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The growth and development of rats given a low-protein diet
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1. Weanling (24-d-old) rats of a black and white hooded strain were allowed free access for
28 d to a diet containing 5 % casein supplemented with methionine, and sucrose as the carbo-
hydrate. Controls were fed on a 25 % casein diet with a corresponding reduction in sucrose.
Animals given the deficient diet were killed either at 52 d of age or after subsequent rehabilita-
tion on the 25 % casein diet when aged 140 d. These animals were compared with controls
killed at these two ages and at the start of the experiment.

2. The skeletons were X-rayed, skeletal maturity was determined according to a scoring
system, and various bones were measured. The forebrain and cerebellum were analysed for
cholesterol and DNA and the brain stem for cholesterol only. The DNA content of the
paired quadriceps muscles and the livers was also determined.

3. On the low-protein diet the body-weight rose by 7 g compared with the control value of
115 g. On rehabilitation, the body-weight of the previously malnourished group showed the
expected growth spurt, but failed to attain that of the controls at 140 d.

4. With the exception of the pelvis width, all the bones grew a little during the period on the
low-protein diet, After rehabilitation, the hind limb, pelvis, iliac and spine lengths and the
bi-iliac width remained smaller than these measurements in the corresponding controls,
whereas there was no difference in the length of the fore limb, width of the pelvis or in the
bone maturity score.

5. The forebrains and cerebellums of the malnourished rats did not increase in weight,
whereas some increase occurred in the brain stem. The concentration of cholesterol in the fore-
brains of the deficient animals was the same as that in controls of the same age, but on re-
habilitation the concentration did not rise to the control value. The concentration of cholesterol
in the cerebellum and brain stem of the deficient rats was lower than in controls of the same
age but, whereas that in the cerebellum attained an almost normal level on rehabilitation, that
in the brain stem remained significantly lower. The low-protein diet prevented the normal
increase in cerebellum DNA and the amount remained low in the rehabilitated animals.

6. The experimental diet caused a complete cessation of growth of the quadriceps muscles,
and even after rehabilitation they weighed less than their controls. The DNA content, however,
was not significantly lower.

2. The low-protein diet did not permanently affect either the weight or DNA content of the
liver.

Dietary restriction in rats during the first 21 d after birth leaves a permanent
impression upon certain aspects of their subsequent growth and development, even
when they have access to unlimited food during the remainder of their lives. Thus,
they never weigh as much as controls of the same age (Kennedy, 1957-8; Widdowson
& McCance, 1960), have lighter brains that contain lower concentrations of cholesterol
and a smaller amount of deoxyribonucleic acid (DNA) and presumably, a smaller
number of cells (Winick & Noble, 1966; Dobbing, 1968). More severe undernutrition
during the gestation period as well as the suckling period results in a permanent stunt-
ing of the growth of some, but not all, bones in the skeleton (Dickerson & Hughes,
1972). Comparatively few studies have been made, however, of the effects of dietary

35-2

ssaud Assanun abprique) Aq auljuo paysiiand zzL0Z/6LNIE/6.01°01/B1010p//:sd1y


https://doi.org/10.1079/BJN19720122

528 J. W. 'T. DICKERSON AND OTHERS 1972

restriction after weaning on the subsequent growth and development of the rat. The
growth and development of the brain with respect to cholesterol, phospholipids and
DNA have been shown not to be permanently retarded (Winick & Noble, 1966;
Dobbing & Widdowson, 1965; Dickerson & Walmsley, 1967), whereas Winick &
Noble (1966) found that the growth and DNA content of skeletal muscle and liver were
permanently retarded by undernutrition during the 3 weeks immediately after weaning.
In the experiments on weanling rats reported by Dickerson & Walmsley (1967) the
body-weights rose by 30-40 g in 8 weeks. The brains of the undernourished animals,
though lighter than those of well-nourished controls, contained the same concentration
of cholesterol. In a preliminary experiment in which weanling rats were fed on a 5%
casein diet with sucrose as the carbohydrate, the body-weights remained constant for
4 weeks (Dickerson, 1968). There was no increase in brain weight, but again the
concentration of cholesterol in the brain was normal for the chronological age. This
experiment has now been repeated, and the study extended to include the effects of
subsequent rehabilitation on the skeleton, the brain, skeletal muscle and the liver.

