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INTRODUCTION

Growth is a conglomerate, complex, and intricate

phenomenon. In the human there are four growth periods fol

lowing birth.” Growth is rapid from birth to about 2 years

of age. From 2 to 10 years, growth rate is slower, but con

stant, and is similar in boys and girls. The third phase is

the adolescent growth spurt, which begins and ends earlier in

girls than in boys. The last phase is a gradual decelera

tion in growth in both sexes, ending at maturity. The same

sequence of events follows in a 11 higher animals, although

each species has its own characteristic variations on this

pattern.

Under optimum conditions, each ce1l strain, tissue, and

organ grows at its own genetically determined rate , and the

four growth periods described above are under intricate regu

lations of hormones.*** Sex hormones are primarily respon

sible for the adolescent growth phase. Growth hormone, thy

roxine, and insulin, as anabolic hormones also contribute

to growth. It is recognized that growth hormone stimulates

mitosis and causes generalized increase in body mass while

insulin and thyroxine function in the maturation of the newly

formed cells. While thyroxine is more important than growth

hormone during the period of growth before the child is two

years old, growth hormone is the most important regulator





during the second growth phase.*, 3,6 Growth hormone is known

to stimulate protein synthesis, long term conversion of car

bohydrate to protein, and fat mobilization for energy pro

duction.

There are a number of external factors that may affect

the normal rate of growth. Nutrition’ is one of these major

factors. Malnutrition during childhood delays growth, and in

the years preceding adolescence, delays the appearance of the

adolescent spurt. This has been known in man from the effects

of famine associated with war and in animals from direct

experimentation. Illness, psychological conditions, socio

economic class, climate, race, and season of year are all

factors affecting the rate of growth. It is difficult to

determine the precise role of each of these factors in the

regulation of growth, since it is difficult to isolate one

factor and rule out the influence of a 11 others. All of

these influences are also dependent on the nutritional status

of the growing animal to a very great extent.

Although malnutrition and other factors may slow down

the growth rate, both animals and man have great recuperative

powers, provided the adverse conditions are not carried too

far or continued too long. During a short period of malnu

trition, the organism slows up its growth. With improved

nutrition, growth takes place at an accelerated rate, until

the animal has returned to its genetically determined growth

curve, a long which it then proceeds as before. This phenom

enon of speeding up of growth rate is called compensatory
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growth.* Some authors refer to this phenomenon as catch-up

growth; for the sake of clarity, compensatory growth is used

throughout this text. Thus, although the growth of an animal

may be pushed off course, there is a regulative force tending

to return development into the original channel.

The mechanism of this compensatory phase in growth is

not at a 11 understood. It is known from animal experiments

that the degree to which the compensation is successful in

regaining the original growth curve depends on the length of

time during which growth has been slowed. If growth has been

slowed for too long, or into puberty, complete compensation

is not achieved.” It is very perplexing that the organism

"knows" when the compensation has been completed.

Tanner” describes compensatory growth in children and

postulates that since, in compensatory growth, the whole

organism grows rapidly and in its proportionate manner, the

mechanism may be a balanced response of several pituitary

hormones, not a single hormone. He suggests that "the

signal causing the release of the hormones must be either in

the brain or pituitary, since the whole body responds."

Monkeberg, et a 1.10 reported a study of six infants from

5 to 11 months of age suffering from malnutrition. These

infants showed accelerated growth after they were put on an

adequate diet if they were given human growth hormone injec

tions. He pointed out that the growth response brought about

by growth hormone injection may indicate an imbalance of

pituitary secretion due to malnutrition or starvation.
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In an experimental study of the influence of dietary

restriction of pregnant rats on body weight gain of the off

Spring, Chow, et al., 10, 11 showed that the offspring of

restricted mothers were able to show increased growth rate

comparable to the normal rat when they were given growth hor

mone injection and fed ad libitum, whereas the same group of

animals were not able to do so when only fed ad libitum.

These studies of Tanner, Monkeberg, Chow, and of

others 14, 13 strongly suggest that pituitary growth hormone

plays a role in compensatory growth.

