
TPX-SHAM (TPX) 5 9.3 1.6 6 9.1 1,2
TPX-TMK i 9.5 £ 0.6 7 8.4 1.3
Cemparison of PX : SHAM < 0.05 PX-TMX : TMX < 0.05
mean ( B Values) . PX-TMX : TMX < 0.05

TPX-TMX : TMX < 0.01

TPX : SHAM < 0.05

TMX+SHAM : PX's < 0.01

TMX+SHAM : TPX's < 0,01



for any of the surgical groups. (Fig. 11)

Pafathyroidectomy elevated serum phosphate during the
winter in animals with and without thymus gland. It alsc
increacsed summer values, most significantly for the animalc
without*-thymus gland (TMX : ?X—me P{0.05).

Thyroparathyroidectomized animals had serum phosphate
concentrations comparable to those of just parathyroidecto-
mized ones during the winter, summer months,

The phosphate concentrations for juest thymectomiied
animals tended to be lower than those of SHAM animals. How-
ever, PX-Ti¥ rats had values significantly higher than

TMX or PX-SHAM, SHAM during the summer. (P<p.05)

C - Effects of vitamin D administraticn on phosphate excre-

tion (Table 9).

. The administration of L00 IU D, 3x weekly for three

3
weeks, during the winter, increased the phosphate excretion

of PX rats, but had 1ittle influence on THX, SHAM and TPX
groups. (Fig. 12)

No animals were given 800 IU_D3 during a comparable
“winter" period (November-January). However, SHAN and TIX
rats reccived such a dose (3x weekly) in late winter (February-
March)., Although no similar seasonal variations were observed
for the other ions, the March animals (16 rats) had much
lower P excrction values than the other "winter" rats prior

to vitamin D treatment, (Table 9, Syecial Group) Following

D, adnminigtration the P excretion valucs were increased
»-'

vy
'
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especially in SHAM rats. (Fig. 13) .

During the summer, the administration of 400 IUD3
3x weekly for three weeks increased phosphate excretion in
rats with thyroid glands, It was most effective in just
thymectomized rats. However, as in the winter, it tended
to decrease phosphate excretion ianPX animals and to raise
it in the two PX rats. (Fig. 12)

Administration of twice the dose (800 IU D3) of the
vitamin to TPX, TMX and SHAM animals resulted in a decrease
in phosphate excretion during the summer, | |

In all groups treated With L0000 IV D3 3x weekly during
the summer, phosphate excretion increased tremendously: PX
rats showed 108% increased, TMX and SHAM 78%, while TPX
animals had 29% increase foliowing the vitamin administra-

tion. (Fig. 14)

D - Effects of vitamin D administration on serum phosphate

concentrations (Table 10).

" Administration of 400 IUD3 had 1ittle influence on
serum phosphate concentrations during the winter. However,
during the summer, the vitamin treatment increased serum
phosphate values of SHAM rats, while it decreased those of
TPX rats. D3 raised the serum concentration of the only PX~
SHAM treated with this dosage during the summer, However,
the animal had a very low value prior to the treatment. By

contrast; the one PX-TMX observed at the same time had a

higher serun P concentration which was lowered by the vita-

69



N

S2GICAL GROUP

TABLE 9

- EFFECTS OF VITAMIN D, ADMINISTRATION ON PHOSPHEATE EXCRETION

THX

PX{-SHEM (PX)
DHL-THK
TPX-SHAM {TPX)

T TV
TE-TEY

) .

OO OoWVwW

H o+ e
SIS IS IR AVEE ol o
O OWwn

Mg /Rat/Wk/I00 Gm Food Intake: Mean * S.E.

SHECIAL GROUP ( FEBRUARY -MARCH)

After D #
12001V /Wk rats

Before After D

D3 2L00IU /vj_k '

TX-5EAM (PX)
PK-TMX
TPY-SHAM (TPX)
TPX-TH

o)
H T)

™= - oW

U
- 14

Ui O\ OVN-0 \N

92.6 * 1k,5 8 3%.2%11.6 L7.7% 6.3¢
86.5 £ 16.4 8 39.5 +15.7 47.7 * 11.6$
70.2 £ 30.ke :
69.9 + 20.60
5300 -'-t 1303
57.8 + 23,5

SIMER '
After D # Before After D #
1200IU /W rats D, . oLoOIU Rk rats
58.6 £ 8,90 1 4o.2 35.8 3 50,8 * 6.
66.9 £ 8,00 1 49.7 21.6 1 L4o0.9
48.8 ‘ : 2 29,k %
20.0 _ 5 4L, o
36.9 % 20.05 1 57.7 W7 - - 3 heot
o7.h ¢ 21,57 2 48,9+ b7 43h 1,20 3 L6.9 =

After Do
12000IUEE’R

101.9
0 * 6.9 v
5.3 + 14,9
3.1 J_l.OA
7.7 £+ 22.7

P VALUES
( +D3 . NO D3 )

Individuai surgical groups

BP<oO,1
©P < 0.05
$P<0.,01

Combined surgical groups

O TMX + SHAM < 0.05
O TMX + SHAM < 0.01

V T¥X + SHAM < 0.001
A TPX's + PX's:i< 0,001
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TABLE 10

EFFECTS OF VITAMIN D, ON SERUM PHOSPHATE CONCENTRATIONS
° Mg %: Mean * S.E.

&LNTER

ST

Before After D3 # Before After D3
SURGICAL GROUP ‘rats Dg ~ 1200IU/Wk  rats _D3__ 2L00IU Mk
SEA 5 8.1 0.7 7.8 £0.7 8 8.7+ 0.8 8.7+%1.0
TIK 5 7.2 1.7 8.0 % 0.8 8 8.k + 0.9 8.7 0.9
PY-SHAM (PX) 5 9.8 1.3 9,4 0.6
BT L 9.6 £ 0.8 10.2% 1.0
TPX-SHAM (TPX) 5 9.3+1.6 9,0 % 0.8
TPX TR L 9.5 £ 0.6 10.2% 2.4

SUMME .

Before After Di # efore After D . # Before After D :
SURGICAL GROUP  rats D3 12001V Wk rats D3__ '2uoo;U ! rats D3 _ 120001{3?_%1:
SHAM 6 8.0+ 1.1 8,9 *0.7¢ 1 9.7 8.9 -3 8.5+0 7.6+1.8¢%
TMX 7 8.0 £ 0.6 8.0 % 0.8 1 9.2 9.8 1 9.0 6.4
PL-SHAM (PX) 1 6.2 9.2 2 9.5 £ 1.6 8.,1%1,1
P%-THX 1 12,2 112 5 9.2 1L 9.120.7,
TPX-SEAM (TPX) 2 8.bh+x1,5 6.,6= 0.6O 1 8.7 7.9 3 7.6 £ 1.2 7.1 %0.6
TPX-TMX 2 8,913 7.h+0.2° 2 9,201 ‘9Lzxxok 2 9.3 £ 1.3 8.2%0.1

Tnoiviaual group - - Lombined surgical groups
P VALUES g < 0.05 ¢ TMX + SHAM < 0.05 DOPX's + TPX's < 0.05

(+D3 : No D) O TMX + SHAM < 0.03 :




min treatment. ,
| 800 IUD3 édmihistered 3x weekly had little effect on
serum phosphate during both winter and summer months.

000 IUDj-‘(Bx weekly) administration decreased serum

'phbsPhate concentration in all summer rats.

E - Effects of dietary D. deprivation on phosphate excretion
. S j

and on serum phosphate concentrations -~ Effects of D3

adninistration (Tabie 11).

Only animals with intact thyroid and parathyroid glands
were.fed a vitamin D3-deficient diet, during the summer. In
both TMX and SHAM rats, the phosphate excretion values were
more than four times higher than tﬁe ones of animals fed a
hormal diet. Thé serum phosphate conéentraﬁions showed a
slight decrease compared to those of animals cn a normal
diet.

The administration of 800 IUD3 3x weekly to summer TMX

and SHAM rats fed a D,-deficient diet was followed by a de-

3
oreaée in phosphate excretion rates compared to the rates
prior to vitamin D treatment. The vitamin treatment was
more effective in THX rats. (Fig. 9) .

" The injected animals had also lower serum phosphate

levels.
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TABLE 11

TE CONCENTRATION (SUMMER)

.- PHOSPHATE EXCRETION

(Mg/Rat/Wk/100 Gm Food inteke:

AND 2400 IU/MWK D3 ADMINISTRATION, ON PHOSPHATE EXCRETION AND

Mean * S.E.)

SURGICAL GRCUP # RATS  CONTROL DIET D,-DEFICIENT D,-DEFICIENT DIET P VALUES
(cD) DIET (DF) © +7200 TU/K (+D,)
SHAM 8 34.8 £ 8.2 156.0 = 9.1 1hk5.6 £ 15.5 ND:DF << 0.001
DF:+D3 < 0.05
™ 9 32.6_i 7.2 54,0 = 14,7 133.6 = 20.6 ND:DF << 0,001
_ DF:+D3 < 0.01
B- SERUM PHOSPHATE CONCENTRATION ( Mg %: Mean * S.E.)
SURGTCAL GROUP # RATS  CONTROL DIET D3-DEFICIENT D3—DLFICILNT DIET P VALUES
(cp) -DIBT (DF) zhoo IUMK (+D3)
SHAM 8 8.2 £ 1.2 7.8 0.1 6.8 £ 0.5 DF:+D3 << 0.01
TMY, 9 8.0 £ 0.6 7.8 = 0.4 6.9 £ 0.k DF:+D3 << 0.01




III - URINARY EXCRETION OF SODIUM

A -~ Seasonal variations (Table 12, Fig. 15).

Rats with intact thyroid and parathyroid glands had
| low sodium excretions in the spring. There was little dif-
ference between winter and summer values., This pattern for
sodium excretion is the inverse of the one observed for
chloride excretion (highest values in spring). |

PX animals were not studied in the spring. However,
PX animals tended to héve higher sodium excretioh'values-in
the summer than in the winter. Three TPX énimals were obser-
ved in the spring and their sodium excretion values were
higher than those obtained for TPX rats at other times of the

yedar.

B - Effect of surgery (Table 12, Fig., 15).

- Removal of the parathyroid glands decreased sodium
excretion during the winter and summer monthé° The reduction
was most significant in TMX animals. (Winter P<0.03, summer
P<0.05)

Thyroparathyroidectomized animals had excretion values
gsimilar to .those of animals with-pérathyroid and thyroid
glands (TMX + SHAM). However, TPX animals had higher sodium
excretion rates than PX animals, during the winter and summer.
Removal of thyroid was most effective in the winter months.
(TPX &+ PX P{0.01)

) Thymectomy slightly increased sodium excretion during

the winter and spring in animals with thyroid and parathyroid
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SURGICAL GROUP

X

PX-SEAM (PX)

PX-TMX

TPX-SEAM (TPX)

- TPX-IMX

# RATS
15

13

[0)}

TABLE 12

EFFECTS OF SURGERY ON SFASONAL VARIATIONS IN SODIUM EXCRETION

Meqg/Rat/ Wk/ 100 Gm Food Inteke: Mean * S.E.

WINTER(W)

# RATS

0.bzx2,3 - 7

12.0 £ 2.1 11

8.6 £ 0.9
8,8 £ 2,0

© 11,0 £ 2.8 1

11.3+ 2.1 2

SPRING(SP)

#RATS

. 9.0 £-0.7

9.5 £ 1.2

A3.%

12.2 + 0.3

R

SUMMER(S) :p VALUES

10 10.0 * 1.6 W:SP < 0.001

7 1.h o+ 1.k $B:S < 0.01
3 9.8 £ 0.2
6. 9.2 * 2.0
6 10.8 * 2.7
5 10.3% 1.5

Comparison of
¥ean (¥ Values)

P{1g :SHAM+TMX < 0,01
PX-T¥X., :TMX < 0,05
PX's : PTX's < 0.0k

TMX : SHAM <0.05

. PX-TMX : TMX <0.05
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glands. It significantly elevated sodium excretion during
the summer in similar animals, (P{0,05) However, this effect
of thymus removal was not apparent in PX nor TPX animals.
It.appears therefore that the parathyroid and thyroid
glands are.involved in mechanisms affecting sodium excretion,
and that the thymus gland in some way protects against ex-

cessive changes in the intact animals,

C - Effect of vitamin D on sodium excretion {Table 13).

‘The administration of'1200 Iv D3 weekly for three
weeks increased sodium excretion in TMX, SHAM, PX during
the winter and summer months. TPX animals had a slight
reduction in excretion rates in the win%er, whereas the
rates were raised ih the summer after the vitamin treatment.
SHAM rats were the most affected by the vitamin during both
winter and summer, (12% increase in winter, 28% increase
in summer) (Fig. 16) .

The administration of 2400 IU 53 weekly during the
wintér to TMX and SHAM rats slightly but siénificantly in-
creased sodium excretion. (P{0.05) Similar doses given in
the spring reduced the excretion fates not only of TMX, SHAM
but alse of TPX animals. (Fig. 17)

The injection of 12,000 IU D3 weekly during the summer,
increased sodium excretion especially in PX (P {0.001) and
TPX animals (P{0.01) {Fig. 18)

The findings suggest an inhibition of sodium reasorp--

80



g

TABLE 13

ADMINISTRATION ON SODIUM EXCRETION

~ EFFECTS OF VITAMIN 2;

BPX's + TPX's< 0.05
gfrpx's +TM+SHAM = 0.05

Meq/Rat/Wk/ 100 Cm Food Intake: Mean S.E.
JENIER SERING,
# Before After D3 # Before After D # Betore After D
SURGICAL GROUP BATS _ Dy 12001U /Wk RATS __133__ 2400TU /Wk RATS Dy . 2L00IU é‘.k
SHeM 5 11.9 £+ 3.7 13.3 % 3.% 8 10.1£0.9 W.61.2g 1 11.7 9.0 _
X 5 13.1 * 3,1 13.7 £ 1.9 8 10.8* 1.0 11.1 % 0.5 1 9.2 9.0 :
PA-SHAM (PX) 6 8.6 £ 0.9 9.21.,1 ' 2
YTV i 8.8 £ 2.0 10.5 % 0.3 ' :
TPZ-SHAM (TPX) 5 1.0+ 2.8 9.8 + 2,3 1 13.7 11.8
TPX-THX b 12.0 + 2,2 11.4 + 2.9 2 12.2 £.3 10.9 * o.k
4 ~ SUMMER
i Before After D # Before After D
SURGICAL GROUP  RATS D3___ lzoomﬁ.k RATS Dy 1200011@11:
SHAN 6 8.7+ 1.4 11.1 # 1.3v 3 11.2 # 0.9 11.0 % 1,1
T 7 9.8 £ 1.4 lo.b+1.3¢ 1 11.7 - 12.6
FY-SHAM (PX) 1 9.8 13.5 o2 9.8 £ 0.3 11.6 £ 0.50
PY-TMX i 6.2 11.1 5 9.8%1.6 11.3% 0.30
TPX-sHAM (TPX) 2 9.2 £ 0,0 10.0 1.% 3 10.1 £ 1.0 11.0x L4 0ovw
TP¥-THX 2 8.8 £ 0.4 10.4 + 0.8 3 11.3+ 1.0 14,0+ 1.6V
Individual Groups Combined surgical groups
P VALUES vp < 0.01 @ TMX + SHAM < 0.05
(+D3 tNo D3) op < 0.001 & TMX + SHAM < 0.02
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tion by exogenous vitamin D in winter and summer rats.
Somehow, this effect is interfered with in TPX animals
in the winter and in all animals in the spring.