MATERIALS AND METHODS

A total of seventy-five weanling male rats of an inbred black and white hooded
strain which had been suckled in litters of eight pups since birth were divided
randomly amongst the various treatments. Fifteen were killed at 24 d of age as ‘initial
controls’. Of the remainder, thirty were fed on a ‘protein-deficient’ diet containing
59, casein with o-2 %, methionine, 15 %, maize oil, 70 %, sucrose and adequate minerals
and vitamins, and thirty were given a ‘control diet’ containing 25 %, casein, and 509,
sucrose but similar amounts of methionine, maize oil, minerals and vitamins. The
animals had free access to water. The experimental diets were offered for 4 weeks from
24 d of age. At 52 d of age fifteen animals on the protein-deficient diet and fifteen on
the control diet were killed. The remaining fifteen animals that had been fed on the
protein-deficient diet were transferred to the control diet and fed along with the
remaining fifteen control animals until they were all killed at 140 d of age. All animals
were killed with diethyl ether, the brain was removed as described by Dobbing (1964),
dissected into cerebellum, forebrain and brain stem (Dickerson & Jarvis, 1970), and
the parts were weighed. The liver was removed, blotted to remove as much blood as
possible and weighed. The quadriceps muscles were also removed and weighed. The
tissues were kept at — 15° until analysed. The skeletons were X-rayed and the skeletal
dimensions measured; maturity was assessed as previously described (Hughes &
Tanner, 19704, b). The protein-deficient and control animals were weighed at weekly
intervals throughout the experiment.

The lipids were extracted from the brain samples (Folch, Lees & Stanley, 1957) and
cholesterol was determined in the extract (LefHler, 1959). DNA was separated from
samples of homogenized brain, skeletal muscle and liver as described by Zamenhof,
Bursztyn, Rich & Zamenhof (1965) and the DNA determined by the diphenylamine
reaction (Burton, 1956). The values were then expressed as DNA-phosphorus
(DNA-P).
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Fig. 1. Effect of giving a § % casein diet to weanling rats for 28 d and of subsequent rehabhilita-
tion on body-weight and growth rate. For control animals, body-weight shown O—(Q, and
growth rate A—A, for malnourished animals, body-weight shown @ - - - @, and growth rate
A---A,

RESULTS

Fig. 1 shows the changes in body-weight of the rats with age. Each point is the
mean body-weight of all the animals available. During the 4 weeks that they were on the
low-protein diet, the body-weights of the rats rose by 7 g, a mean rise of almost 2 g/
week. During the same time, the body-weights of the controls rose by 116 g, 2 mean
rise of 29 g/week. When they were transferred to the control diet, the growth rate of
the previously malnourished animals rose from o-25 g/d to a mean value of 4-7 g/d
during the first 28 d of rehabilitation. This was significantly higher (P < o-o1) than
the growth rate of the controls, 3-8 g/d over the same period, but although the higher
growth rate was sustained for a further 28 d, the body-weights of the rehabilitated rats
at 140 d of age were lower than those of the controls.

Table 1 shows that all the bones of the skeletons of the protein-deficient rats, with
the exception of the width of the pelvis, were larger than those of the initial controls,
Skeletal development, as measured by the bone maturity score (BMS), was also more
advanced. The skeletons of the protein-deficient rats were considerably smaller than

ssa.ld Aissanun sbpuquied Ag suljuo paysiiqnd zz10z/6 LNIG/6£01°01/b10"10p//:sdny


https://doi.org/10.1079/BJN19720122

J. W. T. DICKERSON AND OTHERS 1972

530

https://doi.org/10.1079/BJN19720122 Published online by Cambridge University Press