Our investigations were designed to lay the groundwork

for measuring circulatory growth hormone levels to establish

whether this hormone is a possible regulatory factor in

compensatory growth. Growth hormone has species specificity”

in that the hormone from cattle and sheep is active in the

rat, whereas that from pigs is much less so; fish hormone is

inactive in rats. Fish, however, are sensitive to growth

hormone from cattle. The immunological differences between

the growth hormone from various animal sources result in for

mation of antibodies when they are administered to foreign

species. The most sensitive method now known for measuring

circulating growth hormone levels in man is a radio-immuno

logical method modified by Grodsky from a method for insu

lin. 14. The procedure of measuring growth hormone level during

periods of dietary restriction and refeeding may require the

drawing of consecutive blood samples from the animals being

used, so small laboratory animals such as rats and guinea pigs





are not suitable. The dog would be a convenient animal to

use in the laboratory except its growth hormone does not

cross-react with the antibodies produced by any of the now

purified growth hormones,” and dog growth hormone has not

been purified. Monkeys are expensive and their growth period

is long, so they are less satisfactory for studies of compen

satory growth. Sheep growth hormone is known to cross-react

with the antibody produced against purified bovine growth

hormone. The method of measuring sheep growth hormone can

presumably be adapted from the radio-immunological method of

measuring human growth hormone. Lambs were used in this

experiment because it is desirable to have young animals

during their fastest period of growth so that the change in

body weight is easily measurable over a short period of time.

16, 17 and cattle 18, 19 have been observed to showSheep

compensatory growth during the summer months after they have

been on an inadequate feed during the preceding winter. It

has not been shown that they will exhibit compensatory growth

following caloric restriction in the laboratory.

In this experiment, lambs were restricted for one month

on a diet just sufficient to maintain their body weight.

Then they were refed ad libitum for a period, until they had

attained the body weight of control lambs that had not been

under restriction.

The amount of food consumed was recorded, and urine and

feces were collected. Blood was drawn for glucose determina

tion as there were observations that blood glucose levels,
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influenced by starvation, may be related to growth hormone

levels.49 Nitrogen and energy balance measurements were

carried out on the food and excreta to see whether the re

stricted animals demonstrate better nitrogen and energy util

ization for growth during the compensatory period when com

pared with control animals which had not been restricted.

The restricted animals showed a higher percentage of

weight gain than the control animals during the compensation

period when food restriction was stopped. They also showed

better nitrogen and energy utilization for growth.





METHODS

A. Treatment of animals and collection of samples

Four female Southdown Suffoch lambs weighing

between 15–20 kg and three months of age were used.

Two were used as controls and the other two as experi

mental animals. They were kept in stanchion metabolic

units” in an open, sheltered area. The stanchion meta

bolic units were built to permit collection of urine and

feces and measurement of food intake without loss. The

lambs were fed alfalfa pellets” twice daily and water

was supplied ad libitum. They were weighed on a plat

form scale to 0.05 kg, three times weekly, in the morn

ing before feeding. Urine and feces were collected

three times weekly at the time the lambs were weighed.

Total urine volume was measured and a weighed a liquot

saved for nitrogen and energy determinations. These

urinary and fecal samples were stored frozen. The food

given to the lambs was weighed before and after they

had eaten. The food given to restricted lambs was ad

justed so that they maintained the same body weight

throughout the restricted period. They always finished

the amount of food offered and it amounted to almost

a Loaned by University of California, Davis.

*Commercial rabbit food.



-

e

--

-

-

- - -

-

-

- -

-

- 1

-
º

* * * *

-

-

---

-

- -

- * -

-

- * -

* * * * -
- * -

* , -



half that consumed by the controls. Blood samples

(about 3 cc) were drawn from a jugular vein at weekly

intervals following a 24 hr fast. Blood was collected

into tubes containing about 10 mg potassium oxalate

and 10 mg sodium fluoride.