D - Effect of dietary D. deprivation - Effect of 2400 IU/

3

wk D, in D-deficient animals (Table 14).

3

TMX and SHAM rats showed no change in their excretion
of sodium when switched from a normal diet to a D3-deficient'
diet for‘three weeks during the spring; however similar
animals had reduced excretion rates when fed a Dj—deficient
diet during the summer. (Fig. 9) . | |

The administration of 2400 IU D, weekly to DB-deficient

3
animals (TMX + SHAM) decreased the excretion of sodium during
both spring and summer months.

These findings suggest a complex rolejfor exogenous
vitamin D on sodium excrgtion° Such influence seems to de-

pend on the vitamin D status of the animals prior to the

exogenous administration.



EFZECTS OF DIETARY D

TABLE 14

A¥D 2&00 IU/WK D ADMINISTRATION ON SODIUM EXCRETION

q

Meq3Rat/ Wk/ 100 Gm Fdod Intake: Mean * S.E.
SPRING
& = ' B .
URGICAL GROUP  RATS CONTROL DIET D_-DEFICIENT DIET D3-DEFICIENT DIET P VALUES
14 . .
(cp) (DF) +-2400IU Mk D3 (+D3)
SHAM 2 8.8 + 0.5 9.8 * 0.3 8.5 + 1.1 TMX + SHAM (DF): +D
< 0.05
II‘Q: 3 90h’ i l.6 9.‘2 " la)"‘ 6-9 i 006
SUMMER
#
SURGICAL GROUP RATS CONTROL DIET D,-DEFICIENT DIET  Dy-DEFICIENT DIET P VALUES
(¢D) : (DF) . +~2400IU MMk D3 (+D3)
SHAM 6 10.6 £ 1.2 9.5 * 1.5 6.5 £ 1.5 CD:DF < 0.05
DF:#D3 < 0.01
X 6 11.2 + 1.1 9.2 £ 0.8° 8.0 £ 0.7 CD:DF < 0.01
DF:+D3 < 0,02




IV - URINARY EXCRETION OF POTASSIUM

A - Seasonal variations (Table 15, Fig. 19).

'~ Animals with and without thyroid and parathyroid glands
showed little variations in potassium excretion during winter
as compéred with summer months. However, TMX and SHAM rats
studied during the spring months had excretion values lower
than those obitained during both winter and summer, A si-

milar pattern was obtained for sodium excretion.

B - Effect of surgery (Table 15, Fig, 19).

Removal of the parathyroid glands did not appreciably
influence potassium excretion during both winter and summer,
although PX~TMX_animals tended to ﬂave lower;eXCretion values
than TMX groups. |

Comparisons of thyroparathyroidectomized animals with
the parathyroidectomized ones reveal higher wvalues for ani-
mals deprived of thyroid glands (and parathyfoids)
more esgpecially during the winter, (P(0.0i)

Thymectomized animals with intact thyroid and parathy-
roid glands (7iX) excreted more potassium than SHAM during
the summer months. (P{0.0j) A similar tendency was seen
also.in winter. However, no significaht effect of thymec-
tomy on parathyroidectomized or thyroparathyroidectomized
animals is observed.

The findings do not point to important roles for
\thymus, parathyroid and thyroid glands in the regulation of

potassium excretlon, However, they do sugges®t some [ine
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TABLE 15

EFFECTS OF SURGERY ON SEASONAL VARTATTIONS IN POTASSIUM EXCRETION
Meq/Ret/Wk/ 100 Gm Food Intake: Mean * S.E.

SURGICAL GROUP WINTER(W) SPRING(SP) SUMMER(S) " P yaTUES®
# RATS # RATS # RATS

supx ™ 15 1.7 £ 0.3 7 1.5 £ 0.2 10 - 1.6 £0.2 W:SP < 0.02

il 13 1.9+0.2 11 1.6 + 0.2 7 1.9 £ 0.1 SP:S < 0.05

PX-SEAM (PX) 6 1.7 £ 0.2 . 3 1.7 £ 0.0

DPX-TMX L 1,6 = 0.k ' _ 6 1.7 £ 0.3

TPX-SHAM (TPX) L4 1.9 + 0.2 1 2.4 ' 6 2.0 %0.5

TPX-THX : 5 2.0 £ 0.1 2 2.1 £ 0.0 S 1.8 £ 0.3

Compsrison of PX : TPX < 0.01 TMX : SHAM < 0.03

Mean (P Values) PX-TMX : TPX-TMX < 0.05

PXtg ; TPX's < 0.01
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control mechanisms.

C - Effects of vitamin D administration on potassium

excretion (Table 16).

The administration of 400 IU D3 3x weekly during the
‘winter slightly increaéed the excretion of potassium of rats
with intact thyroid and parathyroid glands. (TMX + SHAM
P(0.05) The vitamin slightly increased the values in PX-
TMX animals, but decreased those of TPX animals. Similar
doses administered during the summer raised the excretion
rates of all.groups exceptof TMX rats. The increase was
most‘significant in SHAM rats with intact thyroid and para-
thyroid glands (P{0.01) as in the .case of sodium excretion.
(Fig. 20) '

| The administration of twice the‘above dosage (2400 1U/
wk) during the winter increased the excretion values for TMX
and SHAM animals studied at that time. During the spring,
the same dosage slightly decreased the values for TMX, SHAM
and TPX animalso‘ (Fig. 21) | |

The injection of 12,000 iU D3/weekly during the summer
increased the excretion rates of PX animals,(P<0002) but had

1little effect on TMX, SHAM and TPX animals. (Figg 22)

D-~- Effect of di.f-z't:a:r_f;sgD:,r deprivation - Effects of 2400 IU

Da/Week in D-deficient rats.(Table 17).

TMX and SHAM rats fed a D-deficient diet for three

‘'weeks durlng the spring and summer had X excretion values
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EFFECTS OF VITAMIN D, ADMINISTRATION ON POTASSIUM EXCRETION

TABLE 16

Meq/Rat/Wk/ 100 Gm Food Intake: Mean * S.E.

WINDER o SERING
# Before After D3 # Before After D3 # Before  After D3
SLTRGICAL GROUP  RATS _Ds l%OQIU RATS _D3 2400 IU/Wk RATS _ D3 el;OOI_U Wk
J‘
SFAM 5 1.9+ .k 2.0z .30 8 1.7+ .2 1.8+* .2 1 1.8 1.7
THX 5 2,0 .3 2.1%*.le 8 1.8+ .1 1l.9% .le 1 2.2 1.6
PX-SHAM (PX) é 1.7+ .1 1.7% .2 ' 3
BTl Y 1.6+ b 1,9% .0
TPY.-SEAM (TPX) 5 1.9+ .2 1.7+ .3 1 2.4 2.k
TPX-TMX 4 2.1 .1 2.0% .5 2 2.1%*0 1.6% .1
_ SUMMER < :
# Before After D3 # Before  After D3
SURGICAL GRGUP RATS _ D3 12001IU Mk RATS - _Dg 12000IU/Wk
SHAM 6 1.5+ ,2 1.8%.1v 3 2.0 ,1 2,0t ,2
THMX 7 1.7+ .2 1.7+ .2 1 2.0 2.2
PH-SEAM (PX) 1 1.6 2.1 2 1.7¢.1 2.1+ . 0@
PX-TMX 1- 1.1 1.9 5 1.8+ .2 2.2* .00
TPX-SHAM (TPX) 2 1.6 £ .0 1.7 .2 3 077 2.1%.,1 2.1%.,0
TPX-TMX 2 1.5+ .0 1.7 £ .1 3 2,0 ,2 2,1% .4

P VALUES

Individual Groups

®. <0.02
vy < 0.01

Combined surgical groups

® TMX+SHAM < 0,05
BPX's+tTPX's < 0.05
gTI\fDHSHAM—PTPX's < 0.05
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TABLE 17

ETFECTS OF DIETARY D, AND 2400 IU/MK D, ADMINISTRATION ON POTASSIUM EXCRETION
Meg/Rat/Wk/ 100 Gm~Food: Intake: Mean * S.E. :

SURGICAL GROUP  # RATS CONTROL DIET  D3-DEFICIENT DIET D3- DEFICIENT DIET P VALUES
| (cp) - (DF) +22L00TY ik (#D,)
SHAM 2 1.6 £ 0.1 0.9 £ 0.0 0.7 £ 0.0 TMX+SHAM :
, : ' CD:DF <<< 0.001

s 3 1.6 £ 0.2 0.8 £ 0.1 0.6 £ 0.1 - DF:+D3 < 0.01
\O
i .

SUMMER

SURGICAL GROUP  # RATS  CONTROL DIET D3-DEFICIENT DIET .D3- DEFICIENT DIET P VALUES

' ' (cp) (DF) . +72400TU ik (+D3) '

SHAM 6 1.7 £0.1 0.8 £ 0.1 0.7 £ 0.1 CD:DF <<< 0,001

TMX 6 1.8 * 0.0 0.8 £ 0.1 0.8 £ 0.1 - CD:DF z<< 0.001




lower than the ones observed where the same animals were
fed a normal diet. In fact, the values fell by 50% in
spring and 56% in summer When dietary D3 was not provided.
(No effect was seen in Na® excretion in spring). (Fig. 9)
Thg administration of 800 IU D3 3x weekly to TMX and
SHAM animals fed a D-deficient diet decreased potassium

excretion dufing the spring months,
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V - SERUM CONCENTRATIONS OF SODIUM AND POTASSIUM (At time of

autopsy). |

In Tables 18 and' 19, serum Na' and k' concentrations

at the end of each experimental period are represented. No
apparent.differences seem to exist among the various groups,
and unfortunately, the conditions of the present study did
not allow measurement of serum Na® and K' concentrations
prior to D3 treatment, However._while most values for serum
Na' are‘close to the reported ones in the 1itefature fer
healthy rats (135 Meg/L) . the values obtained for K' are
considerably above the normal range (4-5 Meq/L) expected
for K¥, It is probable that at least the XK' levels of the
animals under investigation were affected by the vitamin D
injections. D-deficient animals treated with vitamih D have
slightly lower Na® concentrations than the non-deficient

animals,
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TABLE 18

SERUM SODIUM CONCENTRATIONS AT THE TIME OF AUTOPSY

Meg/L/rat : Mean * S.E., . ,
EXPERIMENTAL SURGICAL GROUP ( # rats) C
TIME PERIOD CONDITIONS SHAM TMX PX PX-TMX TPX TPX-TMX
A- Winter - After 3 wks (L) (4) (5) (&) (5) (W) -
with 1200IU/Wk D3  133.0%6,8 129.9310.1 138.8#11.5 1hko.h*2,9  135.5%#17.3 1hL.6%5.9
- After 3 wks (4)- (L) :
with 2400IU /wk D3  129.5%6,1 128.8+8.8
- After 3 vks (h) (k)
without 2LOOIU/wk  130.h4#7.2  131.96.4
D3@
B~ Spring - D-Deficient rats (2). (3)
after 3 wks with 122,5%18.4 109.6%*16.9
Dz 2LoOTU /Wk
C- Summer - After 3 wks (6) - (7) (2) (2) . (1) (1)
with 1200IU/Wk D,  126.8+12,9 11L,2%19.1 -125.2:f12.4 137.6%6.6 134.5 146.0
- After 3 wks with (3) (1) (2) (&) (3) (2)
12,000IU /Wk Dy 134.8£3.3  137.3 134.5%0.5 136.0%6.0 98.8+ 21.9 140.0%6.0
- D-Deficient rats (6) (6)

gfter 2 wks with
D3 2400IU/wk

109,2#14,0 108,3%t9.6

®Rats had been injected with D3 (2400IUfwk, for 3 weeks prior to these "3 wks without D3 "



TABLE 19

SERUM POTASSIUM CONCENTRATIONS AT THE TIME OF AUTOPSY
Meq,/L/rat : Mean * S.E.

EXPERIMENTAL SURGICAL GROUP ( # rats)

66

~CONDITIONS SHAM TMX PX PX-TMX TPX TPX-TVX
- After 3 wks (L) (k) (5) (L) - (5) (4)-
with 1200IU/wk D3 7.3-+' 4,3 7.6%21L 6.L'+1,2 6.2%0.6 8.8%5.5 9.0%6.5
- After 3 wks (L) (L) '
with 2L00IU /wik D3 6.6 £ 3.5 6.6 5.9

- After 3 wks () (L)

without 2400TIU /wk 7.6 £ 0.7 T7.2%0.6

D3©

- D-Deficient rats (2) (3)

after 3 wks with 7.4+ 1,6 10.3 £ 1.8

D3 2400IU Wk :

- After 3 wks (6) (7) (2) (2) (1) (1)
with 1200IU/Wk D 7.8 £ 2.1 9.4 £ 3.4 6.8+ 1,3 5.8 0.6 5.3 6.4

C After 3 vks with - (3) (1) (2) (W) (3) (2)
12,0000k D3 6.2t1.2 3.6 7 5L+0,5 59%0.9 91%11 56¢%1.3
- D-Deficient rats (6) (6)

after 3 wks with $.3 £ 0.9 6.5 *0.6

D3 2L0CIU /wk

©Rats had been injected with D3 (24O0IU/wk) for 3 weekd prior to these "3 wks without Dy "

.
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VI ~ URINARY EXCRETION OF CHLORIDE

A - Influences of surgery on seasonal variations in chlo-

- ride excretion.

