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INTRODUCTION

Investigation of the endocrine control of lactation has been
directed primarily toward the direct effects of the pituitary-ovarian
axis on mammogenesis, lactogenesis and galactopoiesis.

Recent progress

in describing the interrelationships of the hypophyseal, ovarian, and
placental hormones, as well as the adrenal corticoids and thyroid hormone(s), to lactation has been reviewed by many authors (1-11).

Exten¬

sive research is reported which convincingly shows that the main phases
of mammary growth and function are dependent on all of the hypophyseal
hormones and their target organ hormones, plus the secretions of the
placenta.
Considerably less work has been carried out to describe the
relationship of the parathyroid hormone to lactation.

Early studies

to relate the parathyroid glands to lactation involved the effect of
their removal on the growth-rate of litters or on milk yield.

Al¬

though calcium, one of the ma,}or constituents of milk, is known to be
under the direct control of the parathyroid hormone (12), early in¬
vestigators placed little emphasis on relating the parathyroid hormone
to quantitative variations in the milk calcium.

Same of the more

important of these studies are reviewed below.
The effect of parathyroidectomy on the blood calcium of lactating dogs was described by Larson and Fisher in 1927 (13) •

In two

cases it was shown that pregnancy and lactation were accompanied by a
decrease in the blood calcium of thyroidectomized and partially parathyroidectomized dogs that had maintained a normal calcium level pro¬
ceeding pregnancy.
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That loss of the glands could actually impair lactation was
suggested by Chandler, 1932 (14), who noted that the young of parathy¬
roidectomized rats were often smaller than normal.
A year later, Kozelka et al (15) reported the occurrence of
tetany in lactating parathyroidectomized dogs.

In parathyroidectomized

lactating females given Vitamin D (Viosterol), ash analyses of the bones
suggested partial dissolution of the skeleton, particularly in two fe¬
males fed a low-calcium diet for five weeks during the lactation period.
The latter two groups of investigators also observed that
animals with large suckling litters were more likely to suffer tetany
than those with smaller litters.
Previously, Dragstedt, 1924 (16), had shown that, during lacta¬
tion in dogs, the parathyroidectomized mother may develop the typical
syndrome of acute parathyroid tetany in all degrees of severity, but
that the tetany could be controlled by intravenous injection of large
amounts of Ringers Solution daily, 0.9$ Sodium Chloride, or administration
of large amounts of calcium lactate daily by stomach tube.

He also showed

that the severity of the tetany depends, in part at least, upon the amount
of milk withdrawn and can be relieved entirely by removing all of the pups
or partially relieved by removing all but one or two.

Conversely, the

tetany could be made more severe by giving the mother several additional
pups to suckle.
The possibility that lactation might affect parathyroid function
was investigated by Campbell and Turner, 1942 (17), who compared para¬
thyroid gland weights of normal rabbits to those of pregnant or lactating
animals.

They found that in rabbits, abundant lactation was accompanied

by an increase in the size and presumably in the activity of the parathyroid
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glands*

That the amount of milk being secreted by the rabbit was the

main factor determining the weight Increase of the glands was shown by
results from ten females whose litters were reduced to two sucklings at
birth*

Their parathyroids averaged 12,82 mg compared to 29,70 mg for

animals with normal size litters*

They also studied relative parathyroid

weights in virgin and lactating rats and obtained similar, but less
striking, results*
In 1938, Folley (18) found that, although there were few signs
of tetany noticeable in lactating thyroparathyroidectomized rats, milk
production was much reduced,

Folley et al, 1942 (19), found that lacta¬

tion could be partially maintained in thyroparathyroidectomized rats by
administration of parathyroid extract.

Successful therapy with parathyroid

extract suggested that impairment of lactation following thyroidectomy
might be partially due to loss of the parathyroids,
Cowie and Folley, 1945 (20), reported that growth rates of
litters of rats parathyroidectomized on the fourth day of lactation under¬
went a marked decrease soon after the operation.

They concluded that

parathyroidectomy causes a marked decline in, but not a complete cessation
of, lactation.
Research has been extended to goats by Smith et al, 1957 (21),
who reported that lactation in thyroparathyroidectomized goats was nil*
More reports of an influence of the parathyroid glands on lacta¬
tion have been published by Von Berswordt-Wallrabe and Turner, 1959 (22)
and i960 (23)*

In parathyroidectomized rats, limitations in the amount of

parathyroid hormone administered reduced the capacity of the rats to se¬
crete milk normally; whereas, with 2 times 40 USP units of parathyroid
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extract per day, lactational levels higher than those of normal rats were
attained*

Mean litter weight and milk yield in thyroparathyroidectomized

rats not receiving parathyroid extract were significantly lower than thyro¬
parathyroidectomized rats receiving therapy or controls not receiving
therapy*

These authors also suggested that parathyroidectomy resulted in

disturbed lactogenic hormone release from the pituitary and possible inter¬
ruption of the let-down mechanism in the mothers*
The first investigators to relate the parathyroid gland to quali¬
tative characteristics of milk were Manunta and Mureddu, 1951 (24), who
reported an increase in the calcium content of ewe's milk after the admin¬
istration of parathyroid extract*

This information was available in abstract

only, and therefore the details are not known*
In opposition to the preceeding report is the work of Toverud and
Munson in which a paradoxical increase in the milk calcium of lactating
parathyroidectamized rats is described*

In 1954, Munson et al (25), study¬

ing methods for varying the calcium content of milk of lactating rats,
found that parathyroidectomy did not cause a reduction in milk calcium
concentration*

Milk from six rats on a normal stock diet analyzed

3*19 ± 0*14, 3*12 ± 0*15, and 3*10 ± *07 mg Calcium per gram milk on the
thirteenth, fifteenth, and nineteenth day of lactation respectively.

The

corresponding values for eleven rats placed On a low-calcium diet on the
eleventh day of lactation were 2*21 ± 0*09, 2,15 ± 0*11, and 2*04 ± 0,08,
a decrease of about 30$*

A small number of rats on the normal diet were

parathyroidectomized on the eleventh day of lactation*

Two days later,

Munson observed a greatly diminished milk flow and a markedly reduced
mean serum calcium, but paradoxically, no reduction of milk calcium con¬
centration,

In 1955> Munson (26) described his work in a review article.
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Rats from Holtzman stock, which had been maintained during their first
pregnancy in the laboratory, were studied during the ensuing lactation*
In the first experiment, litter size was reduced to six uniformly, and
all lactating rats were maintained on a stock diet until the eleventh
day of lactation*

Eleven of the rats were then changed to a low-calcium

diet, and milk samples were taken on days 13, 15, and 19 of lactation*
Six rats were kept on a stock diet, and three rats on stock diet were
parathyroidectamized on the 13th day of lactation, and milk was obtained
on the 15th and 19th days*

A 30$ decrease in milk calcium concentration

occurred following the imposition of the low-calcium diet*

Values from

two Of the three parathyroidectamized rats show no significant reduction
in milk ca3.cium per gram of milk*

A second experiment was conducted in

which the low calcium diet was imposed on the 11th day of lactation and
milk samples collected two days later*

The mean serum calcium of intact

rats on the low-calcium diet was reduced by about 1 mg percent, and that
of the parathyroidectomized animals was very much lower than normal.