'100.0 > Jygg ‘100 > Jyg SAQ POIBOIPUI 218 SIOUIISYIP JUdYIUTIS A[[LI1ISIEIS

$21.0 . 1) S ) 6.6 S.6 €.L b.8 9. (wur) yaFuay surdg

to.0 £# 00 #% €00 89-2 68.¢ 6L.1 9Z.1 ZI.1 (waur) yapm oeIpI-Ig

»xxF0.0 #ex10.0 %100 1.z 6S.¢ £6.1 6€.1 vr.a (urar) y8usy oery

fo.o0 P X 10.0 Sle1 89-1 £z.1 28-0 18.0 (wur) yIpis siapag

2xgT00 rxxb0.0 5% 0.0 s.¥ £.¥ £.€ €z 0.z (vuux) |Bus] SIA[R

#+1-0 #nx10 #an 10 6.6 £.6 2.8 99 6.5 (wrw) yBual quui] puryy

1.0 #1210 2xx1-0 S.9 ¥.9 .8 184 1.¥ (uru) yidua] qui 210§

6.9 sxpl-t #%48C Lgt Sg¢€ zz€ 68z obz 21008 AJLImjewu auog

— -— — 4 zI St S S1 sppuIIue JO "ON

— —_ — ot ob1 z8 z§ te (p) o3y

ud ¥ oY e dd oI 2 dd @) ¢30) Ow (ad (D
“ v 4 poleN[Iqeyar  paleu(Iqeyay  [OIIUGD JUHIIYSP s[o13u0d
souroyrudrs [#O1ISIIL)S JO UOTIEITPUL YIIM  IOF S[OIIU0D) 28y -uta301g [enuy

‘uostredwiod 10] SI0LIS PIEPURIS
(umoys s[punIuL JO I3QUINU 9Y3 JOJ SUBOUS 2J8 SINJEA)

u013jays ay1 fo yuamdorradp pup
Y1045 27 uo uorpLIqLYas Jusnbasqns fo puv p gz of sppi Sunuvam o1 191p wAsv? Y, S v Furaid fo affiy *1 lqe],


https://doi.org/10.1079/BJN19720122

https://doi.org/10.1079/BJN19720122 Published online by Cambridge University Press

531

Growth of rats given a low-protein diet

Vol. 27

wnalel A PN |
##%80 6o T
#%20:0 %% %200 z0.0
#4201 PP #xx5:0
. | S 4 L1
#%%10.0 %% 10:0 g %5100
P .. 2x1.0 1.0
«70 2axC O %0
1.1 *%%80 6.0
%% 10:0 #%10-0 10.0
1.0 1.0 1.0
wan ST x0T %% I
xxgl-L §-0 #%w0- 1
20.0 % %20-0 #%10.0
qded ovedad DOiIedd
N A

1000 >  wau 100 > J 4x ‘SO0

A
2oueoTudIs [BOTISIILIS JO UOTIBOIPUL 1PIM

‘aostreduIod 10} SI0II3 PIEpuLlg

> J % +AQ PI1BdTPUI 218 $3DUAIAPYIP JUBOYTUSIS L[jRonIsnelg

‘snyoydsoyd-yN (T |

g-+6 0.08 1.1l .88 Y.Ly
€.5S 9.8¥ 6.5¥ 6.%¥ L.9E
zl.1 tg.x 8.1 of.1 6z.1
9.1¢ 9.5z 6.61 1.LX b.£1
£.€6 S.zg L.€L 0.69 899
¥t.0 1£.0 lz.0 tz.0 oz.0
£.8 L 9. z.¥ L8 4
1.I1 8.6 £.8 6.8 €.5
S.1¥ 6.9t 6.5¢ t.z€ o.1¢
Lz.0 Sz.0 £z.0 gL.o Lr.0
.t (A4 6.€ 6.8 1884
z.28 9.v¥ Y.eb v.c€ L.gz
£.Ly I.1¥ Y.ob t.of +.1€
I1.1 60.1 Yo.1 88.0 16.0
ob1 obr z5 zs e
(D) D Ow) (ad (DN
PateN[IGEYaT  PABIIqERYIY  S[OIU0D ELET6jiR)d) S[OI1IU0D
J0J S]O1U0)) a8y -urs30I1 g Tenruy