.Rats with or without intact thyroid and parathyroid
glands had substantially higher excretion rates in the
"summer" than during the winter months. In addition, urinary
chloride values were significantly highest in the spring.
(Table 20, Fig. 23)

Parathyroidectomy increased chloride excretion during
the winter and summer months. It enhanced the winters
summer differences significantly: rats with parathyroid
glands intact showed an 18% increased excrétion in the summer,
whereas a 47.5% increase was observed for PX:animal$,

Removal of the thyroid gland did not apparently affect
the chloride excretion during the winter months and summer,
nor aid it appreciably influence tﬁe effect of parathyroidec-
tomy. However, removal of the thyroid gland severely blunted
the winterisummer differences,

The percent increase in chloride excretion for TPX
(24%) rats was half that recorded for PX animals., But, the
datz obtained for three TPX animals during the spring months
suggest a great enhancing effect of thyroparathyroidectomy
on the spring:winter and spring:summer differences,

Thymectomy did not markedly enhance chloride excretion

.during the winter nor spring months., However, thymectomized

animsals had chloride excretion rategs for the summer months
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TABLE 20

EFFECTS OF SURGERY ON SEASONAL VARIATIONS IN CHLORIDE EXCRETION

Meq/Rat/Wk/ 100 Gm Food Intake: Mean * S.E.

SURGICAL GRCUP WINTER(W) SPRING(SP) SUMMER(S) P VALUES
# RATS # BATS # RATS
SHEM 15 37.7 £ 10.7 7 51.5 + 16.6 10 h1.1 = 6.2 TMX + SHAM :
W:SP < 0.001
TMX 13 37.6 * 13.9 11 57.8 £ 21.1 7 hg.2 + 8,2 8P:S = 0.05
: W:8 < 0.001
PX-SHAM (PX) 6 Lg.2 £ 11.7 3 7L.h % 33,8 , ,
PX-TVX L 56.6 * 14,8 6 '79.8 £ 41,3 PX's + TPX's:
W:S = 0.05
TPX-SEAM (TPX) L k9.9 = 7.8 1 138.7 6 63.0 + 21.8
TPX-TMX 5 59.2 * 12.6 2 109.5 + 6.1 5 72.8 £ 27.6
Comparison of TPX-TMX : TMX < 0.01 TMX : SHAM < 0.05
¥ean (P Values) TPX: SHAM < 0.05 TPX : SHAM < 0.01
PX-TMX: TMX < 0,05 TPX-TMX: TMX . = 0,05
PX : SHAM < 0.05 PX : SHAM < 0.05
< 0.00

TPX &+ PX' 5 : TMX+SHAM< 0.001

- TPX'stPX's : TMX+SHAM
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that were significantly higher than those of intact animals.,
The summer enhancing effect was found also in PX and TPX

animals.

¢ - Effects of vitamin D administration on excretion (Table 21).

The administration of 400 1IU D, 3x weekly for three

3
weeks during the winter increased the chloride excretion in
TPX and PX animals {49% increase compared to 29% increase in
PX, and 14% in TMX + SHAM animals). Furthermore, thymectomy
enhanced vitamin D effect in TPX and PX groups. (Fig. 24)

- During the summer, the administration of 400 IU/D3
increased chloride excretion in SHAM animals (P{b.Ol) and
slightly decreased the values of TPY rats. (p{0.05) Although
this dosage of the vitamin did not appfeciably affect the
chloride excretion of TMX rats, it did elevate the values
for SHAM rats closerto those of TMX rats.

The administration of 800 IU D, three times weekly for

3
three weeks, dufing the wintér, increased excretion of chlo-
ride in TMX (P<9001) and SHAM (P(0.0B) animals., (Fig. 25)

Only a few rats were given this dosage of the vitamin
in the spring. However, the results indicate 1it?1e effect
of vitamin D3 on chloride excretion,

The administration of 4000 IU D3 3x weekly for three
weeks increased chloride excretion rates in PX and, more

especially in TPX animals (83% increase)., (Fig. 26)
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TABLE 21

EFFECTS OF VITAMIN D3 ADMINISTRATION ON CHLORIDE EXCRETTION

Meg/Rat/Wk/ 100 Gm Food Intake: Mean * S.E.

6 TPX'st PX's< 0,03
9

WINTER SPRING

# Before  After D # Before ‘After D3  |f# Before After D
SURGICAL GROUP  RATS Dy 12001Ué»k RATS D3 2L00IU/Mk | RATS _ D3__. zhoom&:
SHAM - .5 h7.8 £ 3,1 62.4 +-31.2 8 21.9+ 9.4 Lo.0 £5.0A |1 83.5 ok.0
T 5 48,7 £ 7.2 L7.h £ 8.k 8 -.21.9+8,0°38.7*2.8e {1 109.0 1023 .
PH-SHAM {PX) 6 bg,2 £ 11.7 62.8 + 30.1 - '
PA-TiX -4 56.6 + 14.8 73.9 £ 21.0A
TPY-S8EM (TPX) ~ 5 h9,9 £ 7.8 71.3 % 26.1 1 138.7 126.8
TP -TMX b 59.2 £ 12.6 91.9 £ 5.7 2 109.5%6.1 127.7#19.0

SUMMER
, # Before After D3 Before - After D3
- SURGICAL GROUP  RATS _ D3 12001V Mk BATS D3 . 120001U /Wk
-SHAM 6 41,0+ 6.2 50.8 £ 3.5@ 3 120.0 + 12,6 100.4 + 15.8
T 7 50.1 7.3 51i.8 6,00 1 115.3 . 101.9
FX-SEAM (PX) 1 56.7 5L.2 2 78.7 £ L. 3 1lo7.h £ 3.8 o
PX-TMX 1 Lo.s L3.7 5 87.6 = Lo, 105.6 * 35.8
TPX-SHAM (TPX) 2 . 52.0 + 0.7 Li.2+* 9.5 3 66.9%£31.5 119.3% 1‘3'6:1
TEX-TMX 2 48.1+0.2 39.2%0.L 3 89.2 %226 166.3%22.1
Individual Groups Combined Surgical Groups

P VALUES A <0.05 O TMX + SHAM < 0.05
(+D3 : No D3) @ <0.01 OTMX + SHAM < 0,01
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D - Effect of dietary vitamin deprivation on chloride

excretion - Effect of 2400 IU D3 on Dj-deficientfgatso

(Table 22)

TMX and SHAM rats fed a D3-deficient diet during the
summer had chloride excretion rates lower (38% lower) than
when fed a normal (D-supplemented) diet. The values were
even lower than those of winter rats on a normai diet. TMX
animals were the most affected by vitamin D deprivation :‘v
64% lower excretion values for TMX cdmpared to 23% for SHAM
when dgprived of vitamin D3°

The administration of 2400 IU/wk D, to D-deficient

3

rats increased the chloride excretion of TMX and SHAM.
(Fig. 9) | |
| Vitamin D-deficient diet had little effect on TMX and
SHAM animals during the spring. However, the administration
of 2400 IU D3 to those animals fed the deficient diet lowered
the chloride excretion rafes to values comparable to those

of summer rats on a normal diet.
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IFFECTS OF DIETARY D

TABLE 22

AND 2hoo TUMK Do ADMIWISTRATION ON CHLORIDE EXCRJTION

Meq/Rat /Mk/ 100 Gm Food Intake: Mean * S.E.
)0
JRGICAL GROUP  # RATS CONTROL. DIET-  D4-DEFICIZNT DIET D-DEFICIENT DIET P VALUES
(cp) (DF) +~2L400IU/WK D3 (+D3) |
SHAM 2 54,0 £ 7.4 68.8 + 13,k 39.0 = 13.7 TMX + SHAM
- : DF: +D3 < 0.01
TMX 3 61.7 £ 19.8 61.9 * 13.9 31.9'+ 6.8
SUMMER
SURGICAL GROUP  #%RATS CONTROL DIET ~ D3-DEFICIENT DIET D3_DEFICIENT DIET P VALUES
(cD) (DF} + 2LooIU MK Dq (+D3)
SHAM 6 Lh.h £+ 6.3 36.0 + 8.3 k2,0 £ 8.3
TMX 6 48,4 + 6.5 29.5 = k.9 33.7 £ 7.0 CD:DF < 0,03
TMX + SHAM:

DF: ¥D3 < 0.05
CDh: DF < 0.05




VII - FOOD AND WATER INTAKE - URINE VOLUME

A - Seasonal variations (Table .23, Figs, 27, 28, 29)

Rats with intact thyroid and parathyroid glands
(TMX + SHAM) ate more and had higher urine volumes during
the summer than during the winter months. No significant
changes were observed in their water intakes. -Although TPX
groups tended to eat less and urinate more during the summer,

no apparent trends were observed in PX groups.

B ~ Effect of surgery (Table 23, Figs, 27, 28, 29)

Parathyroidectomy decreased water intake while not
affecting urine volume or food intake during both éummer
and winter,

Thyroparathyroidectomized animals drank significantly
less water than SHAM, TMX and PX animals during both summer
and winter, TPX animals also ate less than all other groups
(22% less in winter, 32% léss‘in summer), Thyroid removal
had little effect on urine volume,

Thymectomy had no significant effect on water and food
intake during both summer and winter. However, it increased
the urine output especially inthe summer, All animals depri-
ved 6f thymus glands (PX-TMX, TPX-TMX) tended to have higher

urine volumes than corresponding controls,
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TABLE 23

EFFECTS OF -SURGERY ON SEASONAIL VARTATIONS IN FOOD AND WATER INTAKE AND URINE VOLUMES
Gm or ml/Rat/Wk: Mean * S.E., '

WINTER
SURGICAL GROUP SHAM ™ . PX.SHAM PX-TMX TPX-SHAM TPX-TMX p VALUES
Xo. Rats 15 13 6 L. 5 L
FCOD {Gm) 132.1%6.1 129.3+%9,7 135.4%15,0 137.3+17.2 101.1#17.1 109.3%*20.5 TMX+SHAM: TPX<0.001

PX's:TPX's <0.001

WATER (ml) 237.1%¥19.2 238.0%25,0 215.7+31.5 217.6%t20.6 178.9%+3L4.6 - 187.6tL4.6 TMX+SFAM:PX <0.05

TMX+ SHAM: TPX<0. 001
) » : PX's:TPX's <0.05
URINE (m1) 54L.2413,7  6L.7+1k.9 53,7£7.8 65.0x1h.2 54.9%17.5 69.9%25.,0 PX:PX-TMX <0.001
SUMMER
SURGICAL GROUP SHAM TMX PX-SHAM. PX-TMX TPX-SHAM - TPX-TMX p VALUES
No. Rats 17 18 3 6 - 4 7
FOOD (Gm) 14h,2+11.4 138.8%+13.0 125.0%22.5 138,4+10.8 91.L4#23.7: 97.0+9.8 TMX+SHAM:TPX<0,001

PX's:TPX's <0,001

WATER (ml) 250.6%51.4  2uh,1+48.3 226.h4xh1,1 229.0%10.2 175,.3%58.0 194.2+21,8 TMX+SHAM:PX <0.05
: " PX's:TPX'§ <0.02

: TMX+SHAM: TPX<0, 01

URINE (ml) 58,4%12.0 68,2+14.,3 58,9+11.8 63.0+8.4  62.4+20,5 = 73.8+19.,9 TMX:SHAM  <0.05

2 VALUES FCOD: Winter: Summer < 0.001
(TMX+ SHAM) URINE: Winter: Summer < 0.05
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C - Effect of vitamin D (Tables 24, 25, 26)

- Effects of 1,200 IU/wk

Thg administration of 400 IU D3 three times weekly
during the‘winter months, had no effect on water and food
intake but increased the urine volumes of all groups, most
especially of TMX and SHAM animals,

The administration of similar dbses in the summer did
not appreciably alter the urine volumes but significantly

decreased water and food intake of SHAM animals.

- Effects of 2400 IU/wk Dy

The administration of 800 IU 3x weekly during the winter
significantly increased urine volumes and food intake, without
apparent change in.water intake, of TMX and sHAM rats. The
few animals treated With this dose in the spring-summer months

showed similai patterns of responses,

3

The administration of this high vitamin D dose during

- Effects of 12,000 IU/wk D

the summer months decreased food intake in all groups. There
was also a dramatic rise in urine volumes (87%) in all rats,
with also increased water intake (24%).

- Effects of vitamin D-deficient diet. (Table 27)

TMX and SHAM animals fed the deficient diet during
spring and summer wmonths ate and drank less, and had lower

urine volumes than animals fed a normal diet.

The administraticn of 2400 IU/wk Dy to D-deficient rats
“significantly decreased urine output of TMX animals. No ap-

parent effect on water and food intake was observed.
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EFFECTS OF VITAMIN D

TABLE 2L

ADMINISTRATION ON FOOD INTAKE

Gm7Rat/Mk: Mean % S.E..

WINTER

# Before After D # Before "After D3
SURGICAL GROUP RATS _ Dy 120010/  Ra®s Dy 2hooIU/fx
SHEM 5 133.3%2.9 133.2%3.7 8 143.8+15.6 154.0%k, 9'
T™X 5 133.0%8,3 129.3*11.3 8 143,0%16.2 153.7+5.8
PX-SHEAM 6 125.4%15.0 132.8%10.7
PX-THX 4 137,4x17.2 129.6%15.5
TP¥-SHAM 5 101.1%17.1 9Ob,9%26.7
TPX-TMK 4 109.3%20.5 105, 9-“5 T

SUMMER

# Before After D # Befcre After D # Before After D3
SURGICAL GROUP RATS _ D3 __ 120CIU /w RATS D2 euoom/‘v'?k RATS _ D3 12,000IU/wk
SEAM 6 1k6.2+10.3 130.6%6.6@ 1 14€,2 148.7 3 147.2#6.3 132.6«:6.1;°
THK 7 139.1%16.5 136.4:8.9®m 1 148.,0 158.2 1  132.4 115.6
PX-SHAM 1 127.2 125.7 2 134.0%23.1 118.3%15.4
PX-TMX 1 107.2 . 125.1 5 1%0.7+#10.4 126.4*11.2
TPX-3EAM 2 111.2#23.5 105.9%13.6 1 76.3 79.8 3 96.4%9.0 81.8+11. 8
TPX-TMX 2 97.8+17.1 102.5%12.0 2 102.4+6,0 110.0%¥12.5 -3 92.9%3.9 68.6x7.1 A

Individual Surgical Groups Combined Surgical Groups -

P Values B <0.02
(+D3 : No D3) A <0,01 @ TM{ + SHAM '< 0.05
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TAEBLE 25

EFFECTS OF VITAMIN D, ADMINISTRATION ON URINE VOLUMES
ml/Rat/Wk: Mean * S.E.

