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Abstract

Early food restriction resulted in long-term consequences on physical and brain development. However, long-term skeletal
maturity parameters interacting with sensory deprivation are scarcely described. We compare the effects of gestational
undernutrition and postnatal ligature (UL) and neonatal undernutrition by using an incubator (Ul) with sensory deprivation
on the physical development of suckling and adult FI female and male Wistar rats. UL FO subjects were submitted to caloric
food restriction during the gestational period and suckling of dams, one with nipple-ligated and interchanged every 12 h. Ul
subjects were underfed by placing pups into one incubator for 12 h. Skull, nose-coccyx, tail, tarsus-metatarsus, phalange
lengths, bitemporal axis, body weight, mean body sizes and eyelid opening were measured on postnatal days (PDs) 5-90. UL
and Ul subjects resulted with significant skeletal deficits following a normocaloric diet from PD 25 in most of the ages from
PDs 5 to 90 of the study compared with their controls. Furthermore, significant low body weights in both female and male
UL groups throughout the lactation period, compared to normally feeding rats were obtained. Body Mass Index (BMI) on
PD 90 in female Ul subjects showed higher percentages than controls. The findings indicated that gestational undernutrition
of FO dams resulted in consistent, long-term altered physical development of F| subjects that might interfere with their body
growth, sensorimotor activity and possibly with the late social adaptive responses.
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Resumen

La restriccion temprana de alimento en la rata interfiere en el largo plazo con el desarrollo fisico y la funcién cerebral,
aunque los parametros del sistema esquelético asociados a la desnutricion pre y neonatal han sido poco estudiados. Se
Compararon los efectos de la desnutricion gestacional y por la ligadura materna (UL), con los de la desnutricion en una
incubadora (Ul) asociada a privacion sensorial en el desarrollo fisico de ratas Wistar hembras y machos Fl y machos adultos
F1. Las madres UL FO recibieron restricciéon calérica prenatal de alimento. En la lactancia, una de un par de madres se ligé de
sus conductos galactoforos intercambiandose entre las camadas (12 h) con otra sin ligadura. Los sujetos con Ul
permanecieron en una incubadora durante 12 h. Entre los dias postnatales (PDs) 5-90 se midieron los ejes longitud del
craneo, bitemporal, naso-coccix, cola, tarso-metatarso y longitud de falanges, peso corporal, tamafo corporal medio y
apertura palpebral. Los sujetos UL y Ul mostraron déficits esqueléticos significativos después de una dieta normocalérica
desde el PD 25 hasta el 90 vs. sus controles. Ademas, mostraron pesos corporales significativamente bajos tanto en los
sujetos UL hembras o machos, como en los sujetos con Ul al compararse ambos grupos. El indice de masa corporal (BMI)
en el dia PD 90 en hembras con Ul mostré un porcentaje mayor vs. sus controles. Se sugiere que la desnutricion perinatal
alter6 el desarrollo fisico de los sujetos Fl, afectando su actividad sensoriomotora y las respuestas adaptativas sociales
tardias.
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I. Introduction

Developing rats are highly influenced by
numerous environmental factors that disrupt
functional brain processes and interfere with
the physical and adaptive capacities that persist
into adulthood. Among these factors, prenatal
and suckling food restriction have shown long-
term consequences including prenatal stress,
abnormal hormone release, early handling,
sensory deprivation and disrupted mother-
litter bonds, among others.!=¢ During fetal
development, the placenta modulates the
demand for nutrients and oxygen supply and
sends signals to the mother, who transfers the
nutrients to the fetus.Z8 It is well established
that the nutritional needs of dams increase
during gestation due to the demands of the
growing fetus and the preparation of the
mother for lactation. The embryonic and fetal
stages are critical time windows for the fetus,
as nutritional deficiencies can affect its growth
by interfering with placental intrauterine
development.2l2 The effects of undernutrition
depend on the period in which food
restriction is introduced. Thus, the energy
expenditure during the anabolic stage of
gestation is low because the fetus undergoes
its early organic assembly; but during the
catabolic stage, growth and maturation of the
individual is strong, hence the energy
expenditure is high, and deficient food supply
results in severe fetal intrauterine growth
retardation.!

In humans, optimal nutrition in the perinatal
stages, which include gestation and the first
years of life, are necessary for proper
physiological development. During this period,
basic cytogenetic processes for cerebral and
physical maturation will guarantee the correct
cognitive and motor abilities and social
emotional responses for the future.l23 There
is evidence that early undernutrition can affect
many aspects of brain growth including
neurogenesis, synaptogenesis,
neurotransmitter release and myelination.!4=17
Furthermore, physical and cognitive alterations
have been identified in individuals who suffered
early undernutrition, since in utero epigenetic
changes are carried forward through
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adolescence  and  adulthood,  affecting
successive generations.!8=20 For these reasons,
investigation of epigenetic mechanisms in the
context of environmental food restriction,
associated with sensory deprivation, mother-
litter alterations and stress exposure are
needed, particularly research on the effects of
physical  allometric  measurements and
parameters of somatotropin postnatal growth.

