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rat. 
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Hormones Influencing Intensity of 
Milk Secretion in the Rat 

C. W. Turner 

It has been recognized for many years that the secretory activity of the mammary 
epithelial cells is dependent upon the lactogenic hormone of the anterior pituitary 
(A.P.) . This hormone stimulates the initiation of secretory activity of the cells and is 
required throughout lactation for the continuation of the secretory process. 

During early pregnancy the amount of lactogenic hormone in the A.P. is low but 
in late pregnancy it increases due, it is believed, to the increased secretion of estrogen 
(Grosvenor and Turner, 1960). Following parturition, the regular nursing stimulus 
causes discharge of the hormone secreted during the interval between nursings and in 
turn stimulates the secretion of milk (Grosvenor and Turner, 1957c and 1958a) . 

It has been suggested that maximum lactation occurs only when each hormone 
involved in milk secretion is being secreted in optimal amounts. If any of these hor
mones are secreted in limited amounts in a population of animals, then the secretion 
of milk will be limited by the extent of the deficiency. 

By the administration of a hormone in optimal amounts, animals deficient in their 
secretion rate of the given hormone would increase in milk secretion. When a group 
of animals show an increase i;i milk secretion it is believed to indicate (1) that the 
hormone does play a synergistic role in milk secretion and (2) that part of the group 
of animals are secreting less than optimal amounts of the hormone. 

In the following studies, the effect of each hormone alone and with oxytocin was 
determined, then the effect of increasing numbers of hormones together was deter
mined. 

Care of Lactating Rats 

The rats used in the following experiments were all of the Sprague-Dawley
Rolfsmeyer strain. Usually pregnant rats were purchased from Rolfsmeyer. 

When received they were placed in individual cages and were fed Purina Lab 
Chow with an energy value of 4.41 calories per gram and a protein content of 23.4% 
and water ad libitum. The animal room was maintained at a temperature of 78 ± 1°F. 
The room was artificially illuminated during daylight hours. On day 4 post-partum, 
litters were reduced to 6 young unless otherwise indicated. 

Early Methods of Measuring Lactation in Rats 

In early studies of lactation in the rat, Daggs (1935) suggested that methods in
volving mortality and weaning statistics or percentage weight changes of the litter 
were unsatisfactory. He suggested a lactation index based upon the logs of the daily 
weights of litters of six during the 4th to 10th day from the 11th to 17th day. A nu
merical constant was obtained for the slope of each straight line by dividing the log 
difference between any two points on the line by the distance between them in days. 
He then combined the two growth slope constants by simple addition and dropped 
the decimal point. 

Cox and Mueller (1937) developed a milking-machine for rats. However, the 
machine was not successful in obtaining all of the milk produced. Their best yields 
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were 5 to 8 ml, which is far below the capability of rats. It is quite probable that 
greater yields could have been obtained if oxytocin had been used td aid in milk re
moval. 

Brody and Nisbet (1938) suggested that milk production in the rat could be esti
mated from the weight of the litter during timed suckling intervals corrected for 
weight losses due to urination, defecation and insensible perspiration. Estimates of 
daily milk production of individual rats duri:ig lactation were reported. 

A second method of estimating milk-energy production by rats was based on an 
estimate of energy required for the maintenance of the litter plus the energy stored 
in the litter in the form of weight gain of growth. It was shown that in early stages 
of lactation the first method gave lower milk yields but in later stages of lactation the 
second method produced lower estimated yields. 

Cowie and Folley (1946) reported that claims of a .sharp discontinuity in the 
growth rate at about the 10th day were not observed. They proposed a "litter-growth 
index" based on the mean daily gain in weight per litter from the 6th to the 11th day. 

The use of a laaation index or a litter-growth index based upon litter weight gains 
may be useful in nutrition and endocrine studies where milk yield may be deficient. 
However, where it is desired to stimulate increased milk yield by the use of one or 
more hormones, there is a serious question whether increased milk yield will be re
flected in increased litter weight gains. The reasons why this method is not satisfactory 
will be discussed. 

As an alternative, a method based upon the yield of milk removed from the mam
mary glands after a 10 hour separation period has been used. In the more recent ex
periments milk yields from day 14 to 20 of lactation were obtained as well as litter 
weight gains. 

Milk Yield as Affected by Nursing Interval 

Reddy et al. (1964) used 16 Sprague-Dawley lactating rats t() determine the milk 
yield after 3, 6, 9, and 12 hours of separation of litters from dams. Milk yield was 
determined on days 9, 11, 13, and 15 of lactation. Each litter contained 9 pups. The 
milk yield was determined by weighing the litters before and after 1 hour of nursing. 
It was found that milk secreted per interval increased linearly as the interval increased. 
The yield increased significantly as the lactation advanced from the 9th to 15th day. 
The hourly rates of milk secretion were not significantly different during the non
nursing intervals. Apparently, no oxytocin was used in the study. 

In a further study Reddy and Danker (1965) determined the daily and total amounts 
of milk secreted by Sprague-Dawley rats from the 8th through the 19th days of lacta
tion using 4, 6, 8, and 12 hour nursing intervals with 10 animals nursed ad libitum in 
each group and 11 controls. One-half and 1 hour nursing periods were studied with 
the 4 and 6 hour intervals. Each litter contained 9 young. It was reported that dams 
suckled for 1 hour produced more milk than those suckled for 1h hour. If the total 
milk production during the 12 day period on twice per day nursing was 100%, the 3 
times per day nursing increased 58%, 4 times per day 80% and 6 times per day 13 7%. 

It was reported that litter weight gain was a poor indicator of milk production. 
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Method of Prolonging Lactation in the Rat 

Normal lactation in the rat extends for about 21 days. Ar this time the young 
may be weaned. The young are entirely dependent on the milk supply for 15 to 16 
days. After this period, the young begin to eat solid food and gradually become less 
dependent on the mother's milk. 

That lactation could be prolonged beyond the normal weaning time was first 
shown by Selye and McKeown (1934) by providing 8 lactating mice with fresh litters 
at frequent intervals. In this study, involutionary changes in the mammary glands were 
observed at about 30 days and inability to nourish the young after 2 months. 

Bruce (1958) reported that lactation was prolonged in 3 rats for 9-12 months by 
frequent litter replacement, and the litters continued to gain at about the same rate 
throughout the experiment. 

Nicoll and Meites (1959) used 8 Carworth and 8 Long-Evans rats in a study to 
prolong lactation by replacement of the litters of 6 pups. Every 10 days litters were 
replaced with equal numbers of 4 day old pups. Average daily weight gain/ litter was 
9.6 ± l.3g during the 1st 10 days and declined to 6.3g by the 3rd 10-day interval. 
Thereafter no further decline was observed throughout the remaining 40-day interval. 

By visual observations of histological sections, it was believed that severe alveolar 
degeneration had not occu.rred even up to 70 days. It was suggested that mammary 
involution was probably not the primary factor responsible for the decline in milk but 
rather a diminished secretion of galactopoeitic hormones resulting in a decline in 
secretory capaciry of alveolar cells. 

Tucker and Reece (1963) extended the lactation period in 11 rats to 41 days and 
in 12 rats to 61 days by providing eight 1 to 4-day-old foster pups every 21 days. The 
DNA content of mammary glands of rats lactating 41 or 61 days was not significantly 
different from that of glands of rats lactating 21 days (10.56 and 10.94 mg/ 100 b. w. 
vs. 11.03 mg) . Based upon litter weight gains, milk secretion declined an average of 
51.6% and 55.7% in 41 and 61 days of lactation. 

Thatcher and Tucker (1968a) ligated the anterior 6 nipples and placed 6 pups on 
each mother. Each 4th day the litters were replaced with 12-day-old foster litters to 
maintain intensive lactation. The mothers were killed on days 16, 20, 28 or 36 of lac
tation. Intensive lactation maintained pituitary lacrogenic hormone content bur ACTH 
decreased 68%. They suggest that ACTH may be rate limiting to milk synthesis dur
ing extended lactation. 

Thatcher and Tucker (1970) gave daily injections of 2 mg lactogen, 1 mg growth 
hormone and 0.5 mg hydrocortisone acetate to rats separately and in all possible com
binations between days 16 and 32 of lactation. All 16-day-old litters were replaced with 
8-day old foster litters. Only treatments that included hydrocortisone maintained litter 
weight gains from 24 to 32 days comparable to the saline controls from day 16 to 24. 
Furthermore the gains of hydrocortisone treated rats were about double that of the 
controls from day 24-32. It was concluded that lactogen or GH require hydrocortisone 
to prevent decline of milk synthesis in rats to day 32. 

