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Abstract:

When inbred BALB/c mice were separated from their mother for 24 or 36 hr beginning shortly after birth,
growth of the body, whole brain and corpus callosum was almost completely stopped. After being returned to
their mother, mice deprived for 24 hr gained weight more slowly than non-deprived littermates over the next 6
days but later showed moderate catch-up growth after weaning at 4 weeks of age. After 55 days of recovery,
mice deprived for only 24 hr showed significant reductions in brain weight and size of forebrain commissures
compared to littermate controls. Approximately twice as many deprived mice had a corpus callosum that was
abnormally small compared to controls. These results demonstrate that a rather brief but severe period of
separation from the mother can have lasting effects on brain growth.
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Article:

Virtually all animal models of human undernutrition® have used several consecutive days of inadequate
nutrition produced by low protein diets,** low amount of a normal diet,® large litter size, or separation from the
mother for several hours each day.'° One could easily gain the impression from this research that only a period
of several days deprivation will have lasting effects on brain growth and that recovery from a short but severe
period of starvation will be complete. However, effects of very short-term starvation have received little
attention from researchers interested in animal models, and it is not at all clear whether there is a lower
threshold for producing long-term deficits in brain growth by early undernutrition.

This problem came to our attention while observing the maternal behavior of inbred mice. It is known that care
of the young is generally poor in inbred compared to hybrid mice.'® We noticed that inbred mothers often
neglect their young for several hours or even a day after parturition and that full lactation often does not
commence until the day after birth. Consequently, experiments were done to assess the impact of this kind of
brief starvation on brain growth and recovery from starvation.

The strain chosen for these experiments, BALB/c, is known to have hereditary absence or deficiency of the
corpus callosum.* The defect is known to be multifactorial rather than the result of a single gene,* and its
severity and frequency can vary according to the environment.***® Thus the experiments also examined whether
postpartum starvation, which occurs at the time of most rapid corpus callosum growth,'” would increase the
frequency or severity of overt defects in adult mice.

First a study was done to verify that starvation after birth does indeed arrest brain growth and then two studies
were done to assess recovery after starvation of either an entire litter or only one or two pups in a litter.
Preliminary tests compared newborn pups separated and maintained at either room temperature or 37°C.
Although the latter procedure prevented hypothermia, it led to serious dehydration and frequent mortality after
24 hr. For this reason, and because neglect of pups by the mother does in fact produce hypothermia, all
experimental animals were isolated at room temperature in all studies.
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EXPERIMENTAL PROCEDURES

Animals

Mice of the inbred BALB/cCF strain were maintained under standard conditions™™ ™ and given free access to
Master MLM Rodent Chow. All matings were between brother and sister. The day of birth was regarded as day
OP.

14,15

Immediate effects of separation

Pregnant mice were observed at least twice daily for births and litters of at least six pups were chosen for study
after the mother had cleaned them and gathered all into the nest. Each pup was weighed to the nearest mg and
then marked with a blue felt pen. Weights of all mice in the litter were examined and a 'triad’ of animals closely
matched with respect to birth weight, presence of milk in the stomach, and, where possible, sex was chosen for
study. In litters of 6-8 pups only one triad was used, whereas two triads were chosen from litters of 9 or 10
pups. Within each triad, one pup was perfused with 10% formalin immediately (0 hr) using methods described
previously,'” one was isolated in a dish containing clean tissue paper at room temperature (22°C) for either 24
or 36 hr and then perfused, and the third one remained with its mother and other siblings for either 24 or 36 hr
and was then perfused at the same time as its deprived littermate. There were 9 triads in the 24 hr condition and
10 in the 36 hr condition. Brains were weighed and encased in gelatin, and then sagittal sections were cut,
stained and measured as described previously.*’

Recovery after deprivation of whole litter

Only litters of 3 or more pups were used in this phase. In certain litters all pups were marked, weighed and
isolated for 24 hr after birth and then returned to their mother until weaning at 4 weeks, whereas mice from
closely related control litters were marked and weighed in the same manner but remained with their mothers
until weaning at 4 weeks. After weaning, mice were housed with same-sex littermates for 4 more weeks.
Recovery was monitored by weighing the mice 24 hr after return to the mother and then weekly until weaning
at 4 weeks. At 8 weeks of age each surviving mouse was anesthetized with pentobarbital sodium and perfused
intracardially with saline followed by 10% buffered formalin. The brain was subsequently weighed, frozen, cut
sagittally at 33 um and stained with metachromatic thionin or Sudan Black B. Cross-sectional areas of the
corpus callosum (CC) and the anterior commissure (AC) were measured at the midsagittal plane.