Several studies using different food
restriction paradigms have emphasized that
the effects of neonatal undernutrition on brain
development are more severe than those
occurring during gestation, possibly because
there are protective maternal mechanisms to
attenuate the noxious effects and long-term
consequences on the pup’s brain.2l.22 Although
the effects of prenatal and/or pre- and post-
weaning undernutrition, late prenatal or
suckling malnutrition on body and brain
development have been investigated, the
negative impacts on long-term skeletal
maturity parameters transmitted through
epigenetic mechanisms are scanty, partly
rehabilitated, permanent or poorly
understood.21:23=30

The aim of this study was to compare the
effects of perinatal food restriction that
minimizes sensory deprivation, with the
preweaning daily removal of half of the litter (4
out of 8 pups) into an incubator, a procedure
including undernutrition plus severe sensory
deprivation on  the lasting  physical
development of rats from birth to weaning not
previously = compared. @ These  physical
alterations may be underlying the long-term
deficiencies in social interactions, reproductive
behavior and motor abilities.

2. Materials and Methods

Experimental procedures and protocols were
approved by local Animal Committees and
adhered to the National Research Council
guide for the care and use of mammals (NCR
2003).3!

Animals. Female (F) and male (M) Wistar
rats from 5 to 90 days old were used to assess
the physical development of the FI generation.
The FO female rats were mated and the
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sperm-positive females were placed
individually in a translucent plastic maternity
cage (50 x 40 x 20 cm3) with wood shavings
as nesting material. The day after birth was
defined as PD |, and pups from different litters
were randomly mixed, weighed and sexed.
Five females and five males from each litter
were randomly distributed among lactating
dams until weaning to minimize genetic and
nutritional differences that may influence the
experimental results. Animals were maintained
in an automatically controlled room at 22°C %
2°C and 50 % humidity on a 12 h light/I2 h
dark cycle (lights on at 07:00 h), with water
and food (5001 rodent Purina chow) ad
libitum.

Diet composition. Both Control Group
(CG) and Undernourished Group (UG)
received the same type of diet Lab Diet 5001
(St. Louis, MO) with reduced percentage only
in the UL group as described below.32

Nutritional procedures. The CG consisted
of male and female rats obtained from ten
normally fed subjects, nursed by well-fed
mothers with free access to food and water.
Two control groups were carried out for both
undernourished methods. In the first one, pups
after birth were fed and handled by
interchanging a pair of normally lactating dams
every 12 h (at 08:00 and 20:00 h) as described
elsewhere.3? For the second group, pups were
placed into an incubator during 3 min span (at
8:00 h) from PDs [-25. In this study only the
first control group described above was used
for the statistical analysis since no differences
were found between groups (unpublished
results). For the UG subjects, two nutritional
paradigms were used. In the gestational
undernutrition and postnatal nipple ligature
(UL) group, FO dams were fed from gestational
day 6 (G6) to GI12 with 50% (9.5 g) of the
normal diet from GI3 to GI19 with 70% (13.3
g) and with 100% (19 g) until parturition to
avoid reabsorption or cannibalism of pups.
This requirement was calculated by measuring
the food intake of a group of 6 pregnant
control rats during the gestational period. This
protocol was chosen because neurogenesis
and connectivity in the cortical and subcortical
reflex and motoric mechanisms occur mainly
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from GI6 to G21.3 On PD 1, one of two
gestationally underfed dams had the main
galactophorous ducts tied subcutaneously, and
the two lactating dams were swapped every |2
h between litters until PD 24.17 Weaning was
performed on PD 25 and Fl pups were fed ad
lib and maintained in groups of 4-6 rats until
PD 90. Approximately 80% of the total
underfed subjects included here were
undernourished during the light phase of the
cycle. In the postnatal undernutrition by
separating pups into an incubator (Ul) group,
FO dams were fed ad lib during the entire
gestational period. On PD I, two female and
two male pups per litter were selected and
marked with a color to take part in the
undernourishment procedure. Meanwhile, the
rest of the litter remained in their home cage
with their dam to minimize the maternal
lactation disturbances. From PDs | to 24, Fl
marked pups were separated from their dams
for 12 h (from 08:00 to 20:00 h) and placed
into an incubator (Lab Line, India) maintained
at 28°C % 2°C (Figure ). Weaning was
performed on PD 25.

Physical development measurements. A
total of 23 male and 23 female rats per
nutritional status (CG, UL, Ul), randomly
chosen from 10 litters, were evaluated for
physical development on PDs 5, 10, 15, 20, 25,
30 and 90. Brain, body weight, size and BMI
were assessed on PD 90. Physical
measurements and body weight of the pups
were carried out between 10:00 and 14:00 h
under home cage conditions. Two observers
blindly took all measurements involved in the
treatment and had no knowledge about the
hypothesis of the experiment.

Eyelid opening. The eyelid opening of pups
was tested from PDs 13 to 16 using a scale of
(I) when eyelids were closed; (2) when they
were 50% open; and (3) when they were fully
open.