. WINTER
F Before After D # “Before After D
SURGICAL GROUP RATS _ D3 _ 12001V RATS D3 2&00111@_1(

S_Ax 5 6$3.9 + 16.8 99,7 = 37.89 8 55,9 14,1 63.9 + 12.50

Ty 5 72.1 = 20,2 95.8 = 28.8 8 59.9+ 7.4 67.0* 7.2V

FX-SHAM 6 53.L+ 7,0 58,3+7.00

PY-TMX Ly 65,0 + 1k,2 77.8 + 28.9@

TPX-SHAM 5 54,9 £ 17.5 60.5 = 2l+.6

TPX-THX b 69.9 * 25,0 74.8 £ 10.1°

SUMMER - _
# Before After D3 .# Eefore . After D " # Before - After D3

"SURGICAL GROUP RATS _ D3 120010 Mk RATS _ D3. 2kooIu RATS _ D3 12,000TY ik
SHAM 6 63.0 * 15,0 69,2 = 9.3 1 56.0 70.7 3 68.8 + 11.6 113.1 # 11;.1'
THX 7 68.5 £ 10.7 69.1 = 8.8 1 90.3 91.3 1 73.3 115.0

PX-SHAM 1 62.7 72.3 2 57.7 £ 16.5 110.3 * 29.0V
PX-TiX 1 . 61.3 77.0 5  63.0 £ 9.4 117.5 * 19.hV
TPX-SHAM 2 62.2 £ 14,4 61,5 £ 21.9 1 93.0 111.7 3 60.4 +19.6 1474+ 9.2V
TEX-TMX 2 4L3.k + 8,0 67.5 t 20.5 2 91.2%+6.9 93.2 %3, 5 3 79.1 £ 11,8 141,k £ 10.0v

individual ourgical uroups Lombined burglca_[ Uroups
P Values a < 0.05 ® TMX + SHAM <« 0.05
(+D3 : No D3) v . < 0,00 | m TMX + SHAM < 0.01
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TABLE 26

EFFECTS OF VITAMIN D3 ADMIWISTRATION ON WATER INTAKE

ml /Rat /Wk: Mean * S.E.

y y WINTER
Before After D Before After D
SURGICAL GROUP RATS _ D3 1200xu_;/v°€k__ RATS D3 2hoom/€é_k
SHANM 5 224,0+18.8 2h2.2i‘48.5 8 257.2%#19.1 274,8%30.2
TLOL 5 232,6%t30.3 227.0+38.0 8 257.5%19.0 263.3+22.7
F-8HLM 6 215.7%f3L.5 207.3%27.2
PX T L 217.6+20.6 227,3x27.2
TPA-SHAM 5 178.9%34.6 167.5%50.9 .
TPXTMX L 187.6thk.6 188,4#30.9
SUMMER _
# Before After D3 # Before © After D3_ - # Before After D
SURGICAL GROUP RATS _ Dy 12001U /ik RATS D3 24ooIU/Wk  RATS _ D3 2,09013/91}:
SHAM 6  300.0%Lh4.,7 276.0+20.0@ 1 . 186.0 195.7 3 234,1#10.1 273.1*22,.8 =
THX 7 230.7+64.9 25k4,2%6Lk.9 1 236.7 239.7. 1 246.3 272.2
FX-SEAM 1 230.7 284,3 2 219.7+55.8 267.6x27.L4
PL-THY 1 2ho0.,0° 266.3 ' 5 228.6%11.4 274.5%:27.0¢
TPX-SHAM 2 239 9thg,7 212.5%41.7 1 153.3 - 191.3 3 165.8%36.5 256.2%37.54
TPX-THX 2 11.8%#36.1 226.8+63.8 2 i92.6%5,2 208.0%11.3 3  183.5%¥16.7 231.7% 5.3¢
Individual Groups:.: Lombined Groups
P Values e < 0.05 & TMX+SHAM - < 0,05
(+D3 : No Ds3) $¢ <o0.0L '
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TABLE 27

FFECTS OF DIETARY D3 AND 2400 IU/Wk Do ADMINISTRATION ON FOOD AND WATER INTAKE AND URINE VOLUMES

]

Gm or ml/rat,wk: Mean % S.E. -(SUMMER)

SURGICAL GROUP CONTROL DIET D3-DEFICIENT DIET  D3-DEFICIENT DIET P VALUES
T £ RATS) - (cD) (or) + 2400IU /M D3 (+D3)

FOOD (Gm) 1kk.1 * 10.0 112.8 + 9.6 115.2 + 11.9 © CD:DF < 0,001
§%%% WATER (ml) 253.0 * 21,0 206.3 * 39.2 199.0 + L40.8 CD:DF < 0.01

UVRINE (m1) 57,8 * 11.0 69.9 = 34.9 70.6 * 33.6

FOOD (Gm) 139.1 £ 13.2 . 115.5 * 13.8 1147 + 20.5 CD:DF < 0/01
14 WATER (m1) 254,7 * 38,7  191.6 * b2k 195.h £ 33.2 CD:DF < 0.01
o CRINE (ml) 66.4 * 16.6 59.0 * 20,1 - 48.1 + 19.0 CD:DF < 0.05

DF:+D3< 0.05




VIII - BODY WEIGHTS, WET ORGAN WEIGHTS AND HEMATOCRITS

Body weighfs.-wet organ weights and hematocrits for
all groups are summarized in Table 28. The thoracic cavity
was carefuily examined and any animal (TMX, PX-TMX, TPX-TMX)
showing - thymus tissue was discarded. ’

The conditions of the experiments do not allow adequate
comparisoh of mean weights of‘the various organss too much
variation exigts in the initial and final body weights and
most importantly there is no D3~untreated (control) group.
Although no conclusions can be drawn as to the effects of

“vitamin D, the following need to be mentioned:
| a - Thyroparathyroidectomy'impaired somatic growth
in all groups studied.

b~ The influences of D3 on renal excretion do.not seem

to be related to changes in'kidney:size°
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I- BODY WEIGHTS..WET ORGAN WEIGHTS, AND HEMATOCRITS OF RATS TREATED WITH D

TABLE 28

Surgery: SHAM®

No. of rats
Tnitial body weight (g) 264

Tinal body weight (g) 336

Heart (mg) 925

Kidneys (ag) 2413

Lirenals (mg) . L6

Seminal vesicles (mg) 279

{ empty) :

- Testes (mg) 2562
Ventral prostate (mg) 391

Cozgulating glands (mg) 132

Thymus (mg) 234

Hematocrits (%) L3

5

I+ i+ I+ I+ H I+ I+

1+

H

4+

76
55
157

270

™
Th1
179
20

105

TMX ®

5
268 =

1+

332

+

893
2265

+

+

L9
372
2808

+

+

h5 +

=

70
51
222
L32
13
200
ho1

181

1

3 WEEKS (WINTER)%

PX-SHAM®
6

200 * 1k
355 + Lk
ool = 92
2370 = 188

L3 + 8

. 381 + 78

3010 = 286

355 + 137
L3 + 3L

403 + 117

bo £ 2

PX-TMX ®

I+
(=]
W

199
338

H
\n
s}

930

2300 = 362

H
L
V]

Lo + 8
367 £ ol

3316 * 357

373 + L8

125 + 57

5 1200 TU/WK FOR

TPX-SHAME  TPX-TMX®
5 ) R
101 + b1 214 = 22
oho + 82 272 ivl6
636 + 192 655 + 87
1403 + 855 1681 * 399
31 36t 22
231 + 103 - 306 * 76
1807 £ 999  2hk8 * 976
227 + 172 276 % 133
76 + 4o 80 % 15
.267 £ 161 -——-
46 + 2 b6 + 3

#* Means values and S.E.

® fortas dilated with loss of elasticity in most animals

@Necrosis of heart in one animal
OVWhite spots on kidneys in one animal
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TABLE 28 ( continued)

II- BODY WEIGHTS, WET ORGAN WEIGHTS, AND HEMATOCRITS OF RATS TREATED WITH D3 2400 TU/MK FOR
3 WEEKS ( WINTER )%

Surgery : SHAM TIX S SHAM & : TMXQ
No, of rats . f—l ,T I =
Initial body weight (g) 202 * 37 181 = 22 175 = 37 188 + 31
Final body weight (g) 368 + 31 ‘ 328 + 8 ._331 + 24 330+ 8
Feart (mg) 970 = 4o 9h7 * 68 938 + 102 990 * 69
Kidneys (mg) 2230 £ 126 - . 1967 * 162 1918 + 285 2111 + 245
Adrenals (mg) 50 + 10 ho + 12 . 387 L6 + 15
Seminal vesicles (mg) 206 + 30 333 + 30 ;' 239 + 58 ' 251 * 80
Testes(?ﬁﬁiy) 2678 £ 206 2546 * 135 - 2569 * 361 2817 + 191
Ventral Prostate (mg) 370 + 91 35é + 6l 337 * 50 ' Lol + 103
Coagulating glands (mg) ‘ 130 + 18 149 * 12 '98 + Lk 113 + bb
Thymus (mg) 336 +-88 . 3L £ 43 ---
Hematocrits (%) Ls + 4 b3 + 2 Lg + 3 | Lo % 1

*Means values and S.E.
% Autopsy performed 3 weeks after the animals had been w:Lthdrawn from the vitamin treatment
© Severe kidney damege in one animal

= White spots on stomach .and intestine of two rats
@Dilated, stiffened aorta in most animals
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TABLE 28 (continued)

'I1II- BODY WEIGHTS, WEil ORGAN WEIGHTS, AND HEMATOCRITS OF RATS TREATED WITH D3 1200 TU MK FOR

Surgery

o, of rats
Initiel body weight (g)

Final body weight (g )

Heart (mg)

Xidneys (mg)
Adrenals (mg)
Seminal vesicles (mg)
‘ (empty)
" Testes (mg)

Ventral prostate (mg)

Coagulating glands (mg)

Ty (rg)

Yematocrits (%)

287
2ho2
2l
1y
hio

20

H-

4

I+

4+

+

*

+

22

10k

350

130
25
106
39

118

1

X O
o ©

7 0
143 £ 6

288 + 10

762 £ 50 .

1716 = 20k
3926
206 + 86

2345 * 236

251 * 51

108 * 30

3 WEEKS ( SUMMER )¥

PX-SHAM
1

192
300
637

1635

26
12k
222k
178
69
400
38

L+
A

PX-TMX ©
A

1

17k

200
2112
210

o

ho

Tpxésmézi TP>2< -TMX:
192 + 22 200 * 1
208 + 11 232 * 274
552 + 53 560 £ 50

1195 + 6k 1405 + 290
18 = L 32 12
2Lk8 + 39 2§6 * 112
2196 + 160 2435 * 35
231 + 18 3c2 + 103
123 + 18 112 + 29
378 + 66 ---
b2 £ 3 390

* Means values and S.E.
€ Severe kidney damage, calcifying necrosis

8 Some kidney atrophy
OfLorta dilated, stiffened

A vwhite specks on kidneys, stomach, intestines
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IV- BCDY WEIGKEIS, WET ORGAN WEIGHTS,

TABLE 28 (continued)

AND HEMATOCRITS OF RATS TREATED WITH D

Surgery: _ SHAM
No, of rats 1
Initiel body weight (g) 175
Final body weight {g) h16
Heart (mg) 1038
Kidneys (mg) 2763
Ldrenals (mg) 20
Seminal vesicles (mg) 380
(empty) |
Testes (mg) 3009
Ventral prostate (mg) 299
Coagulating glands (mg) =~ 82
Thymus (mg) 524
Hematocrits (%) . 51

3 WEEKS ( SUMMER )%

TMX TPX-SHAM®  TPX-TMXV
1 1 2
i 177 172 + 16
393 208 273 + 37
1068 597 620 + 6
2573 1398 1198 + 168
61 27 30 £ 12
527 389 .ulo + 35
3099 3093 3002 t 352
549 361 T 69k £ 116
o 111 142 + 28
-——— 159 c—
50 + 0

L6 Lo

3 2Loo IU/MWK FOR

D3-DEFICIENT DIET

samqg TMX
8 )4 9
212 + 26 219 * 31
336 + 33 3bh = 35
958 + 96 992 + 138
2166 * 306 2197 + 315
bo £ 10 51 % 12

230 = 29 261 % 28
28L6 = 245 ’287h + 181
327 + 01 311 + 89
109 % 29 116 £ 21

289 * 103 -—

52 £ 1 52 £ 3

* Means values and S.E.

@ Aorta dilated and stiffened in most animals
V White spots or streaks on stomach of one animal
O Severe kidney damage in one rat
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V- BODY WEIGETS, WET ORGAN WEIGETS, AND HEMATOCRITS OF RATS TREATED WITH D

TABLE 28 (continued)

3 12,000 IU/WK FOR

Surgery:
—-O Oa.

Ln:slal body weight (g)

rats

Tinal body weight (g)

Heart (mg)

Kidneys (mg)

Adrenals (mg)

Ventral prostate (mg)

Coagulating glands (mg)

Thymus (ng)

Hematocrits (%)

S 172

SHAM Q-

3

210 #

M-

32k

s

959
2262 *
Ll +

4

-

2695

+

319
103
256 *
L8 *

25
32
128

% e PXéSHAM '
21k + 20 238 £ 12
296 = 6 323 £ 2k
g22 + 36 876 + 13

2h51 £ 569 3022 £ 9h2

€8 + 8 55 + 4
268 * L3 322 + 57

2898 * 122 2790 * 273

395 £ 91 288 £ Th
88 * 12 90 £ 2

e 272°% 30
52 + 2 L8 +

3 WEEKS (SUMMER)w

PX-TMX

230
338
861
21188
k9
266

.2991

408

115

1k
26
78

201

65

%
110

.30 .

TPX-SHAM

: TPXLZTng
231 + 33 21k = 22
209 * 18 S L5
479 + 65 541 + 34
1512 + 288 1669 * 254
37 + 8 43 10
137 £ 72 237 = k9
2251 + 36 = 2739 * 392
2hl + 180 318 £ 203
83 + L 98 + 36
146 = ---
TN 48 £ 3

* Meens values and S.E.
® Dilated aorta

Q vhite streaks on stomach and kidneys

@ severe kidney and stomach damage: calcification



DISCUSSION

I - Calcium (Ca) and Phosphorus (P) metabolism

| Vitamin D3 is synthesized from endogenous precursors
when there is adequate exposure to natural sunlight (69, 121).
More of the vitamin, and of its major metabolite, 25-hydroxy

D are produced and stored during the "summer" than during

39
the darker months. 25~hydroxy—-D3 serves as the precursor of
other regulators (especially the highly potent hormone,
1.25-(OH)2-D3) but it also acts directly when present in
sufficiently high concentrations. ‘Since influences are exerted
on numerous biological functions, it is likely that seasonal
variations in the amounts of vitamin D-related secosteroids
dontribute substantially to the maintenance of circumannual
rhythms of electrolyte metabolism.