The synthetic glucocorricoid 9-fluoroprednisolone acetate will also retard declines 
in milk synthesis during prolonged lactation (Thatcher and Tucker, 1970a). During 
these intervals of extended lactation adrenal corticosterone content of normal untreated 
rats decreased linearly. Adrenal corticosterone content was correlated with mammary 
RNA, DNA, and litter weight gain. The data support the idea that adrenal secretions 
may be rate limiting to milk production during advanced lactation in the rat. 
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Further evidence of the role of hydrocortisone in the milk secretion process was 
presented by Mills and Topper (1969). After 4 days of culture with insulin and hydro
cortisone explants from mice midway through pregnancy do not synthesize casein; 
however, within 12 hours after the addition of lactogen, these explants do synthesize 
casein. In contrast, explants that have been cultured in the absence of hydrocortisone 
(only insulin) do not respond similarly to the addition of lactogen. It was concluded 
that hydrocorrisone is a prerequisite for the secretion of casein. 

Problems in Fostering Young in Rats 

Denenberg et al. (1963) studied some of the problems of fostering young in rats. 
There was 95% survival for young raised by their natural mothers. This percentage 
was significantly higher than che average survival percentages of 85, 76, and 46% for 
young raised by foster mothers lactating for 1, 5, and 10 days. 

The effect of eating the placenta was also studied. When the young were removed 
at parturition before the mother could eat the placenta and clean the pup, the foster 
mother ate the placena. The presence of the placenta significantly increased the sur
vival percentage in the 10 day lactators but not the 5-day laccators. The difference in 
the 1-day lactators approached significance. 

The administration of 4 ug of estradiol was sufficient to raise the survival per
centage to a value equivalent to chat obtained when foster mothers ate the placenta 
of the newborn pups. Ten ug was too much and 2 ug was too little and depressed 
survival rate. 

Zarrow et al. (1967) reported that a single injection of lactogen or progesterone 
was sufficient to increase the survival percentage and body weight of 10-day lactators. 
The addition of 2 or 4 ug estradiol to 5 I. U. lactogen was no more effective than 
lactogen alone. Desoxycorticosterone acetate (1 mg) was without effect. 

Resumption of Lactation After Removal of Litters 

Ota and Yokoyama (1965) removed the litters of lactating rats, then provided 
foster litters 3, S, or 9 days later. Lactation was restored in all groups by this re-suckling 
procedure. In the first group (3 days) rats resumed lactation within S days. Weight 
gain of the pups after 3 days was observed on the 4th day, in 5 day groups on the 
5th day, and in the 9 day group, 1 or 2 days later. 

It should be pointed out that involution of the lobule-alveolar system occurs very 
rapidly after weaning. After S and 9 days, the nursing stimulus apparently caused the 
regrowth of the gland associated with renewed lactation. 

In unpublished work, they indicate that similar results were obtained in ovariec
tomized lactating rats. 

Capacity of Litters to Grow With Abundant Milk Supply 

It is clear that litters on a deficient milk supply will grow subnormally. However, 
when the milk supply is abundant the amount of milk obtained at each nursing will 
be limited by the amount of oxytocin discharged at nursing time and its half-life. 
Normally the nursing period is about 1 minute in duration and the total amount of 
milk which can be removed will not reflect the amount of milk available in the glands. 
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However, if one assumes that above normal amounts of milk are removed or 
capable of being removed, the next question which arises is the capability of the pups 
to respond to the increasing nutrient supply by an increased growth rate. 

In rats of the strain used in our research program, it has been observed that there 
is considerable variation in the voluntary feed intake during growth and maturity. 
Thus some pups will be satiated with less milk than others in the presence of an 
abundant milk supply. 

As in all animals, there is a genetic and endocrine limitation to the rate of growth 
of the pups in the presence of an optimal food supply. 

In summary, it is suggested that in the normal lactation of rats, limitations of 
milk supply will reduce the rate of litter growth and thus reflect the extent of the 
deficiency in the milk supply. However, in lactating rats stimulated by one or more 
hormones to increased milk yield, there are limitations in the possible response in lit
ter growth in the presence of larger amounts of milk due to the time available at each 
nursing period (hourly) to remove the milk, due to the amount of oxytocin discharged 
and its t th, due to the limits of the appetite of the pups, and finally due to the genet
ic and endocrine limits of the pups to grow. 

Milk Yield and Litter Growth to Day 14 
The relation of milk yield on day 14 after a 10 hour separation period to the 

weight of the litter on day 14 was studied by Grosvenor and Turner (1959). In dams 
secreting 2 , 4, 6, or 8 g of milk on the test milking, there was an increase in litter 
weight but in dams secreting 10 or 12 g, there was no further increase; indicating that 
the litter was incapable of further response to an abundant milk supply. 

The lack of response to the greater milk yield may be due to variations in the volun
tary intake of milk, to the genetic and endocrine limitation in the growth rate of rats, 
and to the effect of endogenous oxytocin release at the normal nursing periods as indi
cated below. 

Effect of Oxytocin on Litter Weight Gains 

The method of measuring milk production used in the present series of studies 
has been criticized because of the lack of relation between the litter weight gains and 
the milk yield at the test milkings. The question is asked, "If the milk yield of the 
experimental groups is markedly increased, why then do the litters not take advan
tage of the increased available milk and grow faster than the controls?" 

To seek an answer to this problem, it is necessary to understand the nursing hab
its of the rat. Normally, the young nurse their mothers for approximately 1 to 5 min
utes at about hourly intervals. At the nursing period, the neural stimulus causes the 
release of oxytocin and permits the removal of milk. If the amount of milk present in 
the gland is limited, it may be completely removed before the oxytocin is inactivated. 
If the amount of milk present increases, then increasing amounts of milk present in 
the gland may not be removed by this short nursing period and the growth rate of 
the litter would not be increased accordingly even though increased amounts of milk 
were being secreted under the stimulus of the hormones. 

If the inability of the nursling to remove the available milk at each hourly nurs
ing period due to the short half-life of oxytocin were one factor influencing the litter 
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weights at weaning time, then if endogenous oxytocin were to be supplemented with 
exogenous hormone at intervals during the day, the mean litter weight at weaning 
time should be increased. 

Kumaresan and Turner (1966) injected 1 u of oxytocin at 6 hour intervals per day 
to enable the nursing young to obtain more of the available milk. On day 20 of lacta
tion, the control litter weight of 6 pups was 217 g whereas the experimental group 
weighed 246 g, an increase of 29 g or a highly significant increase of 13%. It was 
shown, also, that not all of the milk was removed at the regular hourly nursing per
iod. When 1 u of oxytocin was injected 7.33g of milk was removed compared to 1.7 g 
of milk without exogenous oxytocin. 

It was concluded that the amount of oxytocin released and its short t Y2 limits 
the amount of milk which can be removed at each nursing period in the rat. 

Effect of Litter Size on Milk Yield and Litter Weight Gains 

In the studies reported, the number of pups in the litter has been six. It was con
sidered desirable to determine the effect of litter size on milk yield and litter growth 
(Kumaresan et al., 1967). The normal rat possesses 12 teats and 12 individual mam
mary glands with the capaciry to suckly 12 pups. It is not known to what extent the 
glands differ in size and milk secreting capacity. 

When only 2 pups nursed, it appeared that the posterior glands were preferred 
since the anterior glands showed extensive signs of involution on day 20. When litters 
of four or more were nursed both anterior and posterior glands were lactating. 

It was interesting to note that litters of two and four showed the greatest capacity 
to remove milk at the test milking on days 14 to 20. This may have been due to abil
ity of the pups to select and nurse the most productive glands. It is not believed that 
more than one gland would be nursed at each nursing period due to the short t Y2 of 
oxytocin. It is possible that the pups nursed one gland at one nursing period and a 
second gland at the next. When the number in the litter was increased to six or more, 
there was a gradual reduction in the milk removed per pup. The decline in milk yield 
per pup might be due to a gradual reduction in the size of the available glands and 
milk yield which the increase in litter size forced the pups to nurse. 

It was observed that litters of 12 increased milk yield by 56% over six pups on 
day 14, 47% on day 16, 54% on day 18 and 120% on day 20. The greater increase on 
day 20 was due to the decline in milk yield on day 20 of the rats with six in the litter, 
whereas in the groups with 10 and 12 in the litter milk yield remained high. 

Moon (1969) compared the litter weight and milk yield of rats nursing 6, 9, or 12 
pups. The mothers were isolated for 16 hours on day 13 of lactation, the pectoral 
glands were covered with tape and suckling was permitted on day 14 with the aid of 
oxytocin. The mothers were weighed before and after nursing to estimate the milk 
yield (Table 1) . 