In

rats which were parathyroidectomized, the operation "was carried out on
the llth day of lactationi

The increased calcium concentration in the

milk of the parathyroidectomized rats was marked two days after parathy¬
roidectomy, and although the milk calcium returned to control levels
several days later, still no reduction below the controls was observed.
In 1956, Toverud and Munson (27) published a short abstract
describing an increase in the milk calcium of lactating parathyroidectom¬
ized rats in spite of a depressed serum calcium level*

They ascribed

most, but not all, of this increase to an increase in total solids*
Administration of parathyroid extract immediately after parathyroidectomy

-
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prevented the decrease in water content as well as the fall in serum
calcium, hut the increase in calcium concentration of the milk was not
so clearly prevented*
Again, in
in

1956:

i960, Munson (28) reviewed the work done hy Toverud

A group of thirty lactating rats were parathyroidectomized or

sham-operated on the thirteenth day of lactation*

Eleven of the twenty

parathyroidectomized females were given 100 units of parathyroid extract
subcutaneously immediately following the operation.

Milk samples were

obtained by collecting drops of milk expressed manually from the teats*
The samples were obtained

24 hours after the operation, 4-6 hours after

isolation from the pups.

In a personal communication from Toverud

the methods he used were described in further detail.

(29),

Milking was

accomplished manually, and samples usually were on the order of

500 mg

(ca* *5cc), but in parathyroidectomized rats, as little as ,15 grams
was sometimes obtained*

Calcium determinations were carried out on

ashed samples; the following table describes the results of their work
on thirty rats:

FIG. 14
Animals

Seriim

Mg Ca/gm
Milk

Milk
Solids

Mg Ca/gm
Solids

8.46

3.51

28.6

12.3

9 Parathyroidectomized

6.20

5.09

3M

14*6

11 Parathyroidectomized
given parathyroid
extract

9.95

3.97

29.6

13*4

10 Sham controls

(Data from Munson et al, i960 (28).

Serum calcium and

composition of milk in lactating rats.)

-
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Evidence obtained by Mosimann, 1955 (30) using estrogen
treated goatB Indicates that increased parathyroid function may be cor¬
related with Increased calcium secretion in the milk*

This author

reported a four-fold Increase in the cell volume of the parathyroid glands
during lactation which was accompanied by an increased calcium secretion
in the milk*

It was suggested that the Increase in cell volume should go

along with an increased function of the parathyroid gland*
In 1942, Campbell and Turner (17)> studying milk fever, found
that treatment of lactatlng goats with various doses of hytakerol (AT-10)
did not cause any change in the volume of milk secreted, nor did it alter
the fat content*

However, the blood analyses in all goats and in each

trial experiment showed a rise in the calcium content of the serum asso¬
ciated with the AT-10 treatment*

The calcium in the milk and the inorganic

phosphate in the blood also increased*
Successful replacement therapy involving other than the para¬
thyroid hormone has also been described by Borgman and Rumbaugh (32),
1956*

When the thyroid and parathyroid glands were removed from lactating

rats 12-24 hours post-parturn and the thyroid function replaced by lodlnated
casein feeding, dihydrotachysterol (AT-10) Injections increased the number
of rats raiiidng litters and the number of surviving progeny*

However, the

weight of the surviving progeny did not differ significantly whether the
dams were intact, thyroparathyroidectomized, or thyroparathyroidectomized
and receiving dihydrotachysterol*
Most of the woTk reviewed here presents evidence that the para;

thyroid gland is essential for normal lactation*

However, there are two

possible ways in which the parathyroids may be accomplishing this role*

*

One of these is by a direct action of the parathyroid hormone on the
mammary gland itself, and the other is by an indirect action of the
parathyroid hormone on the mammary gland through its effect on the serum
calcium*
If the parathormone is Influencing directly some aspect of
mammary epithelium metabolism, then this ■will be a new site of action to
be included with two other proven sites of action — the bone and the
kidney*

But if the effects of the parathyroid gland on the process of

milk formation are due to the consequences of a lowered serum calcium on
the mammary gland, then lactation should be categorized with such processes
as nerve conduction, blood clotting, cellular permeability and strength
of heart beat which are known to be influenced by the parathyroid gland
through its constant regulation of the serum calcium*
The problem of this thesis is whether or not loss of the para¬
thyroid glands can bring about a change in the milk calcium if there is
no significant reduction of the serum calcium*

This may be shown if the

parathyroldectomized animal is provided with a diet containing adequate
calcium for maintenance of its serum calcium*

Another approach to the

problem involves the consequences to a parathyroldectomized female of,,
removal of 2 urge amounts of calcium in the milk by a suckling litter*
By varying the exogenous calcium available to the female as well as the
amount of calcium removed In the milk, it should, be possible to vary the
serum calcium in parathyroidectomized lactating females*

When this is

accomplished, changes in the milk calcium may be correlated with changes
in the serum calcium, and the information obtained may be used to define
more accurately the functional relationship of the parathyroids to lactation*
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MATERIALS AND METHODS

GENERAL TREATMENT OP ANIMALS
Female Holtzman rats between two and three months old were
placed with male rats, and when abdominal distension gave evidence of
pregnancy, the females were placed in separate cages*

The date of par¬

turition was recorded, and between one and three days later the litter
was reduced to eight pups*

On the 11th, 12th, or 13th day of lactation,

the parathyroids were removed individually under light ether anesthesia*
All control animals were sham-operated at this time*

Depending upon

the particular experiment, some females were returned to their litters
before isolation and milking, some were placed on calcium-free diets,
and others were given special treatment described in detail below.

MILKING
Prior to being milked, the rats were isolated from their litters
for twelve to twenty-four hours to allow time for accumulation of milk in
the mammary glands*

The Unanesthetised rat was milked with a specially

designed glass milking tube ^ which was connected to a motor-driven
suction apparatus*

In order to ensure milk let-down, the rat was injected

with 1 USP unit of oxytocin

2

a few minutes before it was milked*

shows the milking tubes, one assembled and one unassembled.

•

Figure 9

Figure 10

shows the milking tube connected to the suction apparatus, and Figure 11
lends graphic detail to the procedure for holding the rat and the milking
tube*

1 Kessler, Inc*, Laboratory Glass Apparatus.
2 Pitocin supplied by Parke Davis Co*

Houston, Texas
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TREATMENT OF MILK AND SERUM
Milk was transferred from the milking tube by pipette into
screw-cap vials, and most samples were frozen undiluted until all of
a particular series of females had been milked.

The samples were

diluted five to ten times, aliquots were placed in planchets, dried to
a constant weight, and the percent total solids calculated.

Further

dilution of the milk was necessary in order to determine the calcium
content and after approximately thirty dilutions, calcium determina¬
tions were carried out on pipetted samples.

Calcium determinations also

were carried out on serum samples which had been taken by heart puncture
at the time of milking,

CALCIUM DETERMINATIONS
All calcium determinations were carried out by the method de¬
scribed by Collip and Clark in 1925 (33)*

This procedure involves

precipitating the calcium with ammonium oxalate, redissolving in per¬
chloric acid and reading on a Beckman Flame Spectrophotometer.