(dnoi3 yoes ur S[PUITUE USS)JI 0) UD} JOJ SURIUI 9I8 SANJBA)

urw4q ay3 Jo uorgisoduos puv

(jowrr ‘Te301) 1019353[0Y))
(enssn
ysaxj 3fjowr’) [019383[0Y)
(@) wEem
urexq S[0YM
(townd ‘1e303) [0I9)89[0YD
(onssn
ysaij 3fjow) Joxe3sa[0yD)
(8) ySom
wa3s ueIg
(jow ‘Te303) {J-YNA
(Tounf ‘1e101) JOIMNSATOYD
(onssny
ysa1y 8fjoury’) [0333s910Y))
(3) WBrom
wWnjRgaIs)
(jow ‘103 14-YNQ
(four! ‘1v303) joIS3SBIOYDY
(enssn
ysa1y J/1ou) 1039189104
(3) wBem
ureIqaIog

(p) 28y

Y2043 ay7 uo wonvYgVYa.L juanbasqns Jo puv p QT 40f s+ Fuupam o1 191p wBsYI Y, § v Suiaid Jo 1l "z dqe],


https://doi.org/10.1079/BJN19720122

https://doi.org/10.1079/BJN19720122 Published online by Cambridge University Press

J. W. T. DICKERSON AND OTHERS 1972

532

100.0 > J xgg 100 > J gy 1AQ PIIBIIPUIL 518 SAOUSISPIP JULIYIUSIS A[[RO1ISIILIG

S.z *%%0:2 *20:0 6.1+
S.0 T #*#%C-T z-8
P ] #%%80:0 fo.0 0z.5
— — — ob1
o ey oV 2 dd oI dd (ao)
b — parElIqeyas

Y
aouroyTuSIs [EOTISIILIS JO UOTIBOIPUT PIM
‘uostiedwiod 10} S10i15 pIEpuUBRIg

107 S[OTIUO))

6.4E z.£€ g.€1 6.91
6.8 6.91 6.5z S.GE
Sty 00.2 15.0 15.0
ob1 (44 zS te
&) v (ad D
paEaiqeyay]  s[eljuoco JusYSP S[ONU0D
a8y ~ur01J [entuy

(dno18 yoes ul S[BUIULR UIIIJIJ 03 SAJoM) 0] SUBOUWE 248 SINJEA)

sajosn sdaniponb pannd ayy fo juazuod J- N puv
yStam 2y uo uovIqLYaL JuInbasqns fo puv p Qe 4of spa Suyuvam 01 j21p uasvd %, S v Sweil Jo praffiy € 9yqe],

(saposnwyjjowr) J-YNA
B/1owr) J-vNO

(8) 3ylmm

(p) 98y


https://doi.org/10.1079/BJN19720122

Vol. 27 Growth of rats given a low-protein diet 533

Table 4. Summary of previous studies with rats of the effects of post-weaning malnutrition
on brain growth and development

(Differences in present study shown in parentheses)

Reference Experimental technique and results
Dobl?ing & Ten pups in litter (eight pups) ; experiment done on males 20-30 g body-weight
Widdowson (1¢965) (males approx. 40 g body-weight); pellet diet (diet 41B; Bruce, 1957) in

restricted amounts (5% casein diet ad [ib.); growth restricted to 5 g/week
(2 g per week); growth restriction 56 d (28 d); rehabilitation 56 d (50 d);
body-weight completely recovered on rehabilitation (incomplete recovery);
brain weight completely recovered (incomplete recovery of whole brain,
complete recovery of forebrain); complete recovery of cholesterol concen-
tration in whole brain (incomplete recovery in whole brain, forebrain and
brain stem)

Dickerson & As above, with no significant rise after weaning in whole brain DNA-P

Walmsley (196%) (no rise in forebrain DNA-P, rise in cerebellum DNA-P with incomplete
recovery on rehabilitation)

Graystone & Sprague-Dawley rats (black and white hooded); undernourished 26 d at 609,

Cheek (1969) level of Purina Chow, 23 % protein; cerebrum only analysed for DNA by

fluorometric method of Kissane & Robbins (1958) (forebrain DNA by di-
phenylamine reaction; Burton, 1956); rise in DNA in controls, reduction
in undernourished (no rise in DNA in forebrain in controls, no change in
malnourished)

those of the control animals of the same chronological age. In the rchabilitated
animals the hind limb, pelvis, iliac and spine lengths and the bi-iliac width were smaller
than the corresponding bones of the control animals. There was no difference in
the length of the fore limb, the width of the pelvis or the BMS.