At the start of the experiment a 11 four lambs were

fed ad libitum for one week to observe their normal

growth response to the food. Then two of the lambs,

each matched in body weight to a control, were sub

jected to caloric restriction for four weeks. At the

end of the restriction a 11 were then fed ad libitum five

weeks. At the end of that time the restricted lambs

had approximately the same weight as the controls.

B. Analysis of samples

After all the samples were collected, the feces

were dried to a constant weight. They were then ground

to a powder with a mortar and pestle. Urinary and

fecal nitrogens were determined by the micro-Kjeldahl

method.41 Exactly one ml of urine from a well mixed

sample was used for digestion and about 0.5 g of pow

dered feces was weighed accurately and digested. The

food given the lamb throughout the experiment was all

from the same source and a sample was digested to deter

mine its nitrogen content. Fecal and food energy was

determined with an adiabatic bomb calorimeter." Each

sample was determined in duplicates.

*Model CB-040, manufactured by Ga 11enkamp & Co.
Ltd., London.





Blood glucose was determined immediately after the

blood samples were drawn. Glucosta t method”,23 was

used with reagents obtained from Worthington Biochemical

Corporation. Urinary and fecal nitrogen excretion per

week was calculated from the experimental data. The

food consumed by each lamb per week was also calculated

and the nitrogen consumed per week was calculated from

the experimentally determined nitrogen content per gram

of food. The difference between dietary nitrogen and

fecal nitrogen represents the absorbed nitrogen. The

same calculations were carried out for food and fecal

energy.

The weekly results are expressed in graphic form.

However, the fluctuations are so great that the same

data are also presented in tabular form for the entire

five weeks prior to compensatory growth and for the

five weeks of compensatory growth.

The weight gain per unit of nitrogen absorbed and

per unit of energy absorbed was calculated.
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RESULTS

Figures 1-4 are graphic representations of body weight,

change in body weight, energy intake, nitrogen intake, fecal

energy and nitrogen excretion, urinary nitrogen excretion,

energy and nitrogen absorption, and fasting blood glucose

levels. Energy and nitrogen absorption is the difference be

tween intake and fecal excretion of energy and nitrogen

respectively.

It should be noted that lambs number 1 and 2 were the

control, ad libitum-fed animals, and lambs number 3 and 4

were the restricted-refed animals.

Over the two and a half month period shown on the graphs,

the lambs showed a growth rate that followed very closely

their food intake. The gain in weight per week for each of

the lambs was irregular, but it was related to the food in

take as can be seen from an examination of the graphs of

weight gain and energy intake per week. The fecal nitrogen

excretion also varied according to food intake, in that each

lamb excreted more nitrogen when food intake was high. The

same pattern is seen for fecal energy excretion. During the

food restriction period the fecal nitrogen and energy excre

tion of lambs number 3 and 4 were low and showed little var

iation over the entire period. Urinary nitrogen excretion

also varied according to food intake, showing that more of

the nitrogen was metabolized as more was ingested.
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Although the curves were not the same for all of the

animals, the data for each animal was consistent in that all

of the parameters measured followed the pattern of food

intake.

Although the blood sugar levels fluctuated, they were

genera 11y higher when the lambs had ingested more food during

the week. When food consumption of lambs number 3 and 4 was

restricted and they were given about the same ration each day,

the blood glucose levels for the last two weeks of the four

week partial starvation period remained constant. The blood

sugar levels during the last two weeks of restriction were

1ower than those of the first two weeks of the restricted

period.

Table 1 shows growth data on control lambs (#1 and 2)

during the first five weeks of the study. They gained 31 and

51% of their body weight respectively.

Table 2 shows similar data for all four lambs during

the 1ast five weeks when lambs number 3 and 4 were again fed

ad libitum after a four-week restriction. In this period,

with the exception of lamb number 1, whose weight gain was

much less, lambs number 2, 3, and 4 gained about the same

weight. When the weight gain was expressed as per cent of

body weight at the beginning of refeeding, restricted lambs

3 and 4 showed a higher percentage as compared to the control

1ambs 1 and 2. The average body weight gained per 100 kca 1

energy absorbed over the second five-week period were 4, 8,

11, and 11 g for lambs 1, 2, 3, and 4 respectively. The
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weight gained per gram nitrogen absorbed averaged 4, 9, 12,

and 12 g respectively. So the restricted lambs showed a

greater weight gain per unit of absorbed energy and nitrogen.
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TABLE 1.