CITRIC ACID DETERMINATIONS
Some females were used for obtaining milk on which citric acid
analyses were carried out.

Citric acid was determined by the method of

Beutler and Yeh, 1959 (3*0 •

This technique involves the conversion of

citric acid to pentabramacetone and its specific color reaction with
thiourea-borate.

Samples were deproteinized either by trichloroacetic

acid precipitation or by precipitation with fifty percent sulfuric acid.
Interfering substances were removed by boiling the milk samples with
fifty-percent sulfuric acid and adding saturated bromine-water upon

-

cooling#
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Samples were read in a Coleman Junior Spectrophotometer at

445 mu using matched pyrex test tubes#

Duplicate standards were made,

and from the standard readings a curve was plotted of the optical den¬
sity versus the concentration of citric acid#

This curve was used to

determine the concentration of citric acid in the samples#

SPECIAL TREATMENT OF ANIMALS IN SERIES IV
Experiment I - These animals were given calcium gluconate by
stomach tube#
Experiment II - These animals were given calcium lactate to
drink#
Experiment III - These animals were given calcium gluconate
by stomach tube#
Experiment IV - These animals were given calcium chloride
intravenously by cannula.
Experiment V - These parathyroidectomized animals were given
parathyroid extract ^ subcutaneously to test the efficacy of replacement
therapy#
Experiment VI - Since one of the effects of acute parathyroprivia on the milk is a reduction in the water content, determinations
of the sodium space might indicate some shift in the extracellular and
intracellular fluids#

The measurement of sodium space, using Na

carried out by the method of Frost, 1952 (35)*
quantity of radioactive sodium was administered#

22

jected with less than #1 uc of Na

1

22

was

However, a smaller
The females were in-

, and placed in metabolism cages for

Parathyroid Extract, Eli Lilly & Co#, Indianapolis, Ind,

-

a period of two hours#
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At the end of this period, the animals were

removed, urine excretion was measured, and the metabolism cages were
washed down with distilled water.
removed by heart puncture#

The rats were weighed and serum was

The radioactivity for samples of urine and

serum was determined with respect to the standard injection solution
in a well-type scintillation counter#

The total counts excreted was

determined and all counts were corrected for background#

Sodium space

was calculated using the formula reported by Frost, 1952 (35)•
in sodium space may befread as cc pef hundred grams#

Changes

Three groups of

females were used which represent three types of pre-treatment before
sodium space determinations were carried out*

Before measurement of

the two hour sodium space, the three groups were treated as follows:
Group I

Females were operated on the 13th day of lactation,
isolated from their litters overnight on a calciumfree diet, and milked at 9:00 A.M# on the 14th day,
at which time sodium space was measured#

Group II

Females were operated on the 13th day of lactation,
returned to their litters overnight on a normal
diet, isolated at 8:00 A#M# on the 14th day, and
the sodium space measured at 2:00 P*M»

Group III Females were operated on at 4:00 P,M# on the 13th
day, returned to their litters on a calcium-free
diet, and sodium space measured at 12:00 noon on
the 14th day,
4*5
Experiment VII - These animals were injected with Ca ' on
either the 5th or 13th day of lactation#

The animals were operated on

-

-

the

13th

13

-

day of lactation, isolated on a calcium-free diet overnight and

milked on the lHth day*

The specific activities of the milk and serum

were determined as follows:

Milk was pipetted directly into centrifuge

tubes and the calcium precipitated with ammonium oxalate*

After dis¬

solving the dried precipitate in concentrated hydrochloric acid, the
calcium was transferred to volumetric flasks*

Aliquots were pipetted

into planchets, dried, weighed, and the radioactivity determined in a
Geiger-MueUer V7indowless Flow Counter*

Serum samples were taken by

heart puncture> aliquots placed in planchets, and the radioactivity
determined*

All counts were corrected for background and for self¬

absorption according to Camar (36)•

The calcium concentrations of the

milk and serum were determined by the method of Collip and Clark, 1925 (33) •
In this paper, specific activities of the milk and serum are defined as
the relative amount of radioactivity (Ca^) per unit weight of the total
element (Ca^° plus Ca^) present*

-14
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RESULTS
SERIES I

Females maintained on diets with adequate calcium content
EXPERIMENT I
Females were parathyroidectomized or shamoperated at 4:00 P.M. on the 13th day of
lactation, isolated from litter overnight
on normal diet and milked at 9:00 A.M. on
the l4th day.
TABLE I
Sham-operated
controls ± 1 S.Ep* Parathyroidectomized

Number of
animals

8

10 *

$ total
milk solids

26.5 ± .82

25*3 ± *59

Serum Ca
mg $>

10.7 ± .49

10.7 ± .32

Milk Ca
mg $

406

351

Mg Ca/gm
milk solids

15*3 ± 1*12

*

±

28

±

11

13.9 ± .51

One parathyroidectomized female gave no milk.
On this regimen which provides normal dietary intake of

calcium as well as temporary interruption of suckling, the parathyroid¬
ectomized animals show no significant difference in any of the parameters
studied.

Twenty-four hours after parathyroidectomy there is no reduction

in the serum calcium, and no significant differences in the total milk

1 S,g — S.E.

-

solids, calcium per cc milk, or mg Ca per gram milk solids.

15

However,

the average values for Ca per cc milk and mg Ca per gram solids are
slightly higher in the controls.

No difficulty was encountered in

obtaining milk from the parathyroidectomized animals.
a comparison of the results in graphic form.

Figure 1 gives

-

Figure 1

Serum calcium and composition of milk in shamoperated and parathyroideetomized laboratory
rats maintained on a normal stock diet.

Mills

was obtained 18 hours after the operation.
Solid bars represent control values as 100$.
Stippled bars represent parathyroideetomized
animals as percent of controls.

Fig

I

SHAM

PTX

100
%
OF
CONTROLS

Serum Ca

% Total
Solids

Ca/ccMilk

Ca/gm Solids
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Females maintained on diets with adequate calcium content

SERIES I

EXPERIMENT II
Females were parathyroidectomized or shamoperated on the 11th day of lactation and
returned to litter overnight* At 4:00 P»M.
on the 12th day, the females were isolated
on normal diet, and milked at 9*00 A.M. on
the 13th day.

TABLE II
Sham-operated
Controls

Parathyroidectomized

Number of
<yrri.Tfia.Tgf

14

<$> total
milk solids

15 *

not taken
(Laboratory value 11.2)

Serum Ca
mg #
Milk Ca
mg $

311

±

Mg Ca/gm milk
solids

14.2

± *44

*

28.4 ± 1.68

21*9 t .64

9.4 ± .44

408 ± 21

7

14.5 ± .44

Two parathyroidectomized females gave no milk.

m this experiment, although dietary intake of calcium is not
restricted, suckling was allowed to occur by returning the animals to
their litters after the operation.

This occasions the loss of consi¬

derable amounts of calcium through the milk.

In this treatment, milk

was taken about forty hours after the operation and the decrease in the
total milk solids of the control; animals as compared to that of the
controls in Experiment X may reflect a return to a

lower level as the

17
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stress effects of the operation ■vanish and normal w-nk production is
resumed.