Table 1 
Milk Yield and Litter Gains 

No. of No. of Body Milk Yield Total Litter 
Young in rats Weight (g/lOOg) wt. gain 
Litter g 1-13 days (g) 

6 10 325 3.80 129 
9 12 296 4.55 145 

12 10 272 5.60 169 
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On day 14 of lactation, it will be noted that milk yield of the abdominal-inguinal 
glands increased with increased nursings. As would be expected, the increased num
bers of pups showed greater total litter weight gains. 

Effect of Concurrent Pregnancy on Litter Weight 

Paape and Tucker (1969) measured the litter weight gains of lactacing-nonpregnanc 
and pregnant rats. Six pups nursed only the posterior six glands. 

To maintain incense suckling stimulus, litters were replaced every 4 days with 12-
da y-old foster pups. It will be noted that the pregnant rats decreased more than the 
non-pregnant rats (Table 2) . 

Table 2 
Effect of Pregnancy on Litter Weight Gains 

Litt.er Weight Gain (g) 
Day of Days Lactating Lactating 

lactation pregnant pregnant non-pregnant 

8-12 12 10.0 10.8 
12-16 16 10.8 11.1 
16-20 20 8.7 10.6 
20-24 24 - 1.7 8.4 
mean 6.9 10.2 

Method of Measuring Milk Production in Rats 

The milk production of rats was first determined on the 14th day of lactation in 
litters of six. The young were separated from their mothers for 10 hours. At the end 
of 10 hours the young were united and permitted co nurse for 30 minutes. The young 
were then killed, the stomach contents removed and weighed (Grosvenor and Turner, 
1959a). In more recent studies, this method has been compared with estimations based 
upon the loss of body weight of the mother and the gain in body weight of the 
young before and after nursing. The advantage of the latter method is that repeated 
estimations of milk yield can be made from day 14 to 20. 

Effect of Oxytocin on Milk Removal 

In previous experiments, the removal of milk depended upon the endogenous re
lease of oxycocin by the dams in response to the nursing stimulus of the young. Since 
the separation period of 10 hours is much greater than the normal nursing period of 
1 hour, it is presumed that the oxytocin accumulated by the posterior lobe would be 
increased also and that the amount discharged would be increased. Whether it would 
be 10 times the amount discharged at hourly intervals was not known. 

In the test milking it was desired to remove all the milk present in the glands 
since it was not known whether the endogenous secretion of oxytocin would be ade
quate to permit all the milk to be removed by the pups. 

In chis experiment Grosvenor and Turner (1959a) compared the mean milk yield 
of normal rats with that of a second group of rats injected with oxytocin just prior to 
the nursing period (Table 3). 
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Table 3 
Milk Removal by Litters With and Without Oxytocin 

Treatment No. of Mean Mean Mean Increase 
rats Weight Milk Weight % 

of Dams Yield of Litters 
g g g 

Controls 30 304 6.20 164 

Oxytocin 30 309 9.20 164 48.4 

It was shown chat the yield of milk at the test milking was increased 48.4% by 
the administration of oxytocin. The litter weight gains were the same in the two 
groups. It was concluded from this experiment that endogenous oxytocin discharge 
was not sufficient to permit the removal of all the milk present in the glands at the 
end of 10 hours. In all subsequent experiments oxytocin was given routinely .to ensure 
complete milk removal. 

Effect of Lactogenic Hormone on Lactation 

As indicated earlier, the lactogenic hormone is necessary for the initiation and main
tenance of lactation. In the initial experiment 1 mg per day was injected until the 14th 
day. In the control group mean milk yield was 9.9 gm, whereas in the lactogen-injected 
group the mean milk yield was 9.4 gm. This indicates that 1 mg of lactogenic hor
mone was without benefit (von Berswordt-Wallrabe, Moon, and Turner, 1960b). 

In a later srudy 1, 2, and 3 mg lactogenic hormone was injected from day 7 to 19 
of lactation and milk yield was obtained on days 14, 16, 18, and 20 (Kumaresan et al., 
1966) . 

As in the previous experiment 1 mg had no effect on day 14 but had a slight 
effect on days 18 and 20, 2 mg was increasingly effective on days 18 and 20. The 3 mg 
level was increasingly effective through lactation (Table 4). 

Table 4 
Effect of Lactogenic Hormone on Milk Yield 
(Kumaresan, Anderson, & Turner, 1966) 

Treatment No. of 14 Increase 16 Increase 18 Increase 20 Increase 
rats days over days over days over days over 

control control control control 
% % % % 

Control 18 10.33 13.33 13.94 10.94 
1 mg 18 10.11 14.11 15.89 14 16.33 49 
2mg 17 11.65 15.35 15 17. 94 29 20.59 88 
3mg 18 13.72 33 16. 78 26 20.44 47 19.89 82 
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Effect of Growth Hormone on Milk Yield 

Macdonald and Reece (1960-61) injected a group of Hooded Norway rats with 2 
mg of lactogen per day starting on day 2 of lactation. Litter weight indexes were ob
tained by subtracting 5th day litter weights from 17th day litter weights. It was found 
char the lactogen-injecred dams had a significantly higher litter-growth index. Ir was 
concluded that lactogen was galactopoie~ic. 

To determine the effect of growth hormone on milk yield, groups of rats were 
injected with GH from day 7 to 14 at which time the 10 hour test milking was con
ducted (Grosvenor and Turner, 1959a). The 30 control animals without oxytocin pro
duced a mean of 6.2 g of milk, whereas the GH group produced a mean of 8.8 g, an 
increase of 42.1%. When oxyrocin was injected with GH milk yield increased to 10.8 
g, a gain of 74.2% over the control production. 

When litter weights were considered, the control group weighed a mean of 164 g 
whereas the group stimulated with growth hormone weighed a mean of 163 g. Ir is 
clear that if litter weight were considered to be the index of the value of growth hor
mone upon milk secretion the results would be negative, yet by the test milking a 
42% increase in milk secretion intensity was indicated without oxytocin and 60.5% with 
oxytocin. It should be pointed out that the milk available to the litter was only that 
provided by the endogenous discharge of oxytocin. It was shown by the test milking 
that the amount of oxytocin required to permit all of the milk to be removed was 
increased. In this study, the mean litter weights were classified on the basis of the 
milk yield of the dams at the rest milking. As milk yield of the dams increased from 
2 to 8 g, the litter weight increased. From 8 to 12 g, the litters were of the same 
weight. These data suggest that litters respond to increasing milk yield up to a point 
but the young do nor remove all the milk at each nursing period of higher yielders of 
milk. 

In contrast to the effect of growth hormone on lactation in the rat is the report 
of Meires (1957) using litter weight gain. He injected GH starting on day 5 for 12 
days at a level ofl mg/day. The 10 control rats showed no gain in body weight whereas 
the GH injected rats gained a mean of 2 g/ day. The growth rate of the litters was the 
same in both groups, indicating that GH did not increase milk production if litter
weight was used as an index. 

Macdonald and Reece (1960-61) also injected growth hormone at levels of 0.25, 
0.50, and 1.0 mg starting on the 5th day of lactation in Hooded Norway rats. Litter 
weight indexes were obtained by subtracting 5th day litter weights from 17th day lit
ter weights. Litter weight indexes of growth hormone and water injected groups were 
nor statistically different. They concluded that growth hormone was not galactopoietic. 

Effect of Thyroxine on Milk Yield 

In studies of the thyroxine secretion of our lactating rats, it was observed that 
maximum secretion was 3 ug/ 100 g/ day (Grosvenor and Turner, 1958b). L-thyroxine 
at a level of 3 ug/ 100 g b.w. was injected into a group of 30 lactating rats from day 
7 to 13 in comparison with the previous group of 30 animals (Grosvenor and Turner, 
1959b). 

In this experiment, L-T4 alone stimulated increased milk yield on day 14 by 54%. 
The litter weight was also increased from 164 g to 182 g. This increase might be attri-
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buted to greater available milk removed by the pups. When oxyrocin was added at 
the test milking on day 14, the yield of milk was increased 77% above the controls 
(Table 5). 

Table 5 
Effect of L-thyroxine on Milk Yield 

Treatment 

Control 

L-T4-3 ug/100 
gb.w. 

L-T4 + 1 USP 
unit oxytocin 

No. of 
rats 

30 

30 

30 

Mean 
Weight 
of dams 

g 

304 

286 

302 

Mean Mean Increase 
Milk Weight % 
Yield of Litters 

g g 

6.20 164 

9.55 182 54.0 

11.00 177 77.4 

Relation of Thyroid Hormone Secretion Rate and Milk Yield of Rats 

It has been shown that the mean thyroid hormone secretion rate (TSR) increases 
in lactating rats. Grosvenor (1961) determined the individual TSR of lactating rats 
during the first 14 days of lactation. The mean TSR of the group was 1.93 ug/ 100 
g/ day. This is 130% more than obtained from non-lactating female rats of the same 
age and strain. The TSR was significantly correlated with the amount of milk obtained 
from mothers on day 14 of lactation. Lactation was continued for a second 14-day per
iod by the use of foster litters. At the end of this period there was a significant reduc
tion in mean TSR to 0.98 ug/ 100 g/ day. The reduction in milk secretion during the 
second 14 days was correlated with a slower growth rate of the foster litters. 