FIRST FIVE-WEEK PERIOD

Lamb No. 1 No. 2

Initial Body Weight, Kg 19.4 15.8

Final Body Weight, Kg 25.45 23.85

Gain in Body Weight, Kg 6.05 8.05

7. Gain in Body Weight 31.2 51.0





§

TABLE
2

LASTFIVE-WEEKPERIOD

LambNo.
1
No.2No.
3No.4

InitialBodyWeight25.4523.8516.5521.15 FinalBodyWeight,
Kg28.0730.8923.2029.60 GaininBodyWeight,

Kg2.627.046.658.45 7.
GaininBodyWeight10.329.540.240.0 TotalEnergyIngested

inKcal102,000128,00089,000119,000 EnergyExcreted
inFeces,Kcal30,00042,00030,00041,000 EnergyAbsorbed,Kcal72,00086,00059,00078,000 GramsBodyWeightGainedper100481111

KcalEnergyAbsorbed
TotalNitrogenIngested,
g8201,040722960 NitrogenExcreted

inFeces,
g187264178269 NitrogenAbsorbed,

g633776544692 GramBodyWeightGainedperg491212

NitrogenAbsorbed
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DISCUSSION

Animal growth has been described as regular and

canalized, and there are four distinct periods of growth in

man. The phenomenon of compensatory growth has been well

exemplified in man and in other animals. Tanner” has re

ported five examples of boys and girls between the ages of

two and eleven years who showed catch-up growth after being

cured of the growth retarding diseases of anorexia nervosa,

ectopia of the bladder and rickets, severe rena 1 acidosis,

adrenal tumor with Cushing's syndrome, and hypothyroidism.

Compensatory growth was apparent in terms of increased

weight and height and in the rate of skeletal maturation.

2 examined some 160 children 4 to 14Widdowson and McCance"

years of age in two German orphanages during the period of

post-war famine of 1947–48. These children were consuming a

diet averaging about 80% of the estimated requirements for

we 11-nourished British children. However, the diet was bal

anced and the children showed no evidence of vitamin defi

ciencies. These children were then fed a diet supplemented

with bread in unlimited amounts, plus jam, sugar, semolina,

orange juice, and vitamins for a one-year period. Before

supplementation, height, weight, and skeletal maturity

ratings were a 11 much below normal, corresponding to values

of well-nourished children some 10-20 months younger. During
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supplementation, height, weight, and skeletal maturity

ratings all increased at a greater than normal speed. The

gains were greater in the first three-month period than in

subsequent ones. The compensatory growth rate gradually

decreased as the children approached normal status.

The growth response of lambs kept and fed under the

conditions of this experiment are comparable to results

obtained by other investigators.24,45,26,47 From the

results of the last five-week period, it can be seen that

the two restricted lambs behaved very similarly in their

percentage increase in body weight, weight gained per 100

kcal energy absorbed, as well as weight gained per gram

nitrogen absorbed (Table 2). So the average of the results

from lambs number 3 and 4 is used as a group to compare with

the results from the controls.

Lamb number 1 had been demonstrating normal growth

until the last two to three weeks of the experiment, during

which time its appetite decreased and this lamb did not show

any weight gain. It is difficult to explain why it suddenly

stopped growing, except that at the same time it showed

decreased appetite and increased urinary nitrogen excretion

in the 1ast week (see graph la and 1b). Therefore, the

results obtained on lamb number 1 will not be used for com

parison with the restricted group, but the data from it are

still included here since its behavior prior to the 1ast two

weeks was comparable to the rest of the animals.
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The results from lamb number 2 will be used to repre

sent the control. The restricted group showed the same

weight gain as compared with the control, but, when weight

gain was expressed as percent of body weight at the begin

ning of refeeding period, the restricted group showed an

increase of 40% as compared to an increase of 29% in the

control. The difference in percent weight gain here is more

important than actual weight gain because the animals were

of different sizes. The control lamb showed a weight gain

of 51% during the first five-week period (Table 1), followed

by a gain of 29.5% in the next 5 weeks. This shows that the

growth rate of lamb number 2 slowed down as it became older.