1,25—(0H)2—D is the major physiological stimulant for

3
the intestinal absorption of dietary calcium and phosphorus
(69, 102, 174)., It thereby contributes to maintenance of
plasma concentrations of calecium and of inorganic phosphate
and it provides the minerals required for the calcification
of bone and other hard tissues. Vitamin D metabolites have
also been implicated in the regulation of biosynthesis of the
collagenous matrix of the bone (217), and in the renewal of
bone cell populations. They may contribute more directly to
the processes of minéralization (27, 179, 222, 226), Additio-

nally, they seem to be involved more generally in the control

of calcium exchanges between cells and extiracellular fluids.
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Relatively high coﬁcentrations of 1.25-(0H)2-D3 facilitate
bone resorption (174) and the transfer of calcium and phos-
phorus from bone to the blood plasma., There are indications
thét the various vitamin D metabolites differ in their rela-
tive bone mineralizing versus bone resorbing potencies (226).

There is strong evidence that vitamin D metabolites
also act directly on the'kidney to adjust P reabsorption
rates to changing needs (104, 236, 286).

ﬁy elevating plaéma calcium concentrations, vitamin D
metabolites indirectly reduce the secretion of parathyroid

hormone (219, 244). 1,25-(0H),-D, and 24,25-(0}{)2-1)3 nay

3
also interact directly with receptors in the parathyroid
glands (121, 129). However, they exert essential “"permissive
influences”" that facilitate the effects of PTH on bohe.
Parathyroid hormone promotes the transfer of célcium

and phosphorus from bone and other tissues (137, 229) to
the blood plasma, and it ﬁhereby elevates plasma calcium
concentrations., It aiso promotes renal conservation of cal-
cium (106), and it indirectly enhances absorption of dietary
mineral by stimulating the conversion of 25-0H-D3 to 1,25-
(OH)Z-D3 (69, 94, 121).

 PTH markedly increases the renal excretion of inorganic
phosphate (106, 209). As a consequence, it lowers plasma P
concentrations and it thereby increases the fraction of cal-
cium ion. However, the influences of PTH on production of
. 1'.25~(O}I)2—D3 accelerate the delivery of d;etary phosphate to

the bloedstream,



PTH is essential for maintaining normal bone remodeling
and growth (209, 225, 247, 315).¢ It promotes proliferation
of osteoprogenitor cells and the modulation of osteoblasts to
osteocytesQ |

| Plasma concentrations- of Caff will tend to rise when
high levels of PTH favor bone resdrption over bone formation,
promote the transfer of minerals to the blood plasma, stimulate
renal absorption of calcium and eﬁhance absorption of dietary
minerals. They will tend to fall when new bone formation is
favored over bone resorption.

Urinary calcium excretion is augmented mostly at times
when a larger quantity of the ion is filtered by the renal
glomeruli. Thus, although PTH acts directly on the kidneys
to promete calcium ccnservation, it usually increaseé calcium
excretion because of its influences on the blood calcium
concentrations. Pharmacological &oses of vitamin D can also
enhance calciuresis, since they promote resofptionc However,
physiological levels of vitamin D metabolites tend to decrease
calcium excretion by shunting the mineral to sequestration
sites in bone and other tissues, as well as by enhancing its
reabsorption in the kidney,

Concentrations of vitamin D metabolites that favor bone
formation over bone resorption reduce renal excretion of
phosphate (even though they enhance dietary absorption) and
they also increase renal tubular reabsorption of the mineral.
~-In this way, they oppose the phOSphaturic actions of PTH.

The ratis of this study were exposed to longer periods
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of natural daylight during the "summer® than during the
"winter” months. The lower serum and urinary calcium values,
and the lower rates of phosphate excretion are all consistent
with increased synthesis of vitamin D metabolites and
increased rates of bone fdrmation relative to bone resorption.

Role of parathyroid hormone

There are several indications that PTH secretion is
reduced during the summer months

1) less phosphate (relétive intake) is exéreted;

2) serum calcium concentrations are lower;

3) parathyroidectomy is less effective for decreasing phos-
phate excretion than it is in the winter;

4) parathyroidectomy significantly.elevates ? serum in the
winter bﬁ% has inconsistent effects in the summer,

5) while parathyroidectomy reduces serum calcium levels in
both summer and winter, the effects.can be reversed by thy-
roidectomy only in the summer. |

The data are in agreement with the hypercalcemic and
hypophosphatemic effects of PTH reported by others. 1In the
winter, higher levels of PTH could account for the higher
levels of serum calcium, primarily because of enhancement of
bone‘resorption, but also through inhibition of renal phosphate
conservation., In the summer, PTH is probably more effective
at the Iridriey level, where it promotes calcium reabsorption.

The phosphaturic action of PTH, apparent in the winter, is

\prohably counteracted Ly the opposing effects of higher

vitamin D concuntratione in the summer., Calciferols additio-
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nally suppress PTH secretion (46).

Role of thyroid gland

The thyroid gland secretes iodinated hormones (Tu and
TB) and calcitonin., The iodinated hormones exert numerous
influences on mineral metaboliém (75, 106, 140)_and on bone
physiology, but most effects of deficiency take time to deve-
lop. It is likely that many of the differences between the
PX and TPX animals of this study are related to loss by the
latter pf the more rapidly acting peptide (CT) hormone.
Howeyer. iodinated thyroid hormones do exert influences on
electrolyte metabolism, and deficiency effects havé not been
ruled out. |

CT inhibits bone resorption (96.-187. 275) and thereby
slows the rate of transfer of minerals to the bloodstream.

It also tends under some conditions, to increase the renal
excretion of calcium and of phosphorus (76). While it can
lower plasma caléium concentfations‘that are high, the adminis-
tration of even fairly large doses usually has little effect
on the blood levels of normocalcemic individuals. In intact
animals, any tendency for CT to lower plasma calcium may be
countered by compensatory increases in PTH.

In these studies, parathyroidectomy lowered the serum
calcium concentrations during the winter (when vitamin D
-synthesis is diminished), At this time, thyroidectomy elicited
no obvious influences. TPX animals had serum Cg concentrations

and uwrinary calcium exeretions virtually identical with those
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of PX rats. By contrast, TPX rats had markedly higher serum
calcium concentrations than PX rats during the summer.

The findings suggest that the ability of one or more
thyroid factors to influence plasma calcium concentrations
involves_important interactions with vitamin D metabolites.

The‘higher rates of calcium excretion by TPX (as compared
with PX) rats are reasonably attributed to the higherlblood
levels of calcium and therefore increased glomerular filtra-
tion of the mineral. | |

Removal of the thyroid gland had little or no net influen-
ces or the serum phosphate concentrations, or on phosphate
‘excretion during the winter. However, TPX animals excreted
even more phosphate than SHAM operated oneé during the summer;
and excretions were very much greater than tﬁose of PX rats.
Thus, maximum effects of thyroid deprivation were elicited when

D, synthesis was high and;no_opposing,influenceswcouldfbe

3
‘exerted by parathyroid hormones.

CT promotes hypophosphatemia and hypocalcemia in several
ways that include both inhibition of bone reéorption and inhi-
bition of renal reabsorption (223, 253, 254, 293). CT can ei~
ther increase or decrease excretioﬁs of Ca.énd P, depending on
the relative magnitudes of its effects on bone and kidney which
are determined by the state of bone remodeling. In normal
individuals, the effects on bone are believed to dominate
(296). The renal influences are not essential for the hypocal-
cemia and hypophosphatemia. Furthermore, although the hypo-
rhosphatemic effect of CT has been elicited following its

administration in combination with P7H, CT neither inereaces

ARy
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nor decreases PTH-induced phosphaturia.

However, under conditions of decreased bone resorption,
e.g. in PX animals, or under conditions‘of higher rates of
bone calcification (high DB)' the effects of CT on the kidney
become more important. Consistent with this is the abolition
of CT effects on plasma P concentrations by nephrectomy (254).

The data of this present study are consistent with a
concept of multiple sites of CT actions that affect calcium
as well as phosphate excretion. |

Role of thymus gland

- The thymus gland may confer some protection against
excessive loss of minerals into tﬁe urine. During the winter
menths (when all surgical groups excrete more calcium), the
losses for thymectomized groups were all greater than those
for corresponding sham-thymectomized ones. The effects of
thymectemy in the winter seem to be greatest in animals without
thyroid glands. The excretion of phosphate during the winter
is alse greater in TMX than SHAM rats, and it is further |
enhanced in the TMX~TPX than just the TPX groups.

The data on calcium excretion during the summer are
consistent with a thyroid-dependent increase in mineral
retention, since all animals with thyroid glands excreted less
calcium in the summer, whereas TPX groups did not. Both thy-
nectomy and parathyroidectomy reduced the summer:winter
differences in Ca excretion,

In view of the present findings, the following hypothesis

is formuilatad:r The thymus gland promotes calcium (and phospho-
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rus) retention by stimulating bone calcification (or inhibi-
ting bone resorpfion). Such action is anti-PTH to some extent
and similar to that of CT. Such an effect of the thymus on
bone mineralization would lead to a reduction in serum calcium
(hypocalcemic effect). The latter would stimulate PTH secre-
tion and evenfually 1.25-(OH)2~-D3 formation. ngether. PTH

and D, metabolites would then promote intestinal Ca and P trans-

3
port, bene demineralization, renal tubular Ca reébsorption and
elevation of serum calcium concentrations.,

The above hypothesis takes into account the observed
effects of thymectomy (in this study) in decreasing serum cal-
cium and increasing Ca excretion more substantially when PTH
and CT are present. Further suppoft for the hvpothesis found
in the literature, includes the following:

1) A factor from the thymus lowers blood calcium (170). (How-
ever, the present hypothesis thinks of this effect as
transient) |

2) The thymus exérts influenées that are antagonistic to those
of PTH (170).

3) The thymus stimulates bone growth (22, 309).

4) The “thymus factor" is calcitonin produced by "C" cells
that have migrated to the thymus (99).

Role of vitamin D

A - Role of endogenous vitamin D in calcium (Ca) metabolism

The seasonal variations in Ca urinary excretion and
serum levels, suggest thut some vitamin D effects on calcium

metabolism can be associated with (are dependent upon) while
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others can be discociated from (are independent of) PTH
actions., Vitamin D decreases calcium excretion in the
summer when there is increased synthesis of endogenous D3
as well as decreased secretion of PTH. .Both D3 and PTH would
promote Ca reabsorption in the kidney independently and
together. But the effect of either one of these agents (at
physiological concentrations) on bone calcium is dependent on
the other. The vitamin D effects on Ca excretion are seen
in both the absence 2nd presence of PTH,.but they are lessened
rather than abolished by parathyrocidectomy.
ﬁowever,»parathyroidectomy enhances the serum calcium
depfession seeh in the summe:f9 suggeéting that PTH is an
important factor regulating blocd calcium. In other words,
the decrease in serum calcium seen in the Summer is not solely
dependent upon higher D concentrations but is also related +to
lower PTH levels. Complete removal of PTH worsens the hypo-
calcemic condition. In éddition. higher endogenous D3 would
probably be favbring calcification. It is aiso possible that
high D levels stimulate CT secretion, directly or indirectly.
This could further contribute to the hypocalcemia and hypo-
caleciuria. Frankel and Yasumura (91, 92) demonstrated that
D3 can cause depletion of the thyroid content oficalcitonin
in rats. DProlonged D3 administration also stimulates calci-
tonin synthesis, Additional evidence for influences of D3 on
calcitonin secretion come from the effects of thyroparathyroi-
~ dectomy on both calcium excretion and serum calcium, observed

in the present study: seasonal variations were not marked
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if present at all, in TPX animals. This strongly suggests

| an important'involvehent of thyroid gland in vitamin D action,
at least in the summer. Finaily, thymectomy enhanced seaso-
nal variations ih calcium excretions in TPX animals. The
latter is consistent with some antagonistic influence of the

thymus on vitamin D and/or PTH.action.

B - Role of endogenous vitamin D on phosphate (P) metabolism

As pointed out préviously; higher endogenous D levels
seem to be responsible for the decreased P excretion observed
in summer animals as compared with winter ones. Vitamin D
could theoretically elevate serum P in two ways:
by enhancing intestinal absorption (via PTH-dependent and PTH-
independent mecﬁanisms) and by increasing renal conservation
of the mineral. However, such actioﬂs are overpowered by
strong stimulation of ion.nptake by tissues such as bone.
During the winter, PTH effects on urinary excretion should
become more evident, since D3 levels are low.

By comparison with the variability in excretion, the
blood phosphate levels seem to be under rigorous control and
to resist seasonal influences. It is likely that calcitonin
contributes to such stability, since it (as well as PTH) can
promote development of hypophosphatemia. The findings on
animals thyroidectomized during the summer months, and others
involving D3 administration to TPX rats, support the concept
that the thyroid gland participates in responses to calciferols,

The zbove considerations support a role for endogenous



vitamin D3 in preventing phosphate diuresis, such role being
more important tﬁan maintaining normal blood phosphate level,
As discussed later, vitamin D3 was found to promote Cl
excretion. It is quite possible that D action on renal P
handling are related to or may even be secondary consequence

of the effects on chloride.

C - Effects of administration of 1200 IU/week D3

Effects on calcium

The admiﬁistration of ;200 IU D3 weekly during the
winter increased calcium excretion in all groups, more espe-
cially in rats with intact parathyfbid and tﬁyroid glands. By
contrast, there was little influence on serum calcium concen-
trations. The administration of similar doses during the
summer decreased calcium excretion in all groups including
PX and TPX rats; and there was a concomittant rise in serum
calcium concentrations. | .

The findings are consistent with some improvement of
absorbtion of dietary calcium during the winter. However,
during the summer months, since the reduction in calcium
excretion was associated with an elevation of serum Ca
concentrations, it is evident that vitamin D érovoked changes
other than those related to intestinal absofption. The data

support influences of D, on increasing intracellular storage

3
of calcium and/or activation of bone mineralization.
That vitanin D is exerting divergent effects on serum

czlcium handling at different times of the year can be explain-
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ed on the basis of the various metabolites involved in the
mode of action of the vitamin. It is generally believed that
when plasma calcium concentrations are high (such as in winter)

substantial amounts of exogenous D3 are converted to 24,25-

3
absorption, possibly following 1-hydroxylation, but it has

(OH)Z-D This metabolite can increase intestinal calcium
little effect on bone and kidney. The findings of the present
experiments are consistent with 21#.25—~(OH)2--D3 increasing
dietary absorption of calcium during the winter and therefore
increasing the amount of Ca filtered by the glomerulus. This
could explain the greater urinary ioss of calcium. The data
demonstrate that the vitamin is more effective in animals with
intact parathyroid and thyroid glands. It is likely that PTH,
because of its bone resorbing activity, contributes +o the
increased load of calcium at the kidﬁey, and that this effect
is superimposed on its stimulation.of 24,25-(0H)2—D3. Therefore,
PTH effects on cglcium excretion are additive to those of 24,25-
(OH)2~D3. Furthermore, it has been reported that injections
of D3 in D-sufficient humans increase calcium excretion before
any changes are observed in plasma calcium or PTH levels (33).
Only later is PTH secretion inhibited (46).