In a second experiment the mean TSR of 2.10 ug/ 100 g/ day was observed during 
the first 14 days of lactation. The young were then removed and during the following 
14 days the TSR fell to 0.75 ug/ 100 g/ day. 

These data suggest that the intensity of thyroid hormone secretion influences the 
intensity of milk secretion and reduced hormone secretion plays an important role in 
the decline of milk secretion with the advance of lactation. 

Milk Yield in Rats from Days 14 to 20 

In the first studies on lactation in rats, the test day of 10 hours was on day 14. 
At that time the young were killed and the milk was removed from their stomachs 
and weighed. Since it was desired to measure milk yield until weaning time (20 days) , 
it was decided to compare this method with the plan of weighing the dam and the 
young before and after the 30 minute nursing period and compare the yields by the 
two methods. The milk yields were quite comparable and the increased weight of the 
litter was used as the index of milk yield. This method has been used in the more 
recent studies. 
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Effect of Parathyroid Hormone on Normal Animals 

In a continuation of the effect of exogenous hormones on lactation in normal 
animals, the parathyroid hormone at levels of 30 USP units/ 100 g BW was adminis
tered to normal lactating rats from day 7 to 20. Milk yields were determined' on days 
14, 16, 18, and 20 with aid of oxytocin. In comparison to the controls, milk yield was 
increased from 6.9 to 10.68 g or 54% on day 14, from 9.0 to 12.08 g or 35% on day 
16, from 9.8 to 12.88 g or 31% on day 18, and from 8.2 to 11.88 g or 45% on day 20 
(Djojosoebagio and Turner, 1964a) . 

Another group of lactating rats were given 125 ug of Hytakerol (AT-10)/100 
gBW. Their milk production on day 14 was 10.88 g or 56.3% above the controls, on 
day 16 10.28 g or 15% above, day 18 10.82 g or 10% and on day 20 9.3 g or 14% above 
the controls. It is believed that this level of AT-10 was somewhat excessive. 

Calciferol (Vit. D 2 ) at level of .2 mg/lOOg BW increased milk production to 9.63 
or 39% at 14 days, 12.16 g or 36% on day 16, 12.14 g or 24% on day 18 and 10.46 g or 
27% on day 20 (Djojosoebagio and Turner, 1964a). 

Effect of Corticosterone on Milk Yield 

It has been reported that the predominant secretions of the rat adrenal cortex are 
corticosterone and aldosterone (Peron, 1960). A study of these two hormones separate
ly and together upon lactation in the normal rat are reported (Hahn and Turner, 
1966). Lactating rats injected with 0.75 mg of corticosterone/ day showed no beneficial 
effects of lactation. Administration of 1 mg/ day increased milk yield 12% on day 14, 
13 .2% on day 16, 13.3% on day 18 and 27% on day 20. Injection of 1.25 mg/day in
creased milk yield on days 14 to 20, however, only on days 14 and 20 was milk pro
duction significantly increased. The animals injected with 1.5 mg/ day showed a 12% 
decrease in milk yield on day 14 and 6% on day 16. However, on day 20, it increased 
milk yield 21 % .. 

Administration of 25 ug aldosterone alone failed to show a response to the hor
mone. The combination of 25 ug aldosterone and 1 mg corricosterone increased milk 
yield 34.8% on day 14, 24% on day 16, 12.6% on day 18, and 12.7% on day 20. It was 
suggested that the increase in milk yield of the two hormones was due primarily to 
the effect of the corricosterone alone. 

Effect of Insulin on Milk Yield 

Groups of normal lactating rats were injected daily with protamine zinc insulin 
(1 to 3 units/ day) from day 7 to 19 (Kumaresan and Turner, 1965). The rats injected 
with 1 u failed to respond. Two u stimulated a significant increase in milk yield on 
days 14 and 20. At 3 u of insulin, milk yield was increased 38% on day 14, 25% on 
day 16, 26% on day 18 and 79% on day 20 in comparison with the control group. 
Higher levels (4 and 5 u) produced hypoglycemia and death in many of the rats. 

Effect of Oral Hypoglycemic Agent-Diabinese on Milk Yield 

Diabinese is an oral agent which stimulates an increased secretion and release of 
insulin from the B-cells of the pancreas. Tests indicated that in the lactating rat 10 
mg/100 g body weight was in the physiological range. This level was given by stom
ach tube daily to 18 lactating rats from day 7 to 19 in comparison with a control 
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group. Test milkings were made on days 14 to 20. In comparison with a group of 90 
control animals, increased yield of milk was observed at each test milking. In compari
son with insulin, diabinese stimulated slightly greater milk yield than 2 u of insulin 
but less than 3 u (Kumaresan and Turner, 1966). 

Table 6 
Summary of the Effect of Various Hormones on Milk Yield of Rats 

Hormone 

Oxytocin 

Oxytocin with 
Growth Hormone 
1 mg/day 

L-Thyroxine (L-T 
4

) 
3 ug/100 g b. w. 

Lactogenic H. 
3 mg/day 

Parathyroid 
Hormone 
30 USP units/ 
10 gb.w. 

Protamine zinc 
Insulin 
3 u/day 

Corticosterone 
1 mg/day 

Increase on Day of Lactation 
14 16 18 20 
% % % % 

48.4 

74.2 

77.4 

33 26 47 82 

54 35 31 45 

38 25 26 79 

12 13 13 27 

Reference 

Grosvenor & Turner 
(1959) 

Grosvenor & Turner 
(1959) 

Grosvenor & Turner 
(1959) 

Kumaresan & Turner 
(1966) 

Djojosoebagio & 
Turner (1964) 

Kumaresan & Turner 
(1965) 

Hahn & Turner 
(1966) 

Effect of Single Hormones on Lactation in Rats 

The theory has been advanced that optimal secretion rates of a number of hor
mones influence the intensity of milk secretion. The object of the previous experiments 
was to identify the hormones which influence milk secretion and to determine the 
extent of their influence upon the milk secretion processes. 

The first hormone tested was oxytocin. It is not suggested that this hormone 
stimulates increased milk secretion. Its function is to make possible the removal of 
the milk secreted during the 10 hours prior to the test nursing. It was shown that the 
milk removed by the injection of oxytocin was increased 48.4% above that removed by 
the endogenous discharge of oxytocin at the nursing period. 
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In all subsequent experiments oxytocin at the rate of 1 USP unit was injected 
subcutaneously into the dams immediately before nursing into both the control and 
experimental animals and a second unit after 15 minutes. 

The most effective hormone in increasing milk yield was L-thyroxine (L - T4 ) at 
a level of 3 ug/ 100 g/ day. Milk yield was increased 77.4%. It was shown also that rats 
with higher endogenous L-T4 secretion tended to secrete larger amounts of milk (Ta
ble 6). 

Growth hormone (GH) at a level of 1 mg/day stimulated a 74.2% increase in 
milk yield. Based upon these two experiments, it appears that the endogenous secre
tion of these two hormones (L-T4 and GH) in rats varies greatly and when optimal 
levels of these two hormones are injected, the secretion of milk may be increased 70% 
or more. The third most effective hormone was parathormone at a level of 30 U.S.P. 
units/ 100 g/ day. It increased milk yield 54%. Other less effective hormones were pro
tamine zinc insulin at 3 u/ day, 38%, lacrogenic hormone at 3 mg/ day, 33%, and corti
cosrerone at 1 mg/ day, 12%. Aldosrerone alone was not of value. 

Normal Milk Yield of Rats 

The mean milk yield of normal rats on day 14 has been determined on 10 groups 
of animals. The lowest group produced a mean of 6.2 g whereas the highest group 
produced 10.3 g. The weighed mean production of 243 individual animals was 9.1 g. 

Five groups of normal animals were rested for milk yield on days 14 to 20. The 
weighed mean milk yield of 126 animals was 8.9 on day 14, 11.3 g on day 16, 11 .7 g 
on day 18, and 10.6 g on day 20. Thus milk yield increases until day 18 and then 
shows a slight decline on day 20. 

Combined Effect of Various Hormones on Milk Yield 

It has been shown that the following hormones individually stimulate increased 
milk production in rats: L-thyroxine 77.4%; growth hormone 74.2%; parathyroid hor
mone 54%; insulin 38%; lactogenic hormone 33%; and corticosterone 12% on day 14 
of lactation. These increases in milk yield are believed to indicate that some of the 
animals so injected were secreting less than optimal amounts of the hormones in
jected. It also indicates that .all of these hormones to a greater or less extent play a 
role in the lactation process. 