Recovery after deprivation of matched littermates

All pups were weighed and marked soon after birth as in the whole-litter study, and then within each litter one
or two pups near the median body weight for the litter were isolated for 24 hr and then returned to the nest. If
the litter had 3-6 pups, only one was deprived, whereas two were deprived in litters of 7 or more. There were 20
litters in the study at the outset but two were excluded because the deprived pup eventually died. Data are
reported for 24 deprived and 24 non-deprived littermates matched for sex and birth weight. These mice were
reared and tested the same way as those in the whole-litter study.

RESULTS

Immediate effects of separation

Figure 1 presents mean values for mice in the triads, including non-deprived mice at three ages as well as for
mice deprived for 24 and 36 hr. Because there were no significant differences (all P>0.40) between 0 hr control
mice in the 24 hr and 36 hr triads, their data were combined to yield a single mean value at 0 hr in Fig. 1.
Obviously growth was rapid in non-deprived animals. The differences between deprived mice and their non-
deprived controls which remained with the mother were highly significant for body weight, brain weight and
CC area at both 24 and 36 hr (all P<0.001 by matched-pairs t-tests). In the 24 hr group the deprived mice lost
an average of 36 mg body weight compared to their own 0 hr values, but they increased significantly in brain
weight by about 4 mg compared to 0 hr control animals (t = 3.9, P< 0.005, two-tailed), although this modest
brain growth was much less than the 21 mg increase for non-deprived controls over the same period. Brain
weights of the 36 hr deprived animals did not differ significantly from O hr controls, which indicates that the
small 'brain sparing' effect seen in the 24 hr group was of short duration. There were no significant differences
between CC areas of 0 hr controls and either 24 or 36 hr deprived mice.
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Fig. 1. Mean values for (a) body weight. (b) brain weight and (c) cross-sectional area of the corpus

callosum (CC) for mice perfused shortly after birth (0 hr) and their matched littermates which were

deprived for 24 or 36 hr or (controls) left with the mother and siblings for the same amount of time and
then perfused. Brackets indicate I S.E.M.

Weight gain during recovery

The whole-litter study was complicated by high mortality among deprived pups. Of the 85 mice in 11 litters
alive at birth, only 46 survived until testing at 8 weeks. Most of them, including two entire litters, perished
within a day or two of return to their mothers, because of either cannibalism or total neglect. Among the 8
control litters in the whole-litter study, only 5 of 54 mice died prior to 8 weeks. This differential mortality
resulted in smaller litters for previously deprived pups and consequently a somewhat higher rate of growth? than
if there had been no mortality. Therefore, the data for the whole-litter study were analysed using multiple
regression to adjust for effects of litter size and sex differences. The analysis was done on mean body weights of
mice of the same sex in each litter rather than individual scores.! Separate analyses were done at each age
because of large differences in variance. For the whole-litter study means in Table 1 represent the average
weight of males and females at a common litter size of 6 pups during the recovery period. Tests of significance
are shown for the partial regression coefficient for the deprivation effect. For the within-litter study, mortality

was low and analysis was done with simple matched-pairs t-tests.
Table 1. Mean body weights (g) of control and deprived mice

Whole-litter study Within-litter study
Control Deprived I Control Deprived t
Litters 8 9 18 I8
Mice 48 46 24 24
Age:
-0 1.40 1.39 0.24 1.43 1.43 0.22
1 1.62 1.36 4.12% 1.71 1.40 12.63*
2 1.96 1.39 7.33* 2.05 1.60 15.19*
7 4.68 3.63 7.44* 4,78 4.02 11.89*
14 7.78 6.93 2.97* 7.53 6.88 9.95%
21 8.91 8.01 2.56* 8.84 7.89 11.66*
28 11.92 10.52 2.60* 12.71 11.42 6.79*
56 19.88 19.20 1.19 20.98 20.11 3.76*

*P<0.05, one-tailed.