Concurrent with a small reduction in the serum calcium of the

parathyroidectomized animals is a significant increase in the total milk
solids.

Although there is a superficial increase in milk calcium per cc,

when this value is corrected for total solids* it is found that there is
no difference in the mg Ca per gram milk solids between the parathyroidectomized and control animals.

Although two parathyroidectomized anlmaiR

gave no milk, generally with this treatment there is no difficulty in
obtaining milk from the parathyroidectomized animals.
the results graphically.

Figure 2 compares

Figure 2.

Serum calcium and composition of milk in shamoperated and parathyroidectomized lactating
rats maintained on a normal stock diet.

These

animals were allowed to suckle litters before
isolation and milking.
control values as 100$.

lined bars represent
Stippled bars repre¬

sent parathyroidectomized animals as percent
of controls.

Fig 2

SHMA

am
128,

fS»5
• •••

100

■§• •

PTX

I»lsl

if
:**v:

m

%

iV.’.V
>■•••••»
••io
••••«
L« • • •

OF
CONTROLS

Serum Ca

% Total
Solids

Ci/ceMIIK

Ca/|m Solids
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SERIES II

Animals maintained for varying lengths of time on
calcium-free diets.

EXEER2MEHT I
These females were operated at 4:00 P.M. on
the 13th day of lactation and immediately
isolated on a calcium-free diet overnight.
The females were milked at 9:00 A.M. on the
14th day.

TABUS HI
Sham-operated
Controls Parathyroidectomized
Humber of

animals

16

24

<$> total
milk solids

23.4 * *55

27.4 ± 1.18

Serum Ca
mg $

11.4 ± .3

9*1

± *99

Milk Ca
mg $>

438 ± 15

486

±

MS Ca/gn
milk solids

18.7 ± .58

18.1 ± .54

18

In these animals, intake of dietary calcium has ceased through
use of a calcium-free diet, hut interruption of suckling prevents the
loss of the animals' endogenous calcium.

The result of this in the

parathyroidectomized females is a small reduction in the serum calcium
of about the same order as that in Experiment II of Series I where the
animals were on normal diets but were allowed to suckle.

The most impor¬

tant difference between the parathyroidectomized and control animals is

-

19

the increase in total milk solids which completely accounts for the
small increase seen in the Ca per cc milk.

Again, there is no difference

in the mg Ca per gram milk solids between the parathyroidectoraized and
control animals.

No difficulty was encountered in obtaining milk from

these parathyroidectomized females.
ically.

Figure 3 shows the results graph¬

-

Figure 3,

Serum calcium and composition of mt i.k in
sham-operated and parathyroide ct omi zed
lactatlng rats maintained on calcium-free
diet during period of isolation from litter.
Milk was obtained 18 hours after the opera¬
tion.

lined bars represent control values

as 100$.

Stippled bars represent parathy-

roidectomized animals as percent of controls.

Fig

3

SHAM
PTY

117.1

100
%
OF
CONTROLS

SERUM Ca

°//wT°m

SOLIDS
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SERIES II

Animals maintained for varying lengths of time on
calcium-free diets.
EXPERIMENT II
These females were operated on at 4:00 P.M.
on the 11th day of lactation and returned to
their litters* At 4:00 P.M* on the 12th day
the animals were isolated from litters on
calcium-free diet, and milked at 9:00 A.M.
on the l4th day*
TABLE IV
Sham-operated
Controls

Parathyroidectomized

8

4*

nyilte SOlldS

21.3 ± 1*7

31*6 ± 1.9

Serum Ca
mg j>

11.2 ± .59

8.1 ± .57

Milk Ca
mg io

367 ± 37

454 ± 54

Mg Ca/gm
milk solids

18.3 + .52

14.3 ± .87

Number of
animals
$ total

* Five parathyroidectomized animals with an average
serum calcium of 7*4 ± *75 mg per cent gave no milk.
The imposition of stringent measures to tax the parathyroid¬
ectomized females* endogenous and exogenous supply of calcium amplifies
the differences between parathyroidectomized and sham-operated lacbating
females.

There is a significant reduction in the serum calcium of the

parathyroidectomized animals, and it may be noted that when the serum
calcium is reduced below 8.0 mg per cent, milk-getting becomes diffi¬
cult.

Five animals with an average serum calcium of 7*4 mg per cent

gave no mi 13c at all.

In the four parathyroidectomized animals which

did give some milk, the total milk solids and Ca per cc milk are
significantly increased.

However, the mg Ca per gram milk solids

actually shows a significant reduction.
comparison of the results.

Figure

h

gives a graphic

Figure 4>
Serum calcium and composition of milk in
sham-operated and parathyroidectcanized
lactating rats maintained on calcium-free
diet during period of isolation from litter.
These animals were allowed to suckle litters
before isolation and milking.

Solid bars

represent control values as 100$.

Cross-

hatched bars represent parathyroidectamised
animals as percent of controls.

Fig 4
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Chronic hypoparathyroidism,
EXPERIMENT I
These females were operated six to twelve days
before the time of milking which was done on
the l4th day of lactation. The animals were
returned to their litters on normal diets fol¬
lowing the operation and twenty-four hours
before milking, were isolated on a calciumfree diet.

TABLE V
Sham-operated
Controls
Number of
animals

11 *

7

Avg. number of
days between
operation and
milking

Parathyroidectomized

10.1

8.9

Serum Ca
mg $

11.6 ± .37

8.2 ± .29

$ total
milk solids

26.4 ±

1.8

34.7 ±1.3

Milk Ca
mg $

409

Mg Ca/gm
milk solids

15.5 ± .86

*

± 33

438 ± 34
12.7 ±..85

One parathyroidectomized animal gave no milk.

The major difference in this treatment is that the females
were parathyroidectomized earlier during the course of lactation but
still were milked on the l4th day.

Although accessory tissue may become

functional during this time, the significant reduction in the serum
calcium of the parathyroidectomized animals shows that hypoparathyroidism

-

-

has been produced.
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Not only is the output of milh reduced in most of

the parathyroidectomized animals., but the qualitative characteristics
of the milk are altered*

In the parathyroidectomized females, there is

a significant increase in total milk solids,, but a significant decrease
in the mg Ca per gram milk solids.
graphically.

Figure

5

compares the results

-

Figure 5

Serum calcium and composition of milk in
sham-operated and parathyroidectamized
lactating rats maintained on normal stock
diet.

These animals were operated about

nine days before milking and were allowed
to suckle litters during this period.

Be¬

fore milking, the animals were isolated
for 18 hours on a calcium-free diet.
bars represent control values at 100$.

Solid
Stip¬

pled bars represent parathyroidectamized
animals as percent of controls.

Fig 5
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Animals which received special treatment

EXPERIMENT I
Females suckling litters were placed on a
calcium-free diet at 4:00 P.M. on the 13fch
day of lactation. The females were oper¬
ated at 9:00 A.M. on the fourteenth day,
and isolated, still on calcium-free diet.
At 9:00 A.M.
.00 P.M., 5:00 P.M. and
9:00 P.M. sc
of the animals were given
calcium gluconate (5 mg Ca) by stomach
tube, while others were given water. The
animals were milked at 12 midnight and
those giving no milk were milked again at
9:00 A.M. on the 15th day.