This is in agreement with the work of Pa 1son,” who showed

that lambs grew most rapidly during the first five months of

their life, followed by an abrupt decrease in growth rate,

especially in females. The lambs were six months old at the

conclusion of this experiment. The higher percentage weight

gain of restricted lambs as compared with the control of the

same chronological age indicates that the restricted lambs

must have been able to grow faster under the influence of

previous partial starvation.

Over the same period of time, the restricted group ab

sorbed less energy and nitrogen when compared with lamb num

ber 2, so the restricted group showed higher body weight

gain per 100 kcal of energy absorbed and per gram nitrogen

absorbed (Table 2). This indicates that compensatory growth

after under nutrition is associated with better utilization of

absorbed materia 1.
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Anstall** points out that the patterns of weight gain

differ according to the initial nutritional status of the

animal. When weight gain is after prolonged semi-starvation,

in the first few weeks, body composition showed little

change in the extracellular fluid volume, and the weight gain

is due to deposition of fat and to cellular tissue, As time

progressed, the deposition of fat is replaced by cellular

material. Therefore, the composition of weight gain by the

restricted lambs in the experiment may be different from

that gained by the control.

Kaunitz”9 draws attention to the fact that when food

utilization is derived by dividing total food consumption by

the weight gain during a certain period, errors may arise

from the failure to distinguish the two aspects of food util

ization--weight maintenance and building new tissue. Many

workers have observed the decline in maintenance requirement

when an animal is under prolonged food restriction. The

better food utilization for growth demonstrated by the re

stricted lambs in this experiment may be accounted for ,

partly at least, by their lowered maintenance requirement

resulting from previous food restriction. Kaunitz on his

experiments with rats points out that the requirements for

the maintenance of one gram of body weight were influenced

by the duration of food restriction, the body weight, and

the room temperature but hardly at a 11 by the age of the

animals. The factor of age in rats may not be as important

as in other animals because rats have a growth period that
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extends throughout their entire life span whereas this is

not true in most other animals.

McCance” demonstrated in pigs that after one or two

years of food restriction, during which their weight was

held constant, the restricted pigs when refed ad libitum

demonstrated a growth curve similar to younger control pigs

of the same weight. The restricted lambs in this experiment

upon refeeding showed a greater percentage growth increase

over the control, and the percent increase showed a tendency

to approach that of the control at a younger age (during the

first five-week period). It seems worthwhile to point out

here that restricted animals, upon refeeding, show a "physi

ologica 11y" younger age than controls of the same "chrono

logical" ege. Tanner also reported the same observation in

his studies on children.” While such an observation has

been reported by many workers, the mechanism of it has not

been investigated.

The example of compensatory growth studies as reported

by Tanner and Widdowson were a 11 on prepuberta 1 children (or

start of puberty in some of the German orphans). The child

ren who suffered growth arrest during the second growth per

iod of their lives showed the best compensation after the

cause had been removed. The influence of growth hormone is

also most important during this period of growth.” The age

of the 1ambs used in the experiment correlates very closely

to children of prepuberta 1 age. So the lamb at this age can

very we 11 be a suitable animal for use in the investigation
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of compensatory growth, especially in relation to circulatory

growth hormone levels.