In the whole-litter study, weight gain was less in deprived than control litters during the 24 hr after return to the
mother (t = 9.39, P<0.001) and from day 2 to day 7 (t = 5.52, P<0.001). No group differences in weight gain
were evident from day 7 to weaning at day 28, but in the 4 weeks after weaning the previously deprived mice
gained weight slightly more rapidly than controls (t = —2.38, P=0.01). In the within-litter study a similar
pattern occurred. Weight gain of controls Was significantly greater than matched deprived pups from day 1 to 2
(t =6.88, P<0.001) and day 2 to 7 (t = 5.67, P<0.001) but not day 7 to 14 (P> 0.2). Controls also grew faster
from day 14 to 21 and day 21 to 28 (both P< 0.05), but deprived pups grew faster than controls in the 4 weeks
after weaning (t = —2.35, P< 0.05). Comparing the deprived mice in the two studies, those in the within-litter
condition gained weight faster during the 24 hr after return to the mother than did those in the whole-litter study
(t =5.44, P<0.001) but thereafter the differences in weight gain were relatively small.



It is noteworthy that weight differences at 8 weeks between control and deprived mice (Table 1) were similar in
the whole-litter study (0.68 g) and within-litter study (0.87 g) but that only the latter was statistically significant.

Table 2. Mean values at 8 weeks after birth for two groups of mice

Measure Control Deprived  Difference !

Whole-litter study

Sample size 47 46

Brain weight (mg) 486.6 475.5 11.1 1.97*
ACarea (mm-) 0.133 0.130 0.003 1.26
CC area (mm?) 0.951 0.907 0.044 0.75
No. of abnormal CC 6 3

Within-litter study

Sample size 24 24

Brain weight (mg) 501.5 485.8 15.7 4.41%
ACarea(mm?) 0.132 0.127 0.005 2.72%
CCarea (mm?) 0.994 0.834 0.160 3.64%
No. of abnormal CC 2 6

*P<0.05, tP<0.01; P <0.001.
AC, anterior commissure; CC, corpus caliosum.

Brain and fiber tract sizes at 8 weeks

Table 2 presents mean brain weights and cross-sectional areas of fiber tracts for mice at 8 weeks after birth. In
the within-litter study the deprived animals had significantly lower values on all measures, using one-tailed t-
tests. Because small CC area was an infrequent anomaly, use of litter means tended to obscure the presence of
an abnormal mouse in a large litter. Consequently, data for the whole-litter study were analysed using individual
scores with multiple linear regression to adjust for sex and litter size effects. The effects of deprivation were in
the same direction as the within-litter study but reduced in magnitude. Using area less than 0.8 mm? as a
criterion of abnormally small CC,™ there were more abnormalities among deprived animals in both studies.
Pooling data from the two studies, 24% of deprived mice and 11% of controls showed abnormal CC at 8 weeks,
which was a marginally significant difference (z = 1.81, P=0.04, one-tailed).

DISCUSSION

When littermate controls are compared to mice deprived of contact with their mother for 24 hr starting on the
day of birth, lasting effects of deprivation on body, brain and corpus callosum size are evident 8 weeks later.
The effect on body size is not large, especially compared with those of a low protein diet during the lactation
period which reduces mouse body weight anywhere from 6.5 g or 14% at 80 days of age to 24% at 500 days. =
The 15 mg reduction in brain weight is more substantial but is still less than the deficit produced by daily
separation from the mother,® large litter size * or low protein diet*** during lactation, which reduce adult brain
weight by 20-40 mg. The magnitude of the effect on brain weight is similar to that of postnatal environmental
enrichment in mice.” In BALB/c mice the rapidly growing brain appears to be more vulnerable to severe
postpartum deprivation than the body as a whole. The effect is not simply a consequence of a shift of the normal
growth curve to the right by 1 day, because a 1 day difference in age at 8 weeks would amount to a difference of
only about 0.05 g body weight and 0.2 mg brain weight in this strain. **

Effects of whole-litter deprivation were clearly more severe than deprivation of one or two pups, as shown by
high pup mortality and lower weight gain in the days following return to the mother. This is to be expected
because the mothers, being deprived of their pups for 24 hr, were slow to resume lactation and normal maternal
care. The greater severity in the short term was in several cases offset to a large extent by reduced litter size
which promoted more rapid growth. Because mortality occurred in only certain litters, between-litter
differences were increased, which greatly reduced statistical power and necessitated statistical correction for
litter size. All things considered, the within-litter design has many advantages for examining long-term conse-
quences of early deprivation. Even with this method there may be problems of interpretation, such as differential
treatment of deprived pups by their mothers,” but these in no way alter conclusions of the present studies.