- During the summer months, when serum calcium is low,
(PTH level is reduced), more vitamin D3 is converted to 1,25-
(OH)Z-»D3 (124). The 1-hydroxylation reaction is known to be
influenced by PTH (124). Therefore, in animals with intact
parathyroid glands (TMX, SHAM), the observed effects of vitamin

D could be explasined by mechanisms involving PTH actions on bone
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and kidney. However, one point of interest is that, although

PTH stimulates 1,25-(0H)2-D formation (when serum Ca is low),

PTH secretion is eventuallyBinhibited (feed-back) by the meta-
bolite following its increased synthesis (46). 1In animals
deprived of parathyroid glands, (PX, TPX), D, must be acting
via different mechanisms. Possibly, exogenous D3 is converted
to 25—0H-D3 or 2&;25—(0H)2-D3 which would improve intestinal
calcium transport and favor bone mineralization (241), there-~.

fore explaining the changes in serum and urine concentrations.

The data on PX and TMX animals do support actions of D3 indepen-

dent of PTH or thyroid gland. Reynolds et _al (217) reported
that cultures of bone from TPX mice respond to additions of
1,25~(0H)2-D3 in moderate doses, suggesting the existence of
additional mechanisms of bone mineralization (other than those
involving PTH or CT). DNore recently; Treschsel et al (300)
demonstrated the existence of PTH-independent regulation of
plasma 1,25—(0H)2-D in rats. Whether exogenous D3 is convert-

3

ed into 1,25-(0H),-D, or to 24,25-(0H),-D., during the summer
2 23

3
months, the end result in serum calcium and calcium execretion
would be the sanme.

Effects on phosphate

The administration of 1200 IU D, weekly significantly

3
increased phosphate excretion in PX animals during the winter.
Although the change was not statistically significant in the
other surgical groups, it is important to notice the trend
towards an increase in excretion in TMX and SHAM, but a de-

crease in TPX rats, These findings suggest the involvement of
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the thyroid gland in the observed stimulation of P excretion
by vitamin D3. Similarly, during'the summer, D3 increased P
excretion in all groups except in TPX animals which again
showed a slight decrease.

| This dose had little influence on serum P concentrations
during the winter, but it elevated the serum values of SHAM
animals during the summer. The same dose diminished calcium
excretion and elevated serum calcium values during the summer,
Therefore, it is apparent that vitamin D3 is exerting its
influences on calcium and phosphorus metabolism via different
mechanisms. The thyroid gland seeﬁs to be essential for normal
renal handling of phosphate. It has been reborted that the
phOSphatemic effect of D3 is independent of the effect exerted
on urinary phosphate excretion (286). This seems to be exempli-
fied in summer SHAM rats with increased P excretion rates and
increased serum P concentrations.

The role of thyroid (CT) in D action will be considered

in the following sec+tion.

D - Effects of administration of 2400 IU/wk D

3

Effects on calcium

The administration of 2400 IU/wk Dy had similar
effects during the winter and summer months. - It is possible
that this higher dosage in winter animals (compared to 1200 IU/
wk) depressed PTH secretion to levels closer to those of summer

animals. The vitamin decreased calcium excretion and increacsed

serum calcium valuce in the animals studied (TMX, SHAM, TPX'=®).



This further supports the concept of a direct influence of
vitamin D, independent of PTH or thyroid gland, as already
suggested by the responses elicited by injections of 1200 IU
D3 in PX and TPXvanimals. Since the elevation in serum con-
centrations is associated with a reduction in excretion, it is
most likely that vitamin D is directly promoting renal calcium
reabsorption. This is probably attributable to increased
intracellular calcium storage and/or bone calcification.

Direct effects of D on-kidney tissue have been reported in

3
the literature (56, 104, 236, 286)., Moreover, D3-induced'
calcium binding protein has been identified.in chick renal
tubules (301, 302), but its relationship to cytosol Ca content
has not been established,

Effects on nhosphate

The administration of 2400 IU/wk of D4 during the
February-larch months significantly increased the phosphate
excretion (without affecting the serum'P values) of TMX and
SHAM aniwals. Similar doses during the summer reduced the
amount of phosphate excreted, but again without affecting the
serum concentrations of TMX, SHAM and TPX animals. These
responses further suggest the dissociation of renal and phos-

vrhatemic effects of D It is important to point out the

39
different responses elicited by 1200 IU/wk versus 2400 IU/wk
on P excretion during the summer. The small dose increased

the excreitlon rates in intact animals whereas the higher dose

reduced the rates. However, in both cases, TPX animals showed

- recuction in excretion, The phosphaturia observed following
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1200 IU injections was attributed earlier, at least in part,
to D3 stimulatioﬁ of calcitonin secretion. It is possible
that the higher dose (2400 IU), superimposed upon higher
endogenous D3 concentrations during the summer, counteracted
the effect of calcitonin in TMX and SHAM animals, while Dy
(as expected) prevented P diuresis.
The findings strongly suggest the importance of a thyroid
factor, possibly calcitonin, in realization of vitamin D actions.

The phosphaturia observed following D administration seems to be

mediated via stimulation of CT secretion (92, 311).

E - Effects of administration of 12,000 IU/wk D,

Effects on calcium

The administration of 12,000 IU D weekly during the

3
summer increased calcium excretion and serum calcium levels

of all animals, with and without parathyroid_and thyroid
glands. Such responses are similar to.those reported in
literature during hypervitaminosis or following administration
of pharmacological doses. Such high vitamin D levels do not
require PTH to promote bone resorption. The vitamin in this
case, it believed to be mostly converted to 25-0H—D3, nulli-
fying possible negative feed-back effects on the 25-hydroxylase
system (69)., High concentrations of 25—0H»b3. besides stimu-
lating intestinal calcium transport, could enhance bone
demineralisation, thereby increasing serum calciuvm content
‘and urinary caleium. 25~(OH)-—D3 may compete for 1,25~(0H)2~-D3

recepiors of intestine and bone, bring excessive amounts
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of calcium into the system, and thereby promote development

of metastatic caicification (69). Very recent evidence shows
that hypgrvitaminosis D does not increase resorption of bone,
but rather that it inhibits mineralization by impairing the
upfake of Ca by bone. Ultimately, dietary calcium and calcium

derived from bone resorption are spilled into the urine (147).

Effects on phosphate

The administration of 12,000 IU D3 weekly during the
summer increased P excretion in all rats. vHowever, the in-
crease was diminished by thyroparathyroidectomy. Again, as
before, there is a suggestioﬁ of thyroid involvement in
vitamin D action. |

Serum P concenirations were reduced following the
injections with no apparent differences amoné the surgical
groups.

The changes in serum and urine concentrations do point
to phosphate depletion elicited by vefy highfdoses of vitamin
D. Pharmacological doses of D3 are known to be phosphaturic

(215, 311).

F - Effects of dietary DB—deprivation - Effects of adminis-

tration of 2400 IU/wk to D~depleted rats.

Effects on calcium

TMX and SHAM rats kept on the D-deficient diet during
the summer showed no significant change in calcium excretvion
“when compared with animals maintained on a normal (D-supple-

mented) diet. Serum calcium values remained fairly constant
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except in the TMX group (which showed a rise in serum levels),
The D-deficient diet probably increased PTH secretion (which
is otherwise low during the summer). This should explain

thé ability of SHAM rats to maintain serum calcium. On the
other hand, excessive elevation of serum calcium concentra-
tion would generally be counteracted by release of CT. By
contrast, TMX animals, deprived of a hypocalcemic factor (as
demonstrated earlier) should (and did) show higher serum
calcium concentrations; The hypercalcemic effects of PTH

that result from accelerated bone demineralization are believed
to be vitamin D-dependent. The animals eating the D-deficient
diet may have possessed sufficient endogenous vitamin to
mediate the response. Absolute vitamin D deficiency states
are difficult to achieve particularly in a short time (226).
The animals of this study were fed the deficient diet for

only three weeks and they were exposed to sunlight. Dietary

D, is indispensable only when .animals are deprived of adequate

3
light (172). Thus, the rats of this study were probably D-
depleted rather than D-deficient. The effects of PTH on renal
conservation of calcium are believed to be-independent of the
vitamin D status (16, 226).

~ An additional factor that can contribute to the mainte-
nance of blood calcium levels is the high calcium content of
the diet (1.2 msZ). It ig known that ﬁigh~ca1cium diets can
provide sufficient mineral for passive transport acrogs the
" intestinal wall (226).
Because of the lesser amounts of available vitamin D,

a decrease  in bone ninevalization would te cxpeeoted in ovr
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summer animals, .It is well known that D3 is needed to promote

bone remodelling, and that severe D-deficiency leads to ap-
pearance of rickets and other abnormalities (69). It had
been proposed that D-deficient rats do not have an_ active
24-hydroxylase enzyme (69, 124) in the kidney (although some
is present in intestine, cartilage etc...) Therefore they are
unable to make adequate amounts of 24,25—(0H)2—D3. The latter
metabolite is believed by many to be the major one promoting
bone mineralization (12%4). It does not seem to share with
1,25HCC the ability to reduce the rate of synthesis of bone
collagen. However, it is believed-to inhibit the secretion
of PTH (27).

All of the above would contribute to the maintenance of
urinary and serum Ca within normal ranges. As aforementioned
the removal of an antagonist to PTH, would further raise the
plasma Ca values of TMX rats.

Unfortunately, the effects of the vitamin D3 deficient
diet were not studied in parathyroidectomizeg or thyropara-
thyroidectomized animals. One would expect much greater
disturbances in calcium metabolism under those conditions.

The administration of 2400 IU D., to D-depleted rats

3
led to decreased calcium excretion. Similar effects have
been reported by Nicolaysen and Eeg-~Larsen (226). In the
present study, the concentrations of urinary calcium were
actually below the levels that could be detected with the

“methods employed (0.5 mg/100 ml), suggesting that the D-re-

pleted gnimals were keeping their calcium, probably via
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enhanced renal reabsorption. As expected, there was a rise

in serum calcium'concentration,iILfact to values above those
considered normal (13.5 mg%). Again, the response to D was
even more pronounced in TMX rats. The findings are consistent
with vitamin D improving intestinal calcium transport, promo-
ting bone mineralization and enhancing renal calcium conserva-
tion., Goldberg et al (106) have reported that émall doses of

D., administered to D-deficient, but intact (with PTH and CT)

3
animals reduce calcium excretion by enhancing the deposition
of bong minerals, In addition, 25-OH~D3 was found to be the
most potent metabolite for promoting renal Ca (and'P reabsorp-
tion and bone calcification when given to D-deficient men (27,

53).
Effects on _phosphate

There was a tremendous increase in P excretion (greater
than 300% increase)‘when rats previously fed a normal diet
were switched to a vitamin D-deficient diet. The findings
strongly support‘the concept.of a rolie for viiamin D in
preventing phosphate diuresis. As already discussed in the
calcium section, decreased bone mineralization and enhanced
PTH secretion probably contributed to the phosphaturia.

By contrast, the serum phosphate concentrations did
not show any significant decrease. This is surprising,
considering the excessive amounts of phosphate being excreted.
The phosphate content of the diet (0.86%) would be expected
“to provide enough mineral to maintain the plasma levels.,
Furthermore, since there is 1little or no 24;25~(0H)2~D. to

3
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inhibit its secretion, PTH probably increases demineralization
and thereby provides phosphate for transfer to the blood
plasma. Calcitonin could be essential for counteracting the
exééssive resorbing activity of PTH and therefore for main-
taining “the phosphate (énd calcium) content of serum within
normal range. Calcitonin, as previously described, acts at
two sites to promote hypophosphatemia (and hypocalcemia). In
cases of enhanced bone turnover, the anti-resorbing activity
of CT is apparent. Therefore, thedefect in D-depleted animals
is probably not primarily at the level of bone remodeling in
the intact animals (with parathyroid and thyroid glands) but
at the level of the kidney: D-deficient animals are unable to
efficiently reabsorb P in the renal.tubules. The defect in P
héndling should be the most cbvious, for both PTH and CT are
phosphaturic agents and their secretions are stimulated under
conditions of D-deficiency (when anti-phosphaturic actions of
D3 are elevated)T D3—defiéi§nt animals do not suffer defective
renal calcium conservation. They are able to efficiently
reabsérb calcium from the glomerular filtrate.

Similar results have been reported by.Costanzo et al
(62): D3

when the blood calcium concentration is in the normal range.

~deficient rats have defective P reabsorption even

The administration of 2400 IU/wk Dy to D-depleted
animals (TMX and SHAM) decreased the phosphate excretion rates.
This supports the notion that vitamin D is anti-phosphaturic,.
D-repleted rats had lower serum P concentrations than D-de-

pleted cnes, It is qulite likely that the vitamin D injections
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promoted sequestration of the available phosphate for bone
mineralization. .The same injections increased serum Ca
concentratioﬁs; but it is well known that the increase in
blood Ca content usually precedes that of serum P. Under
the present experimental cohditions, a decrease in serum P
was observed, probably because the concentrations were measured
at a time of active mineralization. Calcitoninusecretion
(stimulated by PTH or D3) is a possible contributor to the
low serum P values, since that beptide inhibits release of
phosphate from bone. However, Costanzo et al (62) found that
when D3 was administered to D—defiqient rats, there was
decreased urinary phosphate and calcium excretion, and such
responses were more pronounced in TPX animals. This supports
the notion of a direct elffect of D3 on the renal handiing of
phosphate and calcium (independent of PTH and of the thyroid
gland) in D-deficiency. In a few cases, Costanzo et _al (62)
found that exogenous D3 iﬁcreased the excretion of phosphate
in parathyroidecfomized and {hyroparathyroidebtomized animals
They attributed this effect to residual PTH (but it could also
be related to residual calcitonin).

The findings of Costanzo et al do not exclude roles for
PTH and CT in the phosphatemic actions of vitamin D, but tend
to further emphasize the dissociation between the influences
of D3 on blood and those on the kidneys.