As milk secretion intensity is increased by a single hormone, the question arises 
as to the effect on milk yield if two or more hormones were injected simultaneously. 
Would an increasing number of hormones stimulate a further increase in milk yield? 

Growth Hormone and L-Thyroxine 

When 1 mg GH and 3 ug L-T4/100 g b.w. were injected together, the milk yield 
increased 93.5% above that of the control group on day 14 (Grosvenor & Turner, 
1959) . 

Growth Hormone and Lactogenic Hormone 

When 1 mg GH and 1 mg lactogen hormone/ day were injected, the milk yield 
increased 87.1% above the control group on day 14 (von Berswordt-Wallrabe, Moon 
& Turner, 1960b). 
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Growth Hormone, L-thyroxine, and Lactogenic Hormone 

When three hormones, GH, 1 mg, lactogenic hormone, 1 mg, and 3 ug L-T4/100 
g b.w. were injected together, milk yield increased 106.5% above the control milk 
yield on day 14 (von Berswordt-Wallrabe, Moon & Turner, 1960). 

Growth Hormone, L-thyroxine, Lactogenic, 
and Parathyroid Hormones 

The injection of four hormones, GH, 1 mg, lactogenic, 1 mg, parathyroid, 30 
USP units/100 g b.w. and 3 ug L-T4 /100 g b.w., stimulated an increase in milk yield 
above the controls of 92% on day 14 and 99% on day 20 (Djojosoebagio & Turner, 
1964b ). However, if based on a control of 6.2 g, the increase is 114.5%. 

Growth Hormone, L-thyroxine, Lactogenic, 
Parathyroid Hormones, and Insulin 

Five hormones including growth, L-T 4 , parathormone, lactogenic, and insulin 
were injected into 24 rats from day 7 to 19. Milk yield was increased to 14.4 g on day 
14, 16.3 g on day 16, 17.2 on day 18, and 16.7 g on day 20 (Kumaresan & Turner, 
unpub.) . If the control level is considered to be 6.2 on day 14, the increase is 132.3%. 
If the control level is 6.9 g, the increase is 108.7%. In Table 7, the increases in milk 
yield are based upon a uniform control of 6.2 g. In addition, the increase in the last 
two experiments was based also on the control level of 6.9 g for comparison. 

It will be noted that with each additional exogenous hormone administered there 
has been a progressive increase in milk yield in comparison with the control group 
(Table 7). It is suggested that these observations further prove that each of these hor
mones play a role in the milk secretion process and that high milk secretion in normal 
animals is influenced by the secretion of optimal amounts of each hormone. In those 
animals in which one or more of these hormones is secreted in lesser amounts, their 
lactation will be limited by the extent of the deficiency. 

It should be pointed out that the extent of mammary gland growth during preg
nancy and lactation also varies considerably so that rats with optimal secretion rates 
of all the hormones would still show variation in milk yield due to differences in the 
amount of secretory tissue. 

Effect of Endocrine Glands Removal on Milk Yield 

While the value of five hormones on the intensity of milk secretion has been 
shown by their injection into normal lactating rats, the need of some of these same 
hormones has been shown by the effect of the removal of the endocrine glands in 
which they are secreted. 

Effect of Parathyroidectomy on Milk Secretions 

Baksi and Anderson (1971) parathyroidectomized lactating rats on day-6. In com
parison with normal rats, it will be noted that milk yield was reduced but not stopped 
during 20 days of lactation. 



Table 7 
Milk Yield of Lactating Rats (Combined Hormone Treatment) 

Treatment No. of Day Control Milk Experiment Increase Reference 
rats Yield Milk Yield % 

Controls 30 14 6.20 

Oxytocin 30 14 6.20 9.20 48.4 Grosvenor & Turner 
(With Oxytocin) (1959a) 

Growth Hormone 
1 mg/day 25 14 6.20 10.80 74.2 Grosvenor & Turner 

(1959a) 

GH 1 mg+ L-T4 30 14 6.20 12.00 93.5 Grosvenor & Turner 
3mg (1959a) 

GH 1 mg+ Lac. 20 14 6.20 11.60 87.1 v. Berswordt-Wallrabe 
lmg Turner (1960) 

GH 1 mg+ Lac. 20 14 6.20 12.80 106.5 v. Berswordt-W allrabe 

1 mg+ L-T4 3 mg Turner (1960) 

GH 1 mg+ Lac. 1 mg 
L-T 4 3 mg + Parathyroid 30 14 6.90 13.30 114.5* Djojosoebagio & Turner 

30 U.S.P. units/100 gb.w. 92.8t (1964) 

GH 1 mg+ Lac. 1 mg+ L-T4 
3 mg+ Parathyroid 24 14 6.90 14.40 132.3* Kumaresan & Turner 
30 U.S.P. units+ 108. 7t (unpub.) 
Insulin 3 u. 

* Increase based on 6 . 2 g control 
t Increase based on· 6 • 9 g control 
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Table 8 
Parathyroidectomy and Replacement Therapy 

Mean Milk Yield 
Groups No. of 

Animals Day 14 16 18 20 

Control 5 6.9 8.5 11.1 8. 4 

Parathyroidectomized 7 5.3 4.4 4.2 3.6 

Parathyroidectomized + 
8000 I. U. Vitamin D sf 5 3.2 5.4 6.8 5.1 
day 

Thyro. Parathryoidectomy 5 2.0 2.2 2.7 2.6 

Thyro. Parathyroidectomy + 
3 mg L-T4/lOO g of body 5 4.8 5.2 6.7 5.6 
weight + 8000 I. U. Vitamin 
D3/day 

When 8000 LU. or .2 mg crystalline vitamin D 3 was given daily, milk yield was 
increased but not to the normal level. When the thyroid glands were also removed 
milk yield was reduced still further but again L-T 4 and vitamin D 3 did not return lacta
tion to normal. 

The hormone thyrocalcitonin secreted by the thyroid gland acts opposite to the 
parathyroid hormone and depresses blood calcium. Baksi and Anderson (1969) re
ported that the thyroid gland content reached a maximum on day 10 of lactation. 

It was suggested that thyrocalcitonin is not discharged during lactation and is not 
a critical factor for the maintenance of lactation in the rat. 

Effect of Thyro-parathyroidectomy on Milk Secretion 

In the rat, a parathyroid gland lies on the surface of each thyroid lobe. Thus, 
when the thyroid glands are removed, the parathyroid glands are removed as well. 

To determine the role of the parathyroid gland and the parathyroid hormone on 
milk yield, lactating rats were thyro-parathyroidectomized. Then the rats were injected 
with 3.5 ug L-T4/ 100 g b.w./day to replace thyroid hormone secretion but without 
parathyroid hormone. The milk yield of these rats on day 14 was 1.6 g (von Berswordt
Wallrabe & Turner, 1960a). When another group of thyroparathyroidectomized rats 
were injected with 3 ug L-T 4 and 30 U.S.P. units of parathyroid hormone/ 100 g. b.w./ 
day, the milk yield increased to 10.6 g on day 14. This is a yield comparable to that 
obtained in normal rats with 3 ug L-T 4 • Thus, it is believed that the parathyroid hor
mone is required for normal lactation and that 30 U.S.P. units/ 100 g b.w. per day is 
an optimal level. 

Substitutes for the Parathyroid Hormone 

Hytakerol (ATJO)-Dihydrovitamin D2II 

It has been recognized for many years that the irradiation of the plant sterol ergos
terol would form tachysterol and vitamin D 2 • The tachysterol when transformed to 
dihydrotachysterol is known by the commercial name "Hytakerol" (AT-10) and has 
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been used as a substitute for the parathyroid hormone in hypoparathyroidism. 
It was, therefore, of interest to determine whether AT-10 could substitute for the 

parathyroid hormone in the maintenance of lactation in thyroparathyroidectomized 
rats. It was observed that AT-10 at levels of 60 to 100 ug/ 100 g b.w./day given orally 
with 3 ug L-T4 would maintain lactation at a normal level (von Berswordt-Wallrabe 
and Turner, 1960a). 

It was later shown by Terepka et al. (1961) that AT-10 did not contain dihydro
tachysterol but instead contained dihydrovitamin D 2 II. This being true, the above 
observation indicates that dihydrovitamin D 2 II is a substitute for the parathyroid 
hormone in lactating rats. 