The corpus callosum is also reduced in size by brief postpartum deprivation to an extent that can double the
frequency of mice judged abnormal. The effect is not merely a result of reduced whole brain size, because in the



BALB/c strain the two measures are very weakly correlated, even among animals in the normal range of CC
size.* There are two plausible reasons for reduced corpus callosum size following postpartum deprivation. The
treatment may reduce the number of axons which traverse the hemispheres during the rapid CC growth phase
after birth,'” or it may reduce subsequent myelination by a small amount.**°

REFERENCES

1. Abbey H. and Howard E. (1973) Statistical procedure in developmental studies on species with multiple
offspring. Devi Psychobiol. 6, 328-335.

2. Altman J., Das G. D., Sudarshan K. and Anderson J. 13. (1971) The influence of nutrition on neural and
behavioral development. Il. Growth of body and brain in infant rats using different techniques of undernutrition.
Devl Psychobiol. 4, 55-70.

3. Barnes D. and Altman J. (1973) Effects of two levels of gestational-lactational undernutrition on the
postweaning growth of the rat cerebellum. Expl Neurol. 38, 420-428.

4. Bush M. and Leathwood P. D. (1975) Effect of different regimens of early malnutrition on behavioural
development and adult avoidance learning in Swiss white mice. Br. J. Nutr. 33, 373-385.

5. Crnic L. S. (1980) Models of infantile malnutrition in rats: Effects on maternal behavior. Devi Psychobiol.
13, 615628.

6. Fleischer S. F. and Turkewitz G. (1984) The use of animals for understanding the effects of malnutrition on
human behavior: Models vs. a comparative approach. In Human Nutrition: A Comprehensive Treatise, Vol. 5
Nutrition and Behavior (ed. Galler J. R.), pp. 37-61. Plenum Press, New York.

7. Henderson N. D. (1970) Brain weight increases resulting from environmental enrichment. A directional
dominance in mice. Science 169, 776-778.

R. Howard E. and Granoff D. M. (1968) Effect of neonatal food restriction in mice on brain growth, DNA and
cholesterol, and on adult delayed response learning. J. Nutr. 95, 111-121.

9. Lai M. and Lewis P. D. (1980) Effects of undernutrition on myelination in rat corpus callosum. J. comp.
Neurol. 193, 973-982.

10. Leuba G. and Rabinowicz T. (1979) Long-term effects of postnatal undernutrition and maternal
malnutrition on mouse cerebral cortex. I. Cellular densities, cortical volume and total numbers of cells. Expl
Brain Res. 37, 283-298. Morgane P. J., Miller M., Kemper T., Stern W., Forbes W., Hall R., Bronzino J.,
Kissane J., Hawrylewicz E. and Resnick 0. (1978) The effects of protein malnutrition on the developing central
nervous system in the rat. Neurosci. Biobehav. Rev. 2, 137-230.

12. Nagy Z. M. (1979) Effects of early undernutrition on brain and behavior of developing mice. In
Development and Evolution of Brain Size (eds Hahn M. E., Jensen C. and Dudek B. C.), pp. 321-345. Academic
Press, New York.

13. Randt C. T. and Derby B. M. (1973) Behavioral and brain correlations in early life nutritional deprivation.
Arch. Neurol. 28, 167-172.

14. Wahlsten D. (1982) Deficiency of corpus callosum varies with strain and supplier of the mice. Brain Res.
239, 329347.

15. Wahlsten D. (1982) Mode of inheritance of deficient corpus callosum in mice. J. Hered. 73, 281-285.

16. Wabhlsten D. (1982) Mice in utero while their mother is lactating suffer higher frequency of deficient
corpus callosum. Devi Brain Res. 51, 354-357.

17. Wahlsten D. (1984) Growth of the mouse corpus callosum. Devl Brain Res. 15, 59-67.

18. Wainwright P. E. (1981) Maternal performance of inbred and hybrid laboratory mice (Mus musculus). J.
comp. Physiol. Psychol. 95, 694-707.

19. Wiggins R. C. (1982) Myelin development and nutritional insufficiency. Brain Res. Rev. 4, 151-175.