Influences of thyvmus on vitamin D actions

Thymus involvement in vitamin D action is apparent in

the observed summerswinter differences as well as in the
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responses to administered D3' Although the effects of thymec-
tomy seemed to véry with the time of D3 administration, they
indicate’a role for the thymus in promoting bone formation.
The important point to consider is the dual action of vitamin
D on bone minerals, i.e. its bbne demineralization as well as
its bone mineralization activities.

A - In the presence of PTH, the thymus gland antagonizes the
vitamin D effect on calcium and phosphorus metabolism. Under
those conditions, with low to moderate doses of D3, bone
resorbing'acti#ity'is enhanced (via 1,25~(0H)2—D3); The
anti-resorbing influence of thymus'is then more apparent.

B -~ In the absence of PTH, or when PTH secretion is depressed,
the thymus gland enhances vitamin D effects on bone minerali-
zation. Under those‘conditions, there is a lesser rate of
bone resorbing activity, with accelerated boﬁe calcification,

Therefore, the effects of vitamin D parallel. those proposed for

the thymus.,
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II - Urinarvy Sodium (Na) Excretion

A -~ Seasonal variations

The seasonal variations in excretion patterns for sodium
were of smaller magnitude than those for the other ions,
However,. a marked decrease was observed in spring, with values
lower than those for both winter and summer rats. This is the
reverse of the pattern for chloride excretion, in which the
highest values were found in the spring.

These findings could result from the dual effects of
"decreased PTH in spring® and "elevated-spring endogenous
D." The overall influences of PTH have been reported to
culminate in enhancement of sodium excretion, whereas there
are cases (discussed later) in which D injections promoted Na

reabsorption.

B - Sodium excretion and relationship with other ions

Sodium and calcium: Several investigators have observed an
interdependence in the renal handling of calcium and sodium.
Micropuncture studies indicate that such Na-Ca interrelation-
ships are locallized to the early portions gf the nephron, i.e.
the proximal tubule (37, 106, 159, 197, 310) and the loop of
Henle (106). However, even within the ascending (ﬁut not
descending) loop of Henle, the transport of the ions is
independent (134, 156).

Sodium and phosphate

- In the proximal tubule, phosphate and sodium reabsorp-

tion are closely linked (3). By contrast, transport of P
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seems to be totally dissociated from that of Na in the distal
tubule (106).

The effect of PTH on P reabsorption has to be attributed,
for the most part, to inhibition of Na reabsorption by PTH in

the proximal tubule (106).

C - Role of parathyvroid glands

In the present study, parathyroidectomy decreased sodium
as well as phosphate excretion in both summer and'wihter; The
concomitant increase in calcium excretion in the same animals
supports the concept that the net effects of PTH on sodium and
calcium excretion are dissociated;

PTH is known to inhibit proximal sodium reabsorption.
However, net sodium excretion may not be affécted because of
the counteracting effects of mineralocorticoids at the distal
portions of nephron (291). The resul+ts reported herein are

consistent with possible adrenocortical influences following

parathyroidectomy that lead to a reduction in Na excretion.

D - Role of thyroid gland

Calcitonin increases the urinary excretion of numerous
solutes, including sodium. It is a potent natriuretic in
rats and in man (4, 140) when given in either physinlogical
or pharmacological amounts. Moreover, the increment in
sodium excretion is linearly related to the log dose of the
hormone. The effcet seems to be exerted at .the level of

proximal tubule and to be independent of both PTH and of the
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mineralocorticoids (140). No significant correlation has
been found between calciuric and natriuretic effects of the
hormone.

In view of the preceding, one would expect thyroidectomy
to‘decrease sodiumexcretion with TPX aﬁimals showing the
lowest excretion values (compared to PX, for instance).
However, in the present study, thyroidectomy blunted the ef-
fects of parathyroidectomy on Na excretion; and TPX animals
had values similar to those of intact rats. |

The natriuretic effects of CT were observed following
the administration of exogenous peptide. In many cases,
preparations with prolonged actions were utilized. The failure
to see a reduction in sodium excrefion following thyroidectomy
in the present study could be attributéd to a variety of
factors, e.g. relatively minor influences of endogenous hormone
on sodium excretion, the presence of lower concentrations of
the peptide, or the influences of potent regulators such as
the mineralocorticoilds that éxert opposing actions.

Furthermore, thyroidectomy depletes the animals of
thyroid hormones other than calcitonin., Whereas plasma levels
of Na (and X) and their urinary excretions are net greatly
affected by thyrotoxicosis, it is reported that thyroid-
deficient animals have impaired sodium metabolism (140); and
hypothyroid rats sufler defective Na conservation., Several
hypotheses concerning the roles of thyroid hormones have been
“prepesed but none seem to be totally adequate. Since an

increase in Na excretion is seen in thyroid-deficient rats,



it has been proposed that the defect is in the Na-K-ATPase
system of kidnéy responsible for éctive Na transport (75).°
.Thyroid hormones are known to stimulate active Na transport;
and some correlétion has been found between decreased ATPase
activitj and decreased Na transport in hypothyroid rats.
Thyroid hormones may therefore establish a proper balance
between retention and excretion.

It should also be pointed out that in addition to the
mineralocorticoids, calcitonin and other factors, renal
prostaglandins have been proposed as possible "natriuretic
-hormones." PGE and PGA have been reported to exert anti-
hypertensive effects by promotiné vasodilatidn, and the excre-
tion of sodium, water and x* (166). However, PGA findings

have been for the most part discounted.

E - Role of thymus gland

Thymectomy tended to substantially increase sodium excre-
tion during the summer in otherwise intact rats.. A smaller in-
cremeht was observed during the winter. However, thymectomy also
enhanced the effectscef parathyroidectomy: PX-TMX rats had
lower excretion values than PX rats, Evidéntly. thymus remo-
val fesults in some impairment of regulatory mechanisms
present in the intact animal. Such a conclusion had been
previously proposed by several investigators (133, 185). 1In
one of those studies (185), heparin, administered at time
~.of year when Na excretion is normally low, was found to

increase sodium, as well as HZO’ Poz excretion in TMX but not



in intact rats drinking tap water. However, it increased
excretion of Na, K, Cl and water in both TMX and SHAM when

the animals drank sodium chloride solutions. It was suggested
that heparin is a "normalizer," capable of decreasing or .
increasing excretion of the above ions to maintain proper
balance. Removal of thymus would impair such cgntrol.. The
thymus gland has been reported to produce heparin-like, sulfa-
ted mucopolysaccharides (49, 66, 81). In addition, prosta-
glandins have been found to be synthesized in T-cells and to
play important regulatory roles in immune responses (312).
Current evidence suggests that most prostaglandins, exert
their actions in the immediate vicinity of their production

or release, acting as 1oca1'hormone§ (190). Prostacyclin
effects on the kidney may, however, depend on actions exerted

at more distal sites.

F - Role of vitamin D

Effects of 1,200 IU/wk D

3

This dose of D3 increased Na excretion in rats with
intact thyroid glands during the winter. 1Its effects were
greatest in SHAM groups. While PX animals showed a slight
increase in excretion, TPX animals tended to decrease their
Na output following the vitamin adwministration. During the
summar, D3 injections increased the excretion rates in all
groups, againmost significantly in SHAM. These findings. sug-
‘gest some involvement of thyroid gland in vitamin D action,

at lcast when low levels of the vitamin are present.
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Effects of 2,400 1U/wk D,
There was increased sodium excreted in SHAM and TMX
following D3 administration, during the winter months. As
with the lower dose (1200 IU/wk), TPX animals showed a
decfease‘in excretion rates when given D3 in the spring.

Effects of 12,000 IU/wk D

3

The administration of this dose increased the excretion
of Na in TPX groups, as well as (although to lesser magnitude)
in TMX and SHAM RATS. This dose similarly increased the
excretion rates of Ca, P, Cl (and X) in all animals. Such

influences of D, are probably related to hypervitaminosis.

3
It is also observed, (although significance of such point
is unclear) thatvasbthe dose of administered .exogenous D is
increased, the magnitude of the responses of TMX and SHAM
animals decline whereas that of the PX and TPX groups shows

the reverse pattern.

Effects of dietar,v-D3 deprivation - Effect of 2400 IU/wk

D, administered to D-deficient rats

3

Although the D-deficient diet did not significantly
influence sodium (or chloride) excretion in the few animals
studied during the spring, TMX and SHAM rats fed this diet
during the summer showed a significant decrease in Na and Cl
excretion rates. However, summer animals had higher excretion
values prior to the D3~deficient treatment, and the spring:
summer differences were abolished when the animals were
maintained on the D-deficient diet. A similar pattern has

been observed for chloride excretion: D-deficient diet did
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not affect chloride excretion in the spring, but it reduced
it in the summer;

The administration of 2,400 1U/wk D3 to D-deficient
rats reduced the sodium excretion during the spring and
summer. ‘- This suggests a direct influence of vitamin D on
sodium handling.

From the data obtained following the administration of
low to moderate doses of vitamin D, it seems that D3 promotes
sodium retention., Puschett et al (236, 237) have reported
enhancing effects of D3 on sodium reabsorption. At physiolo-
gicalldoses, D3‘decreased sodium excretion when injected into
TPX dogs. It also decreased P and Ca excretion (a findihg
consistent with observations made in this study). It is
suggested that 25-(0H)-D is the metabolite involved. More
recently Costanzo et _al (62) described effects 6f eX0genous
D3 in rats. When given to D-repleted rats, exogenous D
resulted in a hypervitaminosis effect. However, when D3 was
~given to D-deficient rats, it elicited responses showing a
poéitive, although not linear, relationship between Ca and
Na reabsorption. D3 increased the renal reabsorption of P,
Ca, Na in D-deficient animals and was most effective in TPX
rats. The present study supports these findiﬁgs: except in
high dosage (12,000 IU), D3 was found to deérease the excre-
tion of Na (and of P, Ca) in TPX animals on a normal diet,
and to also decrease the excretion values of TMX and SHAM on
a D-deficient diet.

. . + . s
The increase in Na excretion in responses to D3
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observed in the present study in TMX and SHAM given low to

moderate doses (1200, 2400 IU) probably involves,stimulétion

of thyroid gland. (No increase was observed in TPX rats).
Costanzo gz;g; (62) suggested that D3 influences on

Na may be exerted at the distal portion of the'nephron. for

in some cases,‘D3 e¢hanged Ca ezcretion relative to Na excretion

without changing P excretion.

Thymus gland and vitamin D

Exogenous D affects were enhanced by the presence of
thymus gland. When D3 increased Na excretion, SHAM animals
responded more vigorously than TMX animals. Similarly, when

D, decreased excretion, the decrease was also more significant

3
in SHAM. The thymus therefore appears to be a modulator of

vitamin D action,



III - Urinary Potassium (X) Excretion

Seasonal variations

The seasonal variations in excretion patterns for
potassium were.minimal. As for sodium excretion, the only
significant change occurred inthe spring. At that time of the
year, the values obtained were lower than those forvwinter

and summer animals.,.

Role of parathyroid hormone

Removal-of fhe parathyoid glands had littie effect on -
potassium excretion during the winter and summer., PTH is not
known to be a regulator of K metabolism and whatever little
influence it may have would be expected to be overshadowed by
the powerful actions of mineralocofticoids, PTH inhibits
bicarbonate reabsorption in proximal (énd distai) tubule of
the kidney (106, 210), as well as sodium transpori in the
proximal tubule. Since transport of KV is closely related
to that of sodium and very much affected by the state of HC05
reabsorption (296), it is quite possible that-PTH tends to
promote K+retentiqn to some extent. 1In a receht study (17)
hyperaldosteronism was shown to be associated with hyperka-
luria and hypokalemia; but the defect was attribuﬁed to
primary hyperparathyroidism,

Role of thyroid gland

TPX animals had higher excretion rates than PX animals
‘but values similar to those of intact rats (TMX, SHAM). The
"data do not indicate any clear function for either calcitonin

or for PTH on renal K& handling.



Reports on CT regulation of k" excretion are conflict-
ing. Kaliuresis.has been described in rats (4, 24) - dbut
only slight or inconsistent effects have been found in humans
(5, 223). Bijvoet et al (24) attributed the kaliuresis
resulting from prolonged administration of calcitonin to
probable increases of aldosterone secretion secondary to the
preceding natriuretic effect.of the hormone.

Role of thymus gland

'Removal of thymus gland had some effect in the summer.
TMX animals had higher excretion rates than the SHAM group.
No other appreciable influences of surgery were observed.
However, it should be mentioned that TMX rats also had higher
values for Na, Cl excretions and urine output than SHAM
during the summer., .Jt is possible that thyméctomy has a
general effect on electrolyte balance, and that it deprives
the animals of the "normalizer" discussed eaplier.

Role of vitamin D

The adminiétration of exogenous vitamin D elicited
neither dramatic nor consistent responses. 1200 IU and 2400
IU injected weekly increased the excretion rates in TMX and
SHAM during winter and spring. During the summey months, TMX
rats did not respond to 1200 IU (whereas SHAM did): the
vitamin did not elicit apparent changes in.K éxcretion (nor
in Na). PX and TPX groups showed little change in their
excretion rates.

The administration of 12,000 IU D3 weekly increased the

excrotion valves for Na, Ca, P, Cl, in all surgical groups,
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but it enhanced K* excretion only in PX groups.

However, TMX and SHAM maintained on a D-deficient
diet had a dramatic reduction (50 to 56%) in K" excretion
during both spring and summer. No reduction in Na,excretion
was observed in the spring under the same conditions. 2400
IU administered to D-deficient TMX and SHAM, although it
further decreased the excretion rates in the spring, had
no apparent effect in the summer. The vitamin D studies do
not show any clear pattern of vitamin D influence on K+
excretion. Any variations observed could be related to the
| actiqns of other factors_stimulafed by vitamin D administration
or to the influences of the vitamin on other jons such as .

sodium.,

159



IV - Urinary Chloride (Cl) Excretion

Seasonal variation

V'The excretion values for chloride were found to be
higher during the éummer than during the winter months. The
seasonal variation was observed in 21l the groups studied
(TMX, SHAM, PX and TPX's). Therefore, something other than
PTH or a thyroid factor is enhancing éhloride excretion in
the summer. Since its endogenous synthesis is increased in
the summer, vitamin D might be responsible for the obsérved
changes in chloride excretion. Indeed, the effects of exoge-
nous D administration seemed to support this possibility and
they will be discussed in a later section. .