Crystalline Dihydrotachystero/ 

When it was discovered that A T-10 was not dihydrotachysterol, the crystalline 
product was obtained for test. The preparation was injected at a level of 100 ug/ 100 g 
b.w. with 3 ug L-T4 to lactating thyroparathyroidectomized rat from day 4 to 20. 
While the experimental groups average milk yield was slightly below the control 
group on days 14 and 16, it equaled the yield on day 18 and was slightly higher on 
day 20. It was interesting to note that the serum calcium level of the experimental 
group was slightly above the controls on day 14 and 20. These observations indicate 
that crystalline dihydrotachysterol can maintain normal lactation by mobilizing suf
ficient blood calcium for the synthesis of milk. (Djojosoebagio & Turner, 1964a). 

Vitamin D2 (Ca/cifero/) and D 3 

The antirachitic sterols are· two in number. Vitamin D 2 is formed by the irradia
tion of the plant sterol-ergosterol to form ergocalciferol, and vitamin D 3 is formed 
by the irradiation of the animal sterol 7-dehydrocholesterol to form cholecalciferol. 

The value of these two calciferols, vitamin D 2 and D 3 in replacement therapy for 
the parathyroid hormone in lactating rats was studied. 

Vitamin D 2 was injected daily at a level of 0.2 mg/100 g b.w. in conjunction with 3 
ug L-T4 from day 4 to 19 in thyroparathyroidectomized lactating rats. The milk yields 
determined on day 14, 16, and 20 were not significantly different from the milk yield 
of a group of sham-operated control group. The serum calcium level on days 14 and 
20 was equal to chat of the controls (Djojosoebagio & Turner, 1964a). 

A similar experiment was conducted in which vitamin D 3 was injected at the 
same level as D 2 , namely 0.2 mg/ 100 g b.w. in conjunction with 3 ug L-T4 co lactat
ing thyroparathyroidectomized rats. It was observed that D 3 was equally effective in 
maintaining normal milk yield on days 14 to 20 in conjunction with L-T4 (Srivastava 
& Turner, 1966). 

Parathyroid Hormone and Substitutes 

That the parathyroid hormone plays an important role in stimulating milk secre
tion in the rat has been shown by the increase in milk yield of 54% when injected into 
normal rats and by the serious decrease in milk yield when the parathyroid-thyroid 
glands were removed. 

It is of great interest that sterol-type substances can take the place of the para- · 
thyroid hormone in the lactating rat. In our studies, it has been shown that these 
substitutes include, dihydrovitamin D 2 II, dihydrotachysterol, and the irradiated plant 
and animal sterols, vitamin D 2 and D 3 • 
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The fact that vitamin D 2 and D3 can substitute for the parathyroid hormone in 
the rat suggests that either of these two vitamins could substitute for the parathyroid 
hormone in dairy cattle. If optimal oral levels of these two vitamins for dairy cattle 
could be determined, it would make possible their use as a substitute for the variable 
secretion of the parathyroid hormone and thus increase the milk secretion of normal 
cows. 

One Cause of Low Milk Yield of Thyroparathyroidectomized Rats 

It was shown that when L-T4 was administered to thyroparathyroidectomized 
lactating rats, the milk yield was greatly reduced in the absence of the parathyroid 
hormone (von Berswordt-Wallrabe and Turner, 1960A). The decline in milk yield 
may have been due in part to a reduction in synthesis of milk due to the decline 
in ionized plasma calcium. It was also suggested that the low calcium level in the 
blood might interfere with the removal of the milk secreted. To test this theory 
Djojosoebagio & Turner (1964b) determined the milk yield of 21 rats on days 14, 16, 
18, and 20 by separating the litters from their dams for 10 hours, then injecting 2 
USP units of oxytocin and allowing the young to nurse for 30 minutes. Immediately 
prior to test milking on days 16 and 20 a group of 15 rats was injected with 1.25 ml 
of 25% sodium citrate to cause convulsions ( tetany) due to the decrease in ioniied 
plasma calcium. The milk yield of these rats was greatly reduced in comparison with 
their own previous production and in comparison with the milk yield of che control 
group on che same day. It is suggested that the contraccility of che mammary gland 
myoepithelial cells by oxycocin is greatly reduced by che lack of plasma calcium. 

Adrenal Hormones and Lactation 

In rats adrenalectomized on day 4 of lactation without replacement therapy, milk 
yield on day 14 was 2.0 gm with a mortality of young of 16%, however, by day 20 all 
the young had died. When the dams were maintained on 1% NaCl water, the milk 
yield was 3.8 gm and mortality of young 78% by day 20 (Anderson and Turner, 1962) . 

When rats were given 250 ug desoxycorcicosterone acetate alone, the milk yield 
on day 14 was 4.9 g slightly better than on salt alone, but by day 20 che mortality 
reached 92%. With graded increases of hydrocortisone acetate and of desoxycortico
sterone, milk yield on day 14 increased progressively from 6.1 g, 7.9 g to 9.2 g when 
500 ug and 250 ug respectively were given. The latter amount of milk is equal to the 
control yield. One group of 16 rats on 1 mg hydrocortisone acetate and 1% NaCl 
yielded 13.2 g of milk which is far above the expected yield (Anderson and Turner, 
1962). 

The observation that the predominant secretions of the rat adrenal cortex (Peron, 
1960) are aldosterone and corticosterone suggested that these compounds be tested. 

Aldosterone alone at level of 12.5 ug was unable to support lactation to the 14th 
day, while 25 ug permitted a milk yield of 5.9 g. Corticoscerone alone at 1 mg/day 
supported lactation to 14 day with 5.7 g but with subsequent high mortality. The 
combination of 25 ug aldosterone and 1 mg corticosterone supported lactation of 7.1 g 
on day 14 which is 81% of normal. In adrenalectomized and ovariectomized rats chis 
level of the adrenal hormones stimulated 8.3 g. of milk which is 94% of normal (An
derson and Turner, 1963a). From these observations, it appears that the daily require
ment of these two hormones exceeds 25 ug aldoscerone and 1 mg corcicosterone. 
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The readers will be interested also in a study of the maintenance of adrenalecto
mized rats through conception, pregnancy, and lactation (Anderson and Turner, 1963b). 
Cortisol at 150 or 250 ug and desoxycorticosterone at 250 ug enabled conception and 
maintenance at 43% of the normal incidence. 

Effect of Alloxan on Milk Secretion 

It has been shown that the injection of alloxan at a level of 15 mg/ 100 g b.w. 
destroys the beta cells of the pancreas and thus the secretion of insulin (Devecerski & 
Frawley, 1963). The lack of insulin induces a chronic state of diabetes. 

When 15 mg/ 100 g b.w. of alloxan was injected into rats on day 4 of lactation, it 
caused a reduction of milk secretion of 16% on day 14, of 8% on day 16, and 9% on 
day 18. On day 20 milk secretion was 5% above the control group (Kumaresan & 

Turner, 1965). 
In the light of the limited effect of diabetes upon lactation, it is interesting to 

note that Devecerski & Frawley (1963) reported that this condition produced an in
crease in adrenal weight and a 38% increase in steroid production. 

When 2 u of insulin was injected daily into similar rats, milk secretion increased 
45% on day 14, 21% on day 16, 22% on day 18, and 61% on day 20. Their milk pro
duction slightly exceeded the production of normal animals injected with 2u of in
sulin. 

Effect of Ovariectomy on Lactation 

In the rat, following parturition, ovulation occurs and corpora lutea of lactation 
persist during the entire period of lactation. To determine whether the ovaries con
tribute to the lactation process, a group of rats were ovariectomized on day 2 of lacta
tion and the milk yield was determined on day 14. 

A normal group of 21 rats produced 8.7 g of milk, whereas the ovariectomized 
group secreted 8.2 g of milk, a non-significant difference (Griffith & Turner, 1962). 

Tucker et al. (1967) reported that in ovariectomized rats litter weight gains be
tween days 7 and 16 of lactation were not affected, total litter weight at days 7, 8, and 
16 were reduced. 

Knox & Griffith (1970) reported that normal rats on day 14 of lactation had litter 
weight of 150 g for 6 pups and a milk yield of 8.3 g. Rats ovariectomized on day 1 
had litter weights of 142 g and a milk yield of 6.9 g. This difference was judged non
significant. 

Effect of Estrogen and Progesterone on Milk Secretion 

Reece et al. (1940) reported that the effectiveness of estrogen in inhibiting lacta
tion in the intact rat could be increased through simultaneous administration of HCG. 
Since many cells in mitosis were observed, it was suggested that the inhibition of lac
tation was due to the failure of the proliferating gland to secrete. 