TABLE VI
Sham-operated Controls
„ , .
$> total
No. of
Calcium
Milk
Animals
Treatment
Serum Mg
Milk Mg
Solids

Mg Ca/gm
Milk Solids

2

none

8.4

804

31.9

24.8

1

5 mg Ca

8.8

732

26.4

27*7

34.1

27.1

39*1

22.2

Parathyroidectomized
1

none

7.6

1

none

4.0

1

5 mg Ca

8.8

1

5 mg Ca

4.9

924
gave no milk

870
gave no milk

Although the number of animals in this experiment is too small
for a statistical treatment, there are two points which deserve mention.
One of these is that the serum calcium, even of the controls, reflects
the effects of restricted intake of dietary calcium.

The second point

is the marked increase in total milk solids in both the parathyroidectomized and control animals.

Giving the stomach tube to these animals

-

25

constituted a stress which effectively reduced milk production to a
minimum*

This treatment was severe enough to reduce the serum calcium

of two paratbyroidectomized animals to k* mg percent, at which point
milk production ceased entirely.

Giving calcium in this manner did not

effectively raise the serum calcium of the parathyroidectomizecl or
sham-operated animals.

26 -

SERIES IV

Animals which, received special treatment

EXPERIMENT II
These females were put on a calcium-free
diet on the 13th day of lactation and were
Operated at 9:00 A.M. on the 14th day*
Immediately after the operation they were
isolated from their pups and given 200 cc
of 2.4$ calcium lactate to drink.
The
animals were milked at 9:00 A.M. cm the
15th day.

TABLE VII
Sham-operated
Controls Farathyroidectomized
Number of

4

J
$ total
milk solids

29*1 ± 4.2

Serum Ca
mg $

10.8 ±

Milk Ca
mg $

653

Mg Ca/gm
milk solids

22.6 ± 1,0

*

±

.38

93

*

29.4 ±2.3

10.1

±

.91

690

±

39

23.8 ± 1.9

One parathyroidectomized animal gave no milk

These females were treated exactly as the females in Experi¬
ment I, that is, they were subjected to forty-eight hours of a calciumfree diet as well as being allowed to suckle,

in Experiment I, this

treatment, plus the stress of the stomach tube, produced deleterious
effects upon lactation.

However, when females were given calcium in

the drinking water, it was possible to remove the parathyroids and
maintain all parameters under observation at the control value.
6 gives a graphic comparison of these results.

Figure

Figure 6

Serum calcium and composition of milk in
sham-operated and parathyroidectomized
lactating rats maintained on a calcium-free
diet for two days before milicing*

Operation

was carried out 24 hours before milking.
These animals were given 2.4$ calcium lactate
to drink in place of their regular drinking
water.
as 100$.

lined bars represent control values
Stippled bars represent parathy-

roidectomized animals as percent of controls.

Fig 6
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Animals which received special -treatment*

EJOE’ERIMBHT III
Lactating females were given small volumes
of water by stomach tube once or twice
daily for a period of 7*8 days in order to
adapt them to this procedure.
On the 13bh
day the animals were placed on calcium-free
diets and were operated and returned to
their litters. The females were isolated
from litters at 9:00 A.M. on the l4th day,
given calcium gluconate or water every 2-3
hours for 12 hours and were milked at 12
midnight*

TABLE VIII

Sham-operated Controls

$
No. of
Animals
1

$>

total
Milk
Solids

494

32.8

Calcium
Treatment
water

Serum
10.0

j>

Milk Mg

Mg Ca/gm
Milk Solids
15.1

Parathyroideeternized
3

water

5

4.88

1

2 x

1

5 x 5 ng Ca

7.2

1

5 x 5 mg Ca

11.0

ns Ca

gave no milk

died
gave no milk

662

34.7

19.1

This experiment was conducted in an attempt to alleviate the
problem encountered in Experiment I of this series.

Previously, giving

the stomach tube caused milk production to cease, presumably because of
stress*

Therefore, "adapted” animals were used, hut on reviewing the

results, it may be seen that the Stress was probably not avoided.

This

is reflected in the high value for total solids in the control animals.

28

In three parathyroidectomized animals -which received only water, milk
production ceased entirely*

In the parathyroidectomized m-iimais given

calcium by stomach tube, results were erratic.

One parathyroidectomized

animal given calcium was able to maintain its serum calcium at the con¬
trol level, while the serum calcium of another parathyroidectomized
female given calcium fell to 7*2 mg percent*

-
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Animals which received special treatment.

EXPERIMENT IV
Four female rats were operated ea the 13th
day of lactation and a cannula inserted into
the Jugular vein. Three of these rats were
parathyroidectomized at the time of cannulation. The animals were returned to litters
overnight on a normal diet, and isolated on
calcium-free diet at 9!00 A*M. on the l4th
day. The animals were given
ce of either
saline or saline plus 100 mg CaClg hy
p.
every 2 hours for 12 hours. The animals were
milked at 10:00 P.M. on the l4th day.

3

TABES IX

Sham-cperated Controls
Ho. of
Animals

1

Treatment
none

Calcium
Milk Mg
Serum Mg $

d

%

508

10.4

fi

Total
Solids

Mg Ca/ga
Solids

30.4

16.7

Parathyroidectomized

1

none

1

saline

7.2

557

44.6

12.5

1

CaClg

7.6

582

41.8

13.9

died

Restriction of dietary intake of calcium plus allowing these
rats to suckle resulted in a significant reduction in the serum calcium
of the parathyroidectomized animals, concurrent with a reduction in the
mg Ca per gram milk solids.

The stress of the operation probably

accounts for the high value for total milk solids.

Administration of

CaCl2 to one parathyroidectomized animal did not affect its serum cal¬
cium or the mg Ca per gram milk solids when compared to the parathyroid¬
ectomized animal which received saline.

However, the parathyroidec¬

tomized animal which received neither saline nor CaClg died.

-

30

“

Animals which received special treatment

SERIES IV

EXPERIMENT V
Replacement therapy: lactating females
were parathyroidectomized on the 13fch day
of lactation and returned to litters for
18 hours on normal diet. On the l4th day
the females were isolated and injected with
20 USP units of Parathyroid extract PEE
once 18 hours post-operation and again 30
hours post-operation. Twelve hours after
the second injection the animals were milked.
TABLE X
Parathyroidectomized
Ho PTE
Humber of
animals

Parathyroidectomized
40 Units PTE

4 *

$ total
milk solids

29.9 ± 2.8

Serum Ca
mg

10.3 ±

Mill: Ca
mg $

549

Mg Ca/gm
milk solids

18.4

$

28.6

±1.7

.87

9.3

± .37

±

67

567

±

±

1.7

19.9

±1-3
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* One parathyroidectomized animal not receiving PTE
gave no milk.
When parathyroidectomized females were maintained on normal
stock diet during suckling* the administration of 40 units of PTE pro¬
duced no effects on the total milk solids or on the mg Ca per gram
milk solids.

This dosage was also insufficient to produce any increase

in the serum calcium of parathyroidectomized animals.