The forebrains of the protein-deficient animals weighed less than those of the initial
controls, whereas the brain stem weighed more (Table 2). The weight of the cerebellums
was practically the same. These differences in the weights of the three parts of the
brain tended to cancel each other out, for the difference in the weight of the whole
brain was not significant. The brains of the protein-deficient animals did, however,
weigh less than those of controls of the same age and this was true also for each part.
On rehabilitation, the forebrain grew to its normal weight for age, whereas the
cerebellum, brain stem and whole brain did not.

The concentration of cholesterol in the forebrain rose during the 28 d of eating the
protein-deficient diet and reached a value similar to that found in the normal animals
of the same age. In the rehabilitated animals the concentration of cholesterol in the
forebrain was almost the same as in the malnourished ones, and significantly below that
in their controls. The amount of DNA-P in the forebrain remained practically
unchanged during the dietary restriction and subscquent rehabilitation. :

The concentrations of cholesterol in the cerebellum and brain stem of the protein-
deficient rats were not significantly different from those in the controls killed at the
start of the dietary restriction, but were lower than those in the controls of the same
age. However, in the rehabilitated animals the concentration in the cerebellum was not
significantly lower than in the corresponding controls, whereas in the brain stem, the
concentration was significantly lower. The amount of DNA-P in the cerebellum did
not change during the dietary restriction and was significantly lower than in the
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controls of the same age. The absolute amount of DNA-P in the cerebellum of the
controls at 140 d was higher than in the controls of 52 d. The amount in the cerebellums
of the rehabilitated animals was significantly less than in their controls.

The result of these changes in the parts of the brain was that the concentration of
cholesterol in the whole brain was similar in the deficient animals to that in controls of
the same chronological age, whereas that in the rehabilitated animals was lower than in
the corresponding controls.

The mean weights of the quadriceps muscles of the protein-deficient animals were
the same as that of their initial controls (Table 3). After the period of rehabilitation
the muscles weighed less than those of the controls. The concentration of DNA-P in
the muscles of the protein-deficient animals was lower than in those of the initial
controls but not as low as that in controls of the same age. The absolute amount of
DNA-P in the ‘protein-deficient’ muscles was lower than in the initial controls, and
only about 40%, of the amount in controls of the same age. After rehabilitation the
concentration of DNA-P was similar to that in control animals of the same age, and the
absolute amount of DNA-P in the rehabilitated muscles was not significantly lower
than in the controls.

The liver of the protein-deficient animals weighed more (2'72 g) than that of the
initial controls (1-97 g but less than that of controls) of the same age (93 g). After
rehabilitation, the liver weight was practically the same (14-8 g) as that of controls of
the same age (14-9 g) and there was no significant difference in the content of DNA-P
(24-1 pmol in livers of rehabilitated animals and 247 pmol in controls).

DISCUSSION

In this experiment the growth of weanling rats was severely retarded for 4 weeks by
allowing them free access to a 5%, casein diet in which sucrose was the carbohydrate.
When transferred to the control diet containing 25 %, casein, the previously retarded
animals grew well and showed the expected growth spurt. This period of rapid growth
was maintained for about 8 weeks, but was not great enough to bring the body-weights
up to those of controls of the same age that had been given the 259, casein diet since
weaning. The animals were 20 weeks old when they were killed, and it seemed unlikely
that, even if the experiment had been prolonged, they would have attained a normal
weight since their growth curve had been parallel to that of the controls for 3—4 weeks
before the experiment was terminated. This result is different from that obtained in
previous experiments on undernourished weanling rats (Dobbing & Widdowson,
1965; Dickerson & Walmsley, 1967; see Table 4), but a possible explanation for the
apparent recovery in those experiments may have been the rather poor growth of the
controls (Dobbing, 1968).