Tanner postulated that in the brain there may be a tally

that can register the degree of dismatch between the actual

size and the genetically determined size of the child at a

certain age, and the dismatch may be fed to the tally by

growth inhibitors secreted proportionately to the increased

material in body cells.” This signal may be responsible for

initiating the accelerated growth response after removal

from starvation or cure of illness and also stopping the

increased growth rate when the animal has caught up with its

genetically determined size at that age. The response to

this signal may involve growth hormone secretion, or possibly

other pituitary secretions that have not been reported. If

this is the case, then the circulating growth hormone during

the compensatory period will be higher than normal control

levels, and return to normal control level when the compensa

tory phase of growth has been completed.

It has been reported that growth hormone levels are

20,32 Rabinolower in the fed than in the fasting state.

witz” has proposed a three phase cycle of metabolic regula

tion based on the responses of circulating human growth

hormone and of insulin levels to changes in intake of food.

The immediate post-prandia 1 period is regulated by insulin

which encourages storage of carbohydrate and fat. This is

followed by the combined action of insulin and growth hor

mone, acting as a new hormone, and it encourages protein
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synthesis in the delayed post-prandia1 period. In the

remote post-absorptive period, growth hormone acting by

itself, encourages mobilization and peripheral oxidation of

fat for energy. Thus, whether growth hormone is predominantly

protein anabolic or lipid catabolic may be a function of the

plasma insulin concentration, which, in turn, depends on

whether or not the animal has recently eaten. Rabinowitz

proposed this as a day to day metabolic regulation. He also

thought that the high level of growth hormone at the post

absorptive state may persist during pro longed starvation.

The rise in growth hormone level presumably helps the

carbohydrate-depleted organism (during fasting or starvation)

to turn to fat for its energy supply. It is well-known that

growth hormone has fat mobilizing effects in vitro and that

a high level of free fatty acids and increased ketosis are

found in starvation.* If the growth hormone level is indeed

higher during the fasting state, and this continues even in

pro longed starvation, then it may be that this high level of

growth hormone secreted, due to starvation, is responsible

for the increased growth after starvation has been removed.

During starvation the high growth hormone level is occupied

with mobilizing stored energy; since the nutrient supply is

limited there is not enough for growth, resulting in growth

arrest. When food is supplied in abundance, the high growth

hormone level that is already present readily utilizes the

excess nutrient supply to build body protein, and the body

then shows increased growth rate. This may be exemplified
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by the German orphans reported by Widdowson. The increase

in growth rate was highest at the beginning of the food sup

plementation, then the rate gradually slowed down. The com

pensatory period reported in a 11 the examples were usually

within half a year, which, however, is probably much too

long a time for the growth hormone to remain elevated as a

function of earlier diet depletion alone. This explanation

could explain some of the examples of compensatory growth

after illness, since during illness there is usually de

creased appetite, and the child is imposing partial starva

tion on himself. However, the case of the hypothyroid boy

would not fit into this category.

The blood glucose determinations of the lambs did not

yield information which would a 11ow one to predict the growth

hormone level. In ruminants, a 24 hour fast does not produce

32 while a 48 or 72 hour fast oncea post-absorptive state,

each week would not be practical. Furthermore, the achieve

ment of a post-absorptive state depends on the amount of food

ingested prior to the fast. When there was a large varia

tion in the quantity of food ingested by the lamb each day

during the preceding week, the blood sugar levels reflected

the quantity of food ingested, probably as a result of a

failure to achieve a post-absorptive state. When lambs num

ber 3 and 4 were under restricted food consumption, the blood

glucose levels for the last two weeks of the four-week par

tia 1 starvation period remained constant and lower than those
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of the first two weeks of starvation. This is also true of

starvation states which are usually accompanied by lower

blood glucose levels.
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SUMMARY

Two lambs showed compensatory growth when fed ad

1ibitum after dietary restriction. This accelerated growth

rate over control lambs was also accompanied by better

utilization of absorbed energy and nitrogen for growth.

The literature on compensatory growth in children and

animals, especially in sheep and cattle, was reviewed. The

possible roles of growth hormone in the regulation of com

pensatory growth were discussed.

It is suggested that lambs would be suitable animals

to use in the laboratory for investigating compensatory

growth, particularly in relation to circulatory growth hor

mone levels.
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