Gala and Reece (1962) reported that the injection of one or 10 mg B-estradiol 
alone or with one LU. of oxytocin three times per day depressed lactation as measured 
by decreased litter weight. They suggested that estrogen alone inhibits lactation by 
stimulating mammary growth. However, when combined with oxytocin the inhibitory 
effect appears to be acting on the anterior pituitary. 
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Ben-David et al. (1965) reported that high doses of estradiol (0.01-0.3 mg/kg/ day) 
decreased milk secretion while a small dose of 0.001 mg/ kg/day slightly increased it. 
Progesterone showed no significant decrease in milk yield at a dose up to 100 mg/ kg/ 
d. Testosterone and to a lesser degree dehydroprandrosterone were found to be potent in
hibitors of milk secretion at a dose of 1 mg/ kg/ d while a low dose of 0.1 mg/ kg/ d failed 
to suppress milk production. They suggest the action of estrogen is to depress the secre
tion of the lactogenic hormone. 

Fauver (1941) reported that the daily administration of 10 mg estrone and 2 mg 
progesterone to lactating ovariectomized rats led to the death of the litters. 

Barsantini and Masson (1947) studied the effect of a number of steroids on the 
lactation of normal and ovariectomized lactating rats. The gains in litter weight were 
used as the index of lactation. In normal rats estradiol at a daily dose of 10 mg and 1 
mg; and testosterone, and androstenediol dehydro-iso-androsterone at a daily dose of 
10 mg. cause a marked inhibition of lactation. Androstenedione, methyl androstenediol, 
methyl androstanediol, ethyl testosterone, ethynyl testosterone, ethynyl androstenediol, 
and methyl testosterone possess a much less marked inhibitory effect. 

Progesterone, acetoxy-pregnenolone, pregnenolone, and desoxycorticosterone were 
inactive. In none of these steroids was a depressing effect observed in ovariectomized 
lactating rats. 

Walker and Matthews (1949) studied the effect of the administration of estrogens, 
of progesterone and of combinations of the two steriods on lactation in intact and in 
ovariectomized rats, using the growth rate as an index of lactation. 

Daily injection of 200 ug of estrone or diethylstilbestrol dipropionate did not 
inhibit lactation in ovariectomized rats while daily injection of 5 or 10 mg of estrone 
inhibited lactation in intact rats. 

Daily injection of 2.5 or 5 mg. did not inhibit lactation. Estrogen and progesterone 
inhibited lactation after 10 to 12 days of treatment. They suggest that this treatment 
stimulates mammary gland growth which inhibits milk secretion. 

Normal lactating rats were injected with 1 ug estradiol benzoate per day by 
Griffith & Turner (1962). On day 14 in a test milking the mean yield was reduced to 
4.2 g from 8.7 g for the controls, a reduction of 51.7%. The litter weight of the con
trols was 151 g and of the experimental group 111 g, a decline of 26.1%. 

When 1 ug EB and 3 mg progesterone (P) were administered daily, on day 14 
milk yield was depressed to 3.8 g, a reduction of 56.3% and litter weight was reduced 
to 94 g, a decline of 37.7%. 

When Pat a level of 3 mg/day was injected from day 2 to 13 of lactation, lacta
tion was depressed slightly but not significantly, to 7.8 g. Litter weight of 152 g was 
unaffected. These observations are similar to an earlier study by Folley & Kon (1937) 
in which 1 mg of P was injected daily from day 5 to 20 of lactation. There was no 
difference in the mean growth rates of the control and experimental groups. 

In comparable studies using lactating rats ovariectomized on day 2, the test milk
ing on day 14 showed mean yields of 8.2 g milk compared to 8.7 gin the controls. 
Thus ovariectomy does not depress lactation. When 1 ug EB/ day was injected, milk 
yield was depressed to 6.6 g, a decrease of 24.1%, but litter weight was not depressed 
(156 g control vs 150 g with EB) . 

When 1 ug EB and 3 mg P was injected, milk yield on day 14 was 7.7 g and lit
ter weight was 159 g. 
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The injection of 3 mg P/ day had no effect upon lactation, milk yield was 8.0 g 
and litter weight was 152 g. 

These data indicate that the injection of EB and EB + Pinto lactating rats with 
intact ovaries and corpora lutea of lactation has a depressing effect on lactation. In 
ovariectomized rats, these hormones had only slight or no depressing action. 

It was suggested that there was an interference with the normal action of oxytocin 
on contraction of myoepitheleal cells and milk removal. At the end of the nursing 
period, the mammary glands were still engorged with milk. Increased amounts of 
oxytocin were administered without beneficial effects. 

Effect of Relaxin on Milk Yield 

Knox and Griffith (1970) reported that 180 guinea pig units of relaxin did not 
detrimentally influence milk yield on day 14 in normal and ovariectomized rats. In 
ovariectomized rats, 180 u relaxin plus 1 ug EB or relaxin and 3 mg P had no effect. 
However, when EB + P + 90 u relaxin was given the milk yield was reduced to 

4.6 g, with 180 u relaxin to 3.6 g and with 360 u relaxin to 1.7 g of milk. Thus re
laxin appears to synergize with EB + P in reducing milk yield. They suggested that 
these hormones act by inhibiting the normal action of oxytocin during the milk
ejection reflex. 

How these hormones influence oxytocin and milk let-down has not been deter
mined. It has been shown that low ionized plasma calcium reduces the ability of 
oxytocin to cause the contractility of the myoepithelium and thus interferes with milk 
removal. However, Manunta et al. (1957) injected 1.5 ug estradiol benzoate daily for 
4 days into lactating rats along with C4~. The radioactivity in the serum and bones of 
the treated group was significantly higher than in the controls indicating that estrogen 
increases the calcium level rather than decreases it. 

It is interesting to note that it had been claimed that relaxin had the capacity to 
cause milk let-down. However, Grosvenor and Turner (1958) showed that while a 
synthetic oxytocin (Syntocinon) had milk let-down activity equal to natural oxytocin, 
the administration of 600 or 1200 guinea pig units of relaxin to lactating rats had no 
effect on milk let-down. 

Effect of Adrenaline on Lactation 

Van Demark & Hays (1954) made daily injections of 0.2 ml of 1:1000 solution 
of adrenalin hydrochloride on day 1 of lactation for 28 days. The litters were stan
dardized to seven young, and mothers and litters were weighed daily. No weight 
changes in the mothers were observed. By the 5th day the young of 10 mothers treated 
were 10% lighter than the 10 controls. The difference increased to 20% at 10 days and 
to 25% at 15 days. It has been suggested that adrenalin restricts the capillary flow of 
blood to the mammary gland and thus decreases the availability of the oxytocin to 

reach the myoepithelial cells. This is the same effect produced in cows by fright and 
the release of adrenaline. 
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Effect of Spinal Cord Section on Lactation 

Grosvenor (1964) ligated the six pectoral nipples of rats on day 2 of lactation. 
The pelvic glands were deprived of somatic sensory innervation by pithing the spinal 
cord caudal to T 13 on day 10-11. All cord-transected rats were injected subcut. 3X/ 
day with 3 u oxytocin/ day and with 3 or 6 mg/ day of lactogen, 1.5 or 3 mg/ day of 
hydrocortisone, or 3 mg GH/ day for 4 days. Lactation was measured by litter weight 
gains. Lactogenic hormone and GH showed good response whereas hydrocorcisone 
had no effect. It was suggested that lactogen and GH (but not ACTH) secretions were 
reduced following interruption of somatic sensory nerves from the mammary gland to 
the central nervous system. 

Effect of Ergotamine on Lactation 

It has been reported that the feeding of various ergotized cereal grains has caused 
a reduction in lactation in cows, sow, and rat. Ergot alkaloids such as ergotamine 
tartrate and dihydroergotamine have been tested for their effect on lactation. Nordskog 
(1946) reported that the feeding of ergotoxine in the diet of rats reduced their lacta
tional performance. 

Grosvenor (1956a) determined the effect of the subcutaneous injection of ergota
mine tartrate at a dosage of 3 mg/ kg/ day in lactating rats with six in the litter. The 
tartrate was injected at 6 hour intervals. On days 9 to 12 the litters were separated for 
6 hours, then allowed to nurse for 20 minutes to determine the milk yield. The aver
age amount of milk obtained over the 4-day period by the experimental rats was sig
nificantly less than that obtained by the controls. It was suggested that ergotamine 
exerted an inhibitory influence on milk "let-down" by interfering with the action of 
oxytocin. 

In a further study Grosvenor ( 1956b) reported that the administration of ergota
mine tartrate as in the above experiment had no detrimental effect on the lactose con
tent of the glands on day 12. It was concluded that the treatment did not affect the 
production of milk in the mammary gland but rather in some way interfered with the 
normal action of oxytocin. 

In a further study Grosvenor and Turner (1956) noted that the quantity of milk 
secured by litters of lactating rats treated with ergotamine 10 minutes before nursing 
was significantly less than that obtained by control offspring. Oxytocin administered 
before or after ergotamine restored normal milk let-down. 