Thus* adminis¬

tration of small amounts of the hormone to the parathyroidectomized
animal which is able to maintain its serum calcium through dietary
intake had no effect on the calcium in the milk of these females.
Figure 7 gives a graphic comparison of these results.

Figure

7

Serum calcium and composition of milk in lactating rats, parathyroidectomizcd, or parathyroidectomized and injected with 2 x 20 USP
units of Parathyroid Extract during period.of.
isolation from litter*
to suckle for

18

Animals •were allowed

hours prior to isolation*

Stippled tars represent values for parathyroi&eetamizea females which were given PTE
as 100$.

Lined tars represent values for

parathyroidectomized females which did not
receive PTE.

Fig. 7
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Animals which received special treatment

EXPERIMENT VI
Sodium space. Seventeen lactating females
were divided into three groups:
Group 1 females were operated at 4:00 p.M. on the 13th day
of lactation, isolated on a calcium-free diet and milked at 9s0° A»M»
on the l4th day.

Animals were injected intraperitoneally at this

time with Na and urine and blood samples collected two hours later.
Determination of sodium space was carried out according to the
method described by Frost, 1952 (35)*

The results are shown in

Table XI.l*

TABLE XI.l
Milk Ca
mg
-

Sodium space
(cc/lOO ®ns)

No. of
Animals

Operation

Serum Ca
log i. _

2

sham

10.6

18.2

31*3

2

PTX

8.8

12.5

31*5

%

Group 2 females were operated at 8:00 P.M. on the 13th day
of lactation and returned to their litters overnight.

The females

were isolated at 8:00 A.M. on the l4th day and 6 hours later were
injected with sodium and the sodium space determined.
are shown on Table XI* 2.

The results

-

TABLE
No. of

32
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XI. 2

Operation

Serum Ca
mg

Sodium Space

5

PTX

10.3 ± .14

33.1 ± .64

4

sham

11.1 ± .19

32.9 ± .6

Group 3 females were operated at 4:00 P.M. on the 13th day,
returned to litter on calcium-free diet overnight, and injected with
sodium at 12 noon on the l4th day.

The results are shown in Table XI. 3*

TABLE XI. 3
No. of
Animals

*

Operation Serum Ca

Sodium Space

2

FTX

6.1

33.8

1

sham

9*4

33*1

One parathyroidectomized female in Group 3 died in tetany.

The measurement of sodium space was used to demonstrate pos¬
sible changes in the extracellular and intracellular fluid volumes
which could be related to changes in the serum calcium*

Information

gained might explain the increase in total solids and presumably the
decrease in the water content of the milk of rats whose serum calciums
have shown a reduction.

Therefore, three procedures were undertaken

which would:
1. reduce the serum calcium slight3.y.

These animals are

shown in Table XI. 1
2. reduce the serum calcium not at all.
are shown in Table XI. 2

These animals
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3*

reduce the serum calcium markedly.

These animals

are shown in Table XX* 3
Conparins the parathyroidectomized and sham-operated animals
within the groups and between treatment groups, it may be noted that
there is no change in the sodium space in these animals*

SERIES IV

Animals ■which received special treatment

EXPERIMENT VII

Animals injected with Ca^: Lactating fe¬
males were injected intraperitoneally with
about 1.1 uc of CsT? on either the 5th or
13th day of lactation.
The animals were
operated on the 13th day, isolated on a
calcium-free diet and milked at 9:00 A.M.
on the l4th day of lactation.
Milk and
serum samples were treated as described
in the preceeding section.

TABLE XII.a

Sham-operated
Controls
Number of
animals

6

8

$ total
milk solids

23.1

Serum Ca
mg #

11.9 ± M

Milk Ca
mg $>

464

1% Ca/gm
milk solids

20.0 ± .71

*

Parathyroidectomized

±

±

.72

21

*

26.3 ± 1.59

9.5 ± .57

480

+

18.3

± .33

One parathyroidectomized animal gave no milk.
Three parathyroidectomized animals and one
control were dropped due to error.

21
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TABLE XII.b
Animals Injected with Radioactive Calcium
Ten Days Before Milking
Sham-operated
Controls Parathyroidectomized
Number of
animals

4

2

Serum Ca
mg #

11.9 ± .79

10.2 ± 1.0

Specific activity
of serum

7*90 ± .57

3.85 ± .75

Milk Ca
mg <$>

501 ± 15

488 ± 32

3.34 ± 1.26

1.44 ± .29

Specific activity
Of milk

TABLE XII.c
Animals Injected with Radioactivity
Twenty-four hours before milking
Sham-operated
Controls parathyroidectomized
Number of
animals
Serum Ca
mg $

11.9 ± .53

Specific activity
of serum

25.4 ± 3.4
27.1

Milk Ca
mg $

426 ± 29

Sp. Act.
milk

61.2
64.8 ± 6.4

9.

±

476 ± 30

±

-
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These females were treated in the same manner as females in
Experiment I of Series II.

This insures milk-getting without difficul

ty but prevents dietary intake of calcium after the parathyroids are
removed.
The comparative characteristics of the milk and serum of
the parathyroidectomised and sham-operated animals show the same trend
as those in Experiment I of Series II.

In the panatbyroidectomized fe

males there is a small increase in milk total solids and a small
decrease in the mg Ca per gram milk solids.
In spite of large fluctuations within the parathyroideetomized and sham-operated groups, the results seem to indicate that
when radioactive calcium was injected ten days before the rat was
milked, parathyroidectomy reduced the amount of calcium^ in the
serum and milk.

However, if the Ca^5 was injected a short time

before milking, even though there was a small reduction in the serum
calcium in the parathyroidectomized animals, the relative proportion
of Ca^ to total calcium in the serum and milk was no different from
the controls

SERIES V,

The table below gives the values for mg Ca per gram
milk solids for ranges of serum calcium regardless
of the treatment the animal received except for cases
in which calcium lactate or calcium gluconate were
given.

TABLE XIII

Range
Serum Ca

No. of
Animals

Avg. mg
Ca/gm Solids

6.1 - 7*0

3

14.8

1.10

7.1 - 8.0

11

15.1

.96

8.1 - 9.0

12

16.1

1.18

9.1 - 10.0

24

16.1

• 59

10.1 - 11.0

17

16.7

.66

11.1 - 12.0

13

17.2

•83

12.1 - 13.0

8

18.3

•99

13.1 - l4.o

3

19.0

2.25

ms%

s

x

These values are shown graphically in Figure 8.
Comparing the values for Ca per gram milk solids between
the serum calcium values of 7*1 * 8.0 mg percent and 12.1 - 13.0
mg percent, it may be noted that there is a significant increase
for the higher value of serum calcium.

This supports observations

in the first four series of experiments that when serum calcium is
reduced, there is a concurrent reduction in the milk calcium per
gram milk solids.

Ilgure 8,

The relationship of the mg mills Ca per gram
milk solids to the serum calcium for shamoperated and parathyroidectomized animals
taken as cue group regardless of treatment*
Shaded area represents the Standard Error
of the mean*
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SERIES VI.

The citric acid content of rat milk.