Although the values for summer were generally higher
than those for the ﬁinter months, the excretion rates for THX,
and SHAM were highest during the spring. Only three TPX rats
were observed during the spring. These too, had higher values
than either winter or summer TPX animals. Such a large
increase in excrétion could be relate& to lesser secretion
of PTH with the advent of lighter days, and té increased
vitamin Dsynthesis. The animals could be more sensitive to
vitamin D in the spring, since the& are observed following a
period in which D synthesis is low. A cyclic nature of
remodelling has been described and some parts of skeleton
seem to remodel more frequently than others. Seasonal varia-
tions include greater ostecolid tissue formation in the late
winter and spring than during iste summer and autumn. These

changes could be attributed to vitamin D (1 ). Certain
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aspects of bone remodelling could be more sensitive to D

in spring. Similarly, a D effect on chloride excretion

could be more powerful at that time of year. - During the
summer months, the animals are probably able to adjust better
to chronically high concentrations of vitamin D. Studies

by two laboratories showed lowest plasma concentrations of
vitamin D in December and January and the highest values in
June-July (289) or September (211). But, McLaughlin et _al
(211) found the greatest variability in March (March:Sept.
p{0,001, March:Dec. P{0.05). In some persons, the concentra-
tions of 25—OH—D3'(the major circglating vitamin D metabolite)
reached peak values during that month, after which they fell
slowly to rise again during the summer.

Seasonal variations in the response of toad urinary
bladders to antinatriferic activity have been reported (38).
Similar to the findings of McLaughlin et al, .data obtained
during the month of March were strikingly different from
those of any other month. While the antinatriferic activity
in plasma ultrafilitrztes of diuretic dogs was quite high in
most months, it fell sharply in March to rise again in April.
The mechanisms are unknown,

Role of parathyroid glands

In the present study, parathyroidectomy increased
chloride excretion during all timwe periods studied. The
effects were of greater magnitude during the winter, when
‘plasma PTH levels are generally higher. The findings, plus

observatiors by others that hyperparathyroidism is often
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associated with hyperchloremic acidosis (242), are consistent
with the concept that PTH promotes the renal conservation of
chloride.

Roie of thyroid gland

Removal of the thyroid gland did not significantly alter
the excretion of chloride during either the winter or the
summer. (TPX animals had excretion rates similar to those
of PX animals). Both PX and TPX groups, however, had higher
values than rats with intact thyroid and parathyroid glands.

Removal of the thyroid gland severely blunted the winter:
summer differences, This points té some involvement of the
thyroid gland in the observed seasonal variations in chloride
excretion. A thyroid factor (calcitonin?) could be mediating
the effects of vitamin D in the summer (see vitamin D section
on chloride).

Several laboratories have reported influences of calci-
tonin on the renal handliﬁg of chloride (140). Acute adminis-
tration of several calcitonin preparations cause chloruresis
in rats (4} and man (5, 24)., Therefore, thyroid hormones
seem to oppose some effects of PTH. One could expect PX
animals to gradually have higher excretion values than TPX
animals, for chronically parathyroidectomized animals can
progressively show stimulated calcitonin secretion (292).
Under such conditions (low resorbing activity) the renal ef-
fects of CT would be more apparent (140). Although such
‘expectation was not fulfilled in the winter experiments, it

was sugeested in the summer (summer values for chloride: PX-
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77 Meq, TPX-67 Meq). Some other factor, probably a calciferol,
is also affecting chloride excretion.

Role of thymus gland

Removal of the thymus gland increased the excretion of
chloride during the summer months, more significantly so in
rats with intact thyroid and parathyroid glands. Since the
enhancing effect of thymectomy on chloride excrétion was
statistically significant only in otherwise intact summer
animais, it is possible that thymus glandais not a prime
regulator of chloride metabolism. However, it is quite likely
that pafathyroidectomy removés some essential condition for
tﬁymic action. The thymus does seeﬁ to mimic PTH influences
on chloride retention, and to antagbnize the effects of
ernidogenous D, | |

Role of vitamin D

~ The possible effects of endogenous calciferols on
chloride excretion were discussed earlier. The higher rates
of chloride excretion in sPring and summer mohths were
attributed to higher rates of endogenous D synthesis. A
lesser rate of PTH secretion at those times cannot be the sole
factor responsible for the observed seasonal variations, for
higher values were observed in the intact animals kPTH present)
as well as in animals deprived of parathyroid glands. That
the seasonal variation was blunted by thyroid removal suggests
a role for thyroid.

-~ The effects of exogenously administered vitamin D
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provide further support for the above conclusions.

A - Effects of 1,200 IU/wk Dy

" The administration of this dose greatly increased the
.exéretion of TPX mnd PX rats during the winter, The lack
of response in rats with intact parathyroid and thyroid
glands is consistent with greater antagonism by higher
levels of PTH during the winter months. In addition, the
stimulation of chloride excretion seen in the animals with
no PTH and/or CT strongly suggests a direct action of vitamin
D on chloride metabolism, independent‘of‘the above ﬁamed |
hormones, at least in the winter. |

The same dose administered in the summer brought up

the values for SHAM animals close to those fSr THMX ones,
However, it slightly decreased the ezmcretion of chloride
- in TPX animals. Only two PX animals were given the vitamin.
They did not seem to show.any noticeaﬁle resﬁonse. The
higher rate of éhloride excretion in' summer (due probably
to high D) had previously been shown to somehow be dependent
on thyroid gland (see Seasonal variation). The effect of the
low dose of D3 in TPX animals seems to confirm this hypothesic.
The involvement of the thyroid gland in vitaﬁin D action in
the summer has also been strongly suggestea by the phosphate

study discussed earlier.
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B - Effects of 2,400 IU/wk Dj

The administration of this moderate dose of D3 during
the winter months increased chloride excretions of TMX and
SHAM animals. It seems that at that level, vitamin D was
able to counteract the influences of PTH on promoting chlo-
ride retention, probably by directly depressing PTH secretion.
An effect on calcitonin secretion is also possible.

The few animals given this dose during the spring
showed 1ittle response to the administiered vifamin D. These
animals, howeyer}rhad very high rates of excretion prior to
D trea%ment;. éhiélwés attributed earlier to increased .

sensitivity to endogenous D at that time of yeaf.

C - Effects of 12,000 LU/wk D,
The administration of a high dose of vitaﬁin D during
the summer greatly increased excretion values of rats depri-
ved of parathyroid and/of'thyroid glands (TPX and PX). It
d&d not alffect {he excretioﬁ of intact rats (TMX, SHAM)
studied at the same time. However, for some unknown reason,

those rats had very high excretion rates prior to D treat-

-ment., This is similar to the previously mentioned observa-

tion concerning the lack of effect of 2,400 IU/wk Dy in
spring rats.
The effects of this high dose of vitamin D, seem to

3

be pharmacological, since they are accompanied by great in-

“creases in calcium, phosphorus and sodium excretions.
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D - Effects of dietary vitamin D3 deprivation ~ Effects of

2,400 TU/wk D3 in Dj—deficient animals

The effects of a D-deficient diet in the summer élearly
show the influence of vitamin D in promoting chloride excre-
tion., Animals (TMX, SHAM) maintained on the D-deficient
diet had Cl excretion values much lower than those of controls
fed a normal diet (64% reduction in TMX, 23% in SHAM). 1In
fact, D-deficient summer rats had excretion values similar
to those of low D-treated winter rats on a normal diet.

When 2,400 IU D, was administered weekly to the D-defi-

3
cient rats, the excretion rates weﬁt up, again strongly
supporting the concept of a chloriuretic influence of vitamin
D. | ‘

The excretion of chloride has been linked to that of
sodium., The two ions seem to be reabsorbed together in certain
portions of the kidney such as distal tubule. However, studies
with diuretics show that:chloride transport can be dissocia-
ted from sodium transport in ascending portipn of the loop
of Henle (40). 1In this. study, the vitamin D-deficient diet
reduced the excretion of both ions. When D3 was subsequently
administered, the excretion of chloride increased while that
of sodium decreased., This is consistent with vitamin D
exerting direct actions on kidney tubules leading the inhibi-
tion of chloride reabsorption, which is partly independent of
changes in sodium excretion. The ascending limb of Henle's
“loop is a possible target site for the vitamin. Vitamin D-

deficient animals tend to retain more chloride than D-
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sufficéent ones, for they lack the renal effect of D

-In addition, the absence of D probably enhances PTH secretion.
&Hyperchioremic acidosis has been reported to pccur.in cases
of vitamin D deficiency (52). Moreover, it has been shown
that rats with systemic metabolie acidosis have a reduced
ability to convert 25--0H--D3 to 1,25«-(0H)2--D3 when,gi&en
ammonium chloride, and as a result, these animals cannot
lower their blood chloride as comparéd to healthy ones. (323).
The evidences from the'litgrature and the data from the
present experiments demonstrate the direct involvement of

vitamin D in chloride metabolism.'

Dietary D-deprivation did not alter the chlorids ex-
cretion of spring rats (TMX, SHAM). However; the injections
of 2,400 IU/wk D3 for three weeks unexpectedly lowered the
excretion rates to values closer to those of summer rats.

In fact. "spring deficient-rats" supplémented with D3 had
almost same values (37.8 Meq) as "summer deficient-rats"
supplemented with D3 (36.7 Meq). The reason for this is
unclear,

The above data from spring experiments, seem to con-
firm the earlier postulate concerning the greater sensitivity
of spring animals to "sudden" insreazses of endogenous vitamin
D. The spring menths appear to be a transition or adjustment
period. The greater sensitivity to endogenous D in the spring
'méy protect'ﬁbe ‘animals against the effects of dietary D-

deprivation (or increased endogenous synthesis may compensate
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for lack of D3 in diet).

Influences of thymus in D action

Thymic influences on chloride excretion seem to be
anfagonistic»to those of calcitonin and vitamin D. The data
point~fo.promotion of Cl retention by thymus gland, an action
similar to that of PTH. The mechanism is unknown: it is
affected by parathyroidectomy but is similar in PX ahd 7PX
animals. An interesting suggestion is that thymic effect is
anti-calcitonin. Such 6bservations go against the propoéed
identification of the fhymic factor with calcitonin, produdéd

by C-cells that have migrated into the thymus.
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V - Food and Water Intakes - Urine Volumes

Animals wifh intact parathyroid and thyroid glands
had greater food intakes and urinary outputs during the
summer months. The changes in urine volumes cannot be ex-
plained on the basis of water intake, since the values for
the latter are similar for both winter and summer animals.
| The administration of low and moderate doses of vitamin
D increased urinary volumes significantly during the winter,
but only slightly during the summer months, No cofrelation
can be made between the observed increase and the changes in
water intake (which were minimal) following the vitamin
treatment. The findings suggest'influences-bf vitamin D
on H,0 reabsorption in the kidney via effects on calcium
éonceni;rations, or other antagonism of ADH (1’!18&1). ‘

The administration of higher doses of vitamin D (12,000
IU/wk) however resulted in a 24% increase of water intake and
87% increase in urine volﬁme during thé summer months. This
dosage of D3 alsb preduced hypercalciuria, hyperphosphaturia
and hyperchloruresis. The data are consistent with some D3
(or ca*™) interference with ADH (118a).

Vitanin D deficient animals (TMX, SHAM) had reduced
water intake, but the urine output was lower 6n1y in TMX
rats. The administration of 2400 IU/wk D3 further decreased
the urine volumes of D-deficient TMX's wi%hout affecting the
watcs intake.

The effects of low and moderate doses of vitamin D on

food intake were not consistent, and no clear pattern can



be drawn relating the changes in food intake to those of
electrolyteexcretioﬁ. However; the changes résulting from

the administration of 12,000 IU/wk Dy clearly demonstrate the
effects of hypervitaminosis. .The hypercalciuria and hyper-
phOSphatﬁria (among other effects) were accompanied by
reduced food intake. This observation would be- consistent
with the possibility that the great electrolyte content of
urine is coming from sources other than .dietary, most probably
from reéorbing bone. However, it does nof exclude the pos-
sibility of increased intestinal absorption without rise in

food intake.

170



SUMMARY AND CONCLUSIONS

A - Role of the thymus gland in regulation of the metabolism

of calcium, inorganic phosphate and related electrolytes.

The thymus gland seems to confer protection against
the excessive loss of minerals- into the urine, especially
during times of the year when the excretion values are high.
It enhances the retention of Ca and of P and may thereby
facilitate bone mineralization ar retard demineralization.

.Althdugh it is not a prime regulator of chioride meta-

bolism, the thymus shares with PTH the ability to promote
chloride retention., Its overall.effects'on sodium and potas-
sium balance seem tq‘be of a "normalizing" nature, since the
magnitudes of seasonal variations in excretion are ekaggerated

by thymectomy.

B - Vitamin D, thymus gland and seasonal interactions in the

regulation of some aspects of electrolyte excretion

In the present study, the effects of administration of
low, moderate and large doses of vitamin D on Ca, P, Na and
H,0 balance were similar to ones reported by other investiga-
tors; However, seasonal variations in the responses to low and
moderate dosages were observed, and evidence was obtained for
an important role of calciferols in the regulation of Cl1
excretior.

) Animals of all surgical groups excreted more chloride,

but less inorganic P, Na, X, Ca during April-August (when



endogenous D3 is.highest)Athan during November-March., The
seasonal variations in chloride excretion may be ‘directly
related to the higher levels of the calciferols, since
animals receiving exogenous D3 developed chloruresis while
those on D~deficient diets retained excessive amounts of the
ions.

A role for the thymus gland in the regulation of respon-
ses to calciferolé is suggested by the findings that (1)
influences of thymeqtomy on electrolyte metabolism are greatest
during the spring'and summer months, and (2) thymus deprivation

~affected responses to Dj administration,

C - Some interrelationships among thymus, parathyroid and

thyroid glands

While certain of the effects of thymectomy were best
demonstrated in animals with intact thyroid and parathyroid
glands, e.g. those on SHAM, those on TPX and PX point to some
influences of the thymus that are antagonistic to those of PTIH.

Some effects of low and moderate doses of vitamin D were
demonstrated in the parathyroidectomized as-well as in the
SHAM and TMX groups. The observations are consistent with the
concept that calciferols exert both PTH-dependent and PTH-
independent actions,

The phosphatemic action of D3 was found to be dissocia-
ble from its phosphaturic one. Thyroidectomy affected the
phosphaturiec and natriuretic effects of D3 administration in

a naymer different from the influences exerted by thymus gland
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removal.,

In conclusion, the study demonstrates substantial
influences of calciferols on chloride metabolism and influences
of the thymus gland on electrolyte metabolism that differ from

those attributed fo either PTH or calcitonin.
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