The skeleton continued to grow slowly, and to develop during the period of dietary
restriction. The dietary restriction did, however, have a small, but permanent stunting
effect on some of the bones. Thus, as in another study of the effects of severe under-
nutrition before weaning (Dickerson and Hughes, in preparation), the spine was
significantly shorterand so too were the pelvis and the ilium. It was suggested that inthe
previous experiment the permanent stunting resulted from the fact that the period of
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growth restriction started before the bones had reached their peak rate of growth. This
was in contrast to the limb bones, whose peak rate of growth was reached before the
undernutrition became very severe. In the present experiment the dietary restriction
occurred over the age range when the peak growth rate of the pelvis is normally
reached (i.e. 35-42 d), and hence a similar explanation of the failure of the pelvic
bones to recover completely seems possible. In the experiment described here, there
was a difference in the recovery of the fore and hind limbs. The failure of the latter to
reach a normal length could be due to the fact that the period of dietary restriction
deprived the bones of a second, prepubertal, growth spurt (Hughes & Tanner, 19704).
A similar growth spurt does not occur in the fore limb.

The diffcrent parts of the brain grow and develop at different rates (Dickerson,
Dobbing & McCance, 1967) and this explains certain aspects of the cffect of under-
nutrition upon them. In the present study, growth of the forebrain was stopped by
giving the low-protein diet. Complete recovery in weight on rehabilitation probably
occurred because the absolute amount of DNA-P, and hence the number of cells, had
already attained the adult value. There was no evidence of the post-weaning increase
in DNA-P content that Graystone & Cheek (1969) have described in the cerebral
hemispheres (see Table 4). The growth of the cerebellum was also completely
prevented by the protein-deficient diet. Complete recovery on rehabilitation did not,
however, occur, and this was probably due to a partial failure of cell multiplication as
shown by a lower DNA-P content. In the cerebellum there was a significant increase
in DNA-P content after 52 d of age. This increase does not appear to have been
reported before, but it has been confirmed in further work with ten animals.

The increase in weight of the brain stem during the period of restricted growth was
probably due to the growth in thickness of the medulla, since growth in thickness of
the spinal cord has been found to be closely related to chronological age (Dickerson
et al. 1967; Dickerson & Walmsley, 1967).

The rise in cholesterol concentration in the brain occurs with increase in chrono-
logical age rather than body-weight (Dickerson, 1968). The result of the present study
suggests that a protein-deficient diet, in contrast to a predominantly calorie-deficient
one (Dobbing & Widdowson, 1965; Dickerson & Walmsley, 1967; see Table 4),
permanently reduces the ability of the forebrain and brain stem to synthesize chol-
esterol. The degree of growth retardation in the present experiment was, however,
greater than in the experiments with calorie-deficient diets.

Winick & Noble (1966) reported that undernutrition from 21 to 42 d of age had a
permanent stunting effect on the subsequent growth of skeletal muscle and the liver.
They attributed this to the fact that undernutrition, although after weaning, had
nevertheless taken place before these organs had accumulated their mature number of
cells. In this experiment, a rather more severe retardation of body-weight resulted in a
cessation of muscle growth. On rehabilitation, the quadriceps muscles failed to attain
the normal weight, but there was only inconclusive evidence that they contained a
smaller amount of DNA. Winick & Noble used the gastrocnemius muscle in their
work, whereas the quadriceps was used in the present study. There seems to be little
information about the effect of undernutrition on different muscles in mammals,
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though differences have been reported in cockerels (Dickerson & McCance,
1960).

Maintaining rats on a diet containing 5 %, casein did not prevent the liver attaining a
normal weight on rehabilitation. These animals were, however, rehabilitated on a diet
that contained a higher concentration of protein (25 %) than is normally found in stock
diets (18-21 %), and it may be that this accounts for the difference between the results
reported here and those of Winick & Noble (1966).

There 1s now substantial evidence, both in experimental animals and in man, that a
period of growth retardation in early life is likely to have some permanent effects on
later growth and development. The present study suggests that a retardation of growth
rather later in life may also have some permanent effects. This period of life seems to
warrant more detailed study, particularly in view of the fact that undernutrition may
occur in preschool children in many parts of the world.

The authors thank Professor J. M. Tanner for his continuing interest in this work,
and the Nuffield Foundation for its financial support to the Department of Growth
and Devclopment at the Institute of Child Health.
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