Several investigators have reported very high values for
citric acid in the milk of caws, goats, and humans (37#

38,

4l).

These values range from 1250 to 2000 ug per ml of milk.
It has also been found that parathyroid hormone influences
citric acid metabolism (Dickens, 1941 (43); Alwall, 1944

(kb))

and

that this influence is a direct effect of the hormone was shown by
Freeman and Chang (45), 1950# and by Elliot and Freeman, 1956 (46).
It might be possible, therefore, to show a relationship
between parathyroid status and citric acid in the milk of lactating
rats.
Citric acid determinations were carried out as described
previously, on milk samples from different lactating females.
results from two experiments are recorded in Table XIV.

TABLE XIV

EXPERIMENT I

No. of Animals (samples) ug citrate/ml milk
7

46.9 ± 5.0

EXPERIMENT II
No. of Animals (samples) ug citrate/ml milk

9

32.2 ± 1.7

The
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DISCUSSION
These studies were undertaken to determine whether the changes
in composition of milk which occurred following parathyroidectomy could
he attributed to the direct action of the loss of parathyroid hormone on
mammary tissue or were a reflection of the consequences elsewhere on the
physiology of the animal of parathyroid hormone removal*
Definition of the rode of the parathyroids on milk secretion
was approached primarily by a study of the effects of parathyroidectomy
with and without concomitant plasma calcium level changes.

Experiments

were performed in which it was possible to maintain groups of animals,
in the days immediately following parathyroidectomy, with, plasma calcium
levels ranging from normal to sufficiently low to produce tetanic symptoms.
Maintenance was accomplished by varying the calcium content of the diet
and by varying the extent of suckling to alter the calcium stress on the
animal*

The effects of the progressive changes in plasma calcium can be

summarized as follows;
1. In short term experiments, if the parathyroidectomized
female is provided with sufficient calcium to prevent a reduction in the
serum calcium, then no differences in the milk can be demonstrated.
2. Milk-loss by suckling gives the first indication of a
modification in milk secretion in the parathyroidectomized female.

And

the modification involves primarily the total milk solids, rather than
the amount of calcium in the milk.

This effect is observed concurrently

with a small, reduction in the serum calcium of about 2 mg per cent.

- 4o -

3*

When suckling is Interrupted following paratbyroidectomy,

but restriction of dietary intake of calcium, is imposed, there is a
similar reduction in the serum calcium of 2 mg per cent, an Increase in
total solids, but no change in the calcium per gram milk solids*

k.

Conditions which occasion a marked lowering of the serum

calcium following parathyroidectomy are restrictions of dietary intake
of calcium plus milk loss through suckling*

Under this treatment, milk-

getting is successful in only about fifty-percent of the parathyroidectomized females and milk yield is reduced*

Measurements of total m-nk

solids show a fifty-percent increase, but the calcium per gram milk
solids is significantly reduced.

It is important to notice that there

is an increase in total milk solids in every experiment in which reduc¬
tion in the serum calcium occurs*
5*

The effects of long term parathyroprivia on the secretion

of milk are similar to those which result from parathyroid removal a
short time before milking* After removal of the parathyroids these
females were allowed to suckle for about nine days on normal diets*
This treatment brings about a thirty-percent reduction in the serum
calcium and a twenty-five percent reduction in the calcium per gram
milk solids* Most noticeable is a thirty-percent increase in total
milk solids.
The relationship between the amount of calcium in the milk
and the level of calcium in the serum, whether endogenous parathormone
is available or not, has been illustrated by plotting the average
mg Calcium per gram milk solids against the serum calcium.

Values for

milk calcium per gram solids for a large number of animals were arranged

sequentially according to their coordinate values for serum calcium.
These values were then averaged for

1 mg per cent intervals of the serum

calcium and the averages plotted against these intervals.

In Figure 8,

graphic representation of this plot shows a direct relationship between
the level of serum calcium and the calcium per gram milk solids.

The

important consideration in this relationship is that it is based on data
from parathyroidectomized and sham-operated animals taken as one group.
Generally, the results of these experiments in lactating rats
indicate that the effects of parathyroidectomy on milk secretion depend
on the fluctuations in serum calcium occasioned by removal of parathormone
from the circulation.

This suggests that the parathyroids affect the

quantity and quality of milk secretion indirectly and changes in milk
yield, milk solids and calcium per gram milk solids which occur follow¬
ing removal of the parathyroids can be attributed to the consequences of
a reduced serum calcium on the mammary gland.
Although these studies do not support a direct effect of
parathormone on lactation, studies have been reported which suggest that
this is the case.

Munson et aL, i960 (28) reported an increase in calcium

in the milk of lactating parathyroidectomized rats and although part of
this increase was due to an increase in total solids, part was attributed
to a loss of parathormone.

It is difficult to conciliate his conclusions

with those of this thesis because they are based on results which are in
conflict with those reported here.

Some of the disagreement may be due

to differences in methods employed.
It is necessary here to review the present status of what is
known about the role of the parathyroids in other physiological processes

•
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in order to consider the data reported here in the light of recent theories
of parathyroid action.

The physiological activity of the parathyroids in

processes other than lactation has been reviewed by several investigators
(47 - 51) and there is general agreement that the parathyroids have a
direct action on the bone and kidney.

The effects of parathyroidectomy

on the physico-chemical equilibrium level of calcium in the serum have
also been clearly elucidated (52, 53, 54).

In the normal animal the

level of calcium in the blood is strictly regulated by the direct action
of the parathyroids on the mineral reservoir of bone and studies with

45 (52, 54)

Ca

and EDTA. infusion (54) have shown that there is a labile

calcium storage pool in bone which is in equilibration with blood calcium.
This serves to temporarily store excess calcium or to supply it when the
blood level is lowered.

However, the restoration of the original level

in a rat whose dietary intake of calcium is restricted, depends on a net
movement of calcium from bone to blood.

Here the parathyroids are essen¬

tial for acute homeostatic control since, if the gland is removed, the
plasma calcium falls to 5-7 mg per cent and becomes poorly regulated.

If

the fluid compartments of the body drop below this level, calcium is sup¬
plied by bone, but if the concentration goes above this level, calcium
and phosphate are deposited onto the bone.

Under normal conditions, this

equilibration level of 5-7 nig per cent is never reached in body fluids due
to the continuous action of the parathyroid hormone in feeding back calcium
into the serum (52).

Calcium balance also depends on intake from the

diet and loss in the urine and feces (51) and several investigators have
studied the contribution of diet and age to parathyroidal function and to
the condition of an animal following removal of the parathyroids (l6,
55,

56).
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Scans of the physiological processes which may require a
constant level of calcium in the serum are the blood clotting sequence*
strength of heart beat* nerve conduction and cellular permeability.
Because of their requirements for serum calcium homeostasis they are
considered to be indirectly affected by the parathyroids.

The work

reported here provides a reasonable basis for including milk secretion
among these physiological processes* although it is possible that
alterations in milk secretion which follow changes in the serum calcium
are due to some modification of cellular permeability.
Some of the theories which relate calcium ions to cellular
permeability and nerve conduction were reviewed by Brink* 1953 (57*) He
suggests that* "The primary physical reaction of calcium ions with
cellular constituents will impose certain inevitable characteristics
Upon the relation between a cellular property and the environmental
concentration of calcium ions.”