Topical application of ergotamine to living rat mammary tissue resulted in arteriole 
constriction but did not interfere with normal myoepithelial contraction induced by 
oxytocin. Results indicate ergotamine does not inhibit milk let-down through vasocon
striction of mammary blood vessels but rather a neural block inhibiting release of 
oxytocin. 

Grosvenor and Turner (1957) studied the effect of three ergot drugs, methergine, 
hydergine, and DHE 45 on milk let-down. All of these drugs significantly blocked the 
let-down response indicating action on the central nervous system since oxytocin re
stored milk let-down, thus, indicating blockage was central rather than peripheral. 

Tindal (1956) administered ergotamine tartrate at a level of 0.2 mg per day and 
dihydroergotamine at the same level to lactating rats from day 2 to 14. With the 
ergotamine there was a significant reduction in pup growth and a significant reduction 
in feed consumption. Dihydroergotamine had no effect on lactation performance. 
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When similar rats were given 0.4 mg ergotamine/day, but were pair-fed, there was no 
effect on lactational performance. It was concluded that the effect was due to reduced 
food intake rather than due to an effect on the milk-ejection reflex. 

Summary 

The amount of milk secreted by mammals is dependent upon the number of 
epithelial cells in the mammary gland and upon the intensity of secretion of the in
dividual cells. In the previous bulletin on Hormones Stimulating Mammary Gland Growth 
of the Rat, (Missouri Agricultural Experiment Station Research Bulletin 977) endo
crine factors stimulating the number of epithelial cells was presented. The present 
bulletin is concerned with the Hormones Influencing the Intensity of Milk Secretion 
in the Rat. 

More than 40 years ago, it was discovered that a hormone of the anterior pituitary 
gland called the lactogenic hormone, was the primary hormone stimulating milk 
secretion in the epithelial cells of the mammary gland. Without this hormone milk 
will not be secreted. With the passage of time, it was suggested that other hormones 
might be involved in the intensity of milk secretion. The present bulletin summarizes 
the research which has been conducted at the Missouri Agricultural Experiment Sta
tion and elsewhere to determine the possible role of other endocrine glands and their 
hormones in stimulating the intensity of milk secretion in the presence of the lacro
genic hormone. 

In initiating experiments in the lactating rat it was important to develop methods 
of estimating milk yield. It is believed that the gain in litter weight is an unsatisfac
tory index of increased milk yield for reasons described. The alternative methods used 
in the present research involved either the determination of the amount of milk in the 
stomachs of the young after a nursing period or the changes in the body weight of 
the dams and their young after nursing. The latter method permitted the estimation 
of milk yield at intervals during the advance of the lactation period. 

The role of the milk let-down hormone, oxytocin, in the removal of milk by the 
nursling has been recognized for many years. The stimulus of nursing has been shown 
to cause the release of this hormone by the posterior lobe of the pituitary gland. It 
passes through the blood stream to the mammary gland causing the myoepithelial 
cells to contract forcing the milk out of the lumina of the alveoli into the duct sys
tem. 

In the rest milkings it was shown that the injection of oxytocin just prior to the 
nursing period increased the yield of milk by 50%. As a result of this observation, oxy
tocin was regularly injected at all test milkings. 

As indicated, the lactogenic hormone is essential for milk secretion. It was ob
served that the injection of 1 mg exogenous lactogenic hormone had only a slight 
beneficial effect on lactation on days 18 and 20. When increased to 2 mg/ day lactation 
was increased and on 3 mg/day lactation was increased 33% on day 14, 26% on day 16, 
47% on day 18 and 82% on day 20. These observations indicate that lactation would 
be benefitted by the normal secretion of increased amounts of lactogenic hormone. 

The injection of growth hormone from day 7 to 14 caused an increase of 74.2% 
in milk yield. This observation indicates that the amount of endogenous growth hor
mone secreted also has an important effect on the intensity of milk secretion. 
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The effect of D-thyroxine (L-T4 ) on lactation was also determined. When 3 ug/ 
lOOg body weight/day was injected, the milk yield on day 14 was increased 77.4%. 
The individual thyroid hormone secretion rate (TSR) of lactating rats was determined. 
There was observed a significant correlation between the TSR and the milk yield on 
day 14. It was observed also that the TSR declined with the advance of the lactation 
period. It is suggested that the intensity of thyroid hormone secretion influences the 
intensity of milk secretion. 

It is well known that the parathyroid hormone plays an important role in calcium 
metabolism. The parathyroid hormone at a level of 30 USP units/ 100 g body weight 
from day 7 to 20 was administered. In comparison to the controls, milk yield was in
creased 54% on day 14, 35% on day 16, 31% on day 18, and 45% on day 20. 

Calciferol or Vitamin D 2 at a level of 0.2 mg/ lOOg body weight/ day stimulated 
an increase in milk yield of 39% on day 14, 36% on day 16, 24% on day 18 and 27% 
on day 20. These data indicate that both the parathyroid hormone and vitamin D2 

favorably influence milk secretion. 
The rat adrenal normally secretes corticosterone and aldosterone. When 25ug 

aldosterone and lmg corticosterone were injected milk yield increased 34.8% on day 
14, 24% on day 16, 12.6% on day 18, and 12.7% on day 20. It was suggested that the 
increase in milk yield was due primarily to the effect of corticosterone. 

Lactating rats were injected with 1, 2, and 3 units of protamine zinc insulin/ day. 
One unit was without effect. Two units stimulated a significant increase on days 14 
and 20. With 3 units milk yield increased 38% on day 14, 25% on day 16, 26% on day 
18, 79% on day 20 in comparison with the control group. 

The data presented indicate that in addition to the lactogenic hormone, a num
ber of other hormones stimulate an increase in the intensity of milk secretion. The 
next step was to determine the effect of two or more hormones. 

When growth hormone and L-thyroxine were injected, the milk yield increased 
74% above that of the control group on day 14. When 1 mg of growth hormone and 
1 mg lactogen were injected milk yield was increased 87% above the control on day 
14. If 3 mg of lactogen had been injected it is believed that the intensity of milk se
cretion would have been increased further. 

When growth hormone, lactogen and L-thyroxine were injected milk yield in
creased 106.5% above the controls on day 14. When the parathyroid hormone was 
added, milk yield was increased 92% on day 14 based on a control level of 6.9g but 
114.5% based on control milk production of 6.2g. When five hormones including 
insulin were injected there was an increase of 108.7% based on the control of 6.9g and 
132.3% based on the control of 6.2 used in the earlier studies. 

These data indicate that the intensity of milk secretion is markedly influenced by 
a number of hormones and large yields of milk could be expected by the normal secre
tion of optimal levels of these hormones. 

An alternative method of studying the role of various hormones on milk secre
tion, consists in the removal of the endocrine gland and thus the absence of the hor
mone. 

When the thyroid glands of the rat are removed, the parathyroid glands are re
moved as well. In such lactating rats L-thyroxine was injected but the rats lacked the 
parathyroid hormone. The milk yield of these rats on day 14 was only 1.6g. When 
30 USP units of parathyroid hormone was injected milk yield was returned to normal. 



26 MISSOURI AGRICULTURAL EXPERIMENT STATION 

Several substitutes for the parathyroid hormone are available. These include dihy
drovitamin D 2II, dihydrotachysterol (AT-10), vitamin D 2 and D 3. When these sterols 
were injected with L-thyroxine to thyroparathyroidectomized rats, normal lactation 
was stimulated. 

When the adrenal glands were removed, milk yield on day 14 was 2 g with a 
mortality of 16%. By day 20 all the young had died. When rats were given 500 ug 
of hydrocortisone milk yield was increased above normal. When the two hormones of 
the rat adrenal, aldosterone 25ug and corticosterone 1 mg were injected, milk yield 
was slightly below normal. 

When alloxan is injected, the beta cells of the pancreas are destroyed and the 
secretion of insulin is prevented. This treatment had only a slight effect upon lacta
tion. Similarly, ovariectomy on day 2 of lactation had no effect on milk yield. 

When cows are frightened, adrenalin is discharged into the blood causing a con
striction of the blood capillaries of the mammary glands and reducing the fl.ow of 
oxytocin to the myoepithelial cells and thus interfere with milk removal. The injec
tion of adrenalin into rats caused a body weight reduction of 25% by day 15 in the 
nurslings. 

Since it has been shown that a number of hormones favorably influence the growth 
of the mammary glands in addition to estrogen and progesterone and these same hor
mones stimulate the intensity of milk secretion in addition to rhe lactogenichormone, it 
is concluded that chose rats secreting an optimum level of one or more of these hor
mones will be capable of secreting milk above the average of the population. 
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