Goe such cellular property is* of

course, cellular permeability.

And in agreement with data reported

here* Brink reports that there is no evidence for a direct action of
parathormone on the calcium metabolism of nerve cells* so that tetany
is controlled if the concentration of ionized calcium bathing the nerve
cells is raised by any means*

This can be accomplished even though the

defect in the organism such as hypoparathyroidism remains;.
By applying this information to an explanation of changes in
milk secretion observed concurrently with a reduced serum calcium* it
is possible to envisage how the function of the mammary gland secretory
cells might be altered in relation to the passage of water* and/or
solids, and ions.

The structural integrity of the secretory cell surface

probably requires a narrowly defined medium; and, if so, will be modified
by fluctuations in the cation concentration of fluid bathing them*

Evi¬

dence that calcium ions actually influence the permeability of cells to
water is discussed by Danielli, 1<&3 (58), and the relation of calcium
ions to the cell surface was reviewed by Reid, 194-3 (59)•

Although the

effects of calcium on capillary permeability and fluid balance have been
studied often, with conflicting results (60), studies which were directed
toward correlating the ratio of sodium to diffusible calcium of the blood
and that of solids-not fat to fat in milk suggest that variations in
blood salts cause changes in the composition of milk by affecting the
relative permeability of the basement membrane of the alveoli to lipid
and non-lipid material (TO)*

Da. addition to the possible effects of calcium on the selective
permeability of the mammary cell membranes to various precursors of con¬
stituents found in the milk, it has been shown that some enzyme systems,
for instance several steps in the phosphate transfer system, are sensitive
to calcium ion concentrations and these are steps in the principal systems
of chemical processes that make oxidative energy available for maintenance
of structure and function (57)*
Although fluctuations in the calcium ion concentration of the
serum may be solely responsible for changes in mammary gland permeability
to water, solids, and calcium, a direct action of parathyroid hormone an
membrane permeability has been suggested by several investigators*

It has

been reported that parathyroid extract prevents the uptake of radiocalcium
by rat voluntary muscle in vitro (63), and that parathyroid hormone may
directly facilitate the diffusion of calcium from the blood to the tissue

fluids (64)*

In addition, it has been reported that when parathyroid

extract was added to the solution in which lenses were immersed, the
penetration of calcium into the lenses was completely prevented (6l),
However, a more recent report indicates that the permeability of the
lens capsule may also be altered through changes in the calcium level
of the aqueous humor (62).
Nonetheless, although the possibility of a direct action of
parathyroid hormone on membrane permeability cannot be ruled out, any
reports based solely on the injection of parathyroid extract or its
effects in vitro, because of the crudity of such extracts, must be
accepted with reservation.
Since the two-hour sodium space serves as an index of the
extra cellular fluid volume, its measurement in parathyroidectomized
and sham-operated animals should show whether acute reduction in the
serum calcium, or absence of the parathormone can bring about marked
shifts in the extracellular and intracellular fluids*

This might help

to explain differences in milk yield and milk total solids observed in
parathyroidectomized animals with a reduced serum calcium.

But the re¬

sults indicate that no marked shifts in the fluid compartments occurred
in the parathyroidectomized animals regardless of the magnitude of re¬
duction in serum calcium*
Several investigators have studied milk formation using labeled
blood constituents such as Ca^ and P^2 which are concentrated by the
mammary gland and appear in the milk in higher concentration than in the
blood (65 - 67).

In the work reported here, it was found that parathyroid¬

ectomy decreased the specific activity of milk calcium if the radioactivity

is allowed to remain in the animal for ten days, thereby permitting
some penetration of the deeper areas of bone.

On the other hand, the

specific activity of milk calcium of animals recently injected with radio¬
activity is not affected by parathyroidectomy.
those of Talmage, et aL (68,

69),

These results agree with

who studied the effect of time on the

li<5
removal of Ca
from bone in nephrectomized rats by the technique of
peritoneal lavage.
Although the data in this thesis provide evidence for an in¬
direct effect of the parathyroids on lactation, the mechanism by which
a reduction in the serum calcium is able to produce the changes observed
in milk yield and milk solids can only be discussed on a theoretical
basis.

The reduction in milk calcium in the parathyroidectomized animal

can be explained by the reduction in the serum calcium which makes less
calcium available to the mammary secretory cells, but in regard to the
milk yield and milk solids, there are several possibilities.

The re¬

duced serum calcium may be altering the function of the secretory cells
directly through action on the structure of the cell membrane or through
involvement in enzyme systems which play a role in milk formation.

How¬

ever, as Turner (22) has suggested, there may be some interference with
the release of prolactin from the anterior pituitary or some disturbance
in the let-down mechanism in the parathyroidectomized animal; or it may
be that modifications in cellular permeability interfere with the action
of these hormones on the mammary gland.

Further investigation is needed

to show which of these mechanisms is an actual consequence of a reduction
in the serum calcium.
Nevertheless, early work implicated the function of the para¬
thyroid glands in successful lactation using litter growth-rate and milk
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yield as parameters of lactational performance and this data offers a
reasonable explanation of these earlier results by showing that both the
quantity and quality of milk are dependent on calcium homeostasis which
requires normal parathyroid activity.
An interesting sidelight in this problem was the level of
citric acid in rat milk.

It was found that the concentration of citric

acid in rat milk is about 3° ug/ml, only a trace as compared to the
citric acid concentration in milk of humans, cows and goats of 1200-2000
ug/ml (37, 38, 4l).
Fdley and French (39, 40), studying the metabolism of rat
mammary gland slices in vitro found a respiratory quotient of 1.56 for
this tissue and commented that the existence of a high respiratory quo¬
tient, together with a fairly active respiration in vitro, raised
questions in relation to pathways of glucose metabolism in this tissue.
This high R.Q. in the presence of glucose in vitro, coupled with a
considerable respiration, suggests the possibility of fat synthesis from
carbohydrate.

In accord 'with this is the high percentage of fat in rat

milk, about 15$, as compared to about 3$ for cow and human milk (42).

ka
SUMMARY AND CONCLUSIONS

The effects of the parathyroid gland on lactation are mediated
indirectly and are the result of a reduction in the serum calcium.

If a

reduction in the serum calcium is prevented in the parathyroidectomized
animal by providing adequate calcium in the diet, or by interrupting
suckling, no differences from the intact animal can be demonstrated in
the milk.
However, if parathyroidectomy is followed by a reduction in
the serum calcium by restriction of dietary intake of calcium, or by
allowing the animal to suckle, then the quantitative and qualitative
characteristics of the milk are altered.
In parathyroidectomized animals exhibiting a reduced serum
calcium, the changes observed in the milk are an increase in total
solids and a decrease in the calcium per gram milk solids.
If the serum calcium shows an acute reduction, milk-getting
becomes difficult and milk yield is greatly reduced.

Figure

$,

Specially designed glass utilising tubes, assembled
and unassembled.

Figure 10.

Milking tube connected to motor-driven suction
apparatus.

Figure 11.

Procedure for holding an unanesthetized rat
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