Body lengths. Measurement of all body
lengths of the animals was done with a special
plastic anatomic tape (0.5 cm width) used for
body composition analysis. The physical
development measurements included skull
length, from the anterior border of the
foramen magnum to the tip of the nasal
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bones,3s nose-coccyx length, from the foramen
magnum to the first coccygeal vertebrae; tail
length, all coccygeal vertebrae; tarsus-
metatarsus and phalange length, the length
summation of these three components;

Undernourishing method

bitemporal axis, measured from the external
ear canal (left to right) following the interaural
line (Figure 2); size (length), the sum of the
nose-coccyx length and tail length; BMI, weight
(g) by body length squared (cm?2).

A. Gestational undernutrition and postnatal nipple ligature (UL)

Birth Postnatal days
G_1 G_B G_12 G:'ZO G_21 1 24 25 74 9_0
L4
|100% I 50% I 70% |100%| I\ jl I I

" Weaning
(199) (9.59) (1339) Ligature and interchange

of FO dams (12 h each)

B. Postnatal undernutrition by incubator (Ul)

Birth
G1 . G21 1

F1 Physical measurements
PDs 5,10,15,20,25,30 and 90

Postnatal days

24 25 77 90

I ] | I
100%
(19g)

] I I

Weaning

Pups placement in incubator

F1 Physical measurements
PDs 5,10,15,20,25,30 and 90

Figure |. Experimental design for A. Gestational undernutrition and postnatal nipple ligature (UL); B. Postnatal
undernutrition by partly separating half of the litter into an incubator (Ul).

1. Skull length
2. Nose-coccyx length

3. Tail length

4. Tarsus metatarsus and phalanges length
5. Bitemporal axis

Figure 2. Schematic representation of the skeletal lengths measurements.

Cerebral weight, body weight, size and BMI
on PD 90. After deep ether anesthesia the
cerebral wet weight, size and BMI were
measured on PD 90 for the FI generation. The
body weight of the female and male FI rats
was evaluated on PDs 5, 10, 15, 20, 25, 30 and
90 between 10:00 — 11:00 h.

Statistical analyses. Experimental
measurements were analyzed with the
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Statistical Package version 7.0 to compare
differences between nutritional paradigms and
sexes. For the eyelid opening, a Mann—
Whitney U test was used. The results of the
body axis lengths were analyzed with a three-
way ANOVA test, 3(nutritional regimes) x
6(ages) x 2(sexes) followed by a Tukey post
hoc test. The body weight measurement was
analyzed with a three-way ANOVA test,
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3(nutritional regimes) x 6(ages) x 2(sexes)
followed by a Tukey post hoc test. Pearson
correlation was also used to determine the
relation between the body weight and height
of subjects. Cerebral wet weight was analyzed
with a two-way ANOVA test, 3(nutritional
regimes) x 2(sexes) and a Fisher's LSD post
hoc test. Body weight, size and BMI on PD 90
were analyzed with a two-way ANOVA,
3(nutritional regimes) x 2(sexes) and a Tukey
post hoc test. The significant threshold for all
comparisons was set at p <0.05.

3. Results

Body lengths. The skull length of the three
groups (CG, UL and Ul) of FI pups gradually
increased during development with significant
reductions from PDs 5 to 30 in both
experimental groups, F(1,792) = 433.54, p
<0.0001, affected by age, F(1,792) = 3100.97, p
<0.0001; sex, F(1,792) = 74.77, p <0.0001; and
interaction diet x age x sex, F(1,792) = [1.44,
p <0.0001. Post hoc comparisons between
groups indicated significantly (p< 0.05) reduced
length in UL female pups on PDs 5 to 25 and
UL male pups on PDs 5, 10, 20, 25 and 30, and
on PDs 5 to 30 in Ul female pups and PDs 5,
10, 25 and 30 in Ul male pups. Comparisons
between the UL and Ul experimental groups
indicated significant differences on PDs 10 and
20 for female pups and on PDs 10 and 30 for
male pups. Moreover, comparisons between
sexes of the same group indicated significant
differences on PD 10 for the CG group, and
on PDs 20 and 25 for the UL group (Table ).
Comeparisons between UL and Ul groups
yielded reduced nose-coccyx length in both,
F(1,792) = 723.97, p <0.0001; with significant
effects on age and sex, F(1,792) = 4142.45, p
<0.0001, F(1,792) = 89.40, p <0.0001
respectively; and between all factors, F(1,792)
= 1.87, p <0.0459. Post hoc comparisons
between groups indicated a significant
decrement (p<0.05) in length throughout
development on PDs 5 to 30 in both
experimental groups and between sexes.
Comparisons between female and male pups
from the CG group on PDs |5 to 30 were also
significant (Table ). Concerning the tail length,
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there were significant reductions in UL and Ul
groups, F(1,792) = 505.61, p <0.0001; effects
on age, F(1,792) = 5514.84, p <0.0001; on sex,
F(1,792) = 31.66, p <0.0001; and between all
factors, F(1,792) = 291, p <0.0013. Post hoc
comparisons indicated a significant decrease (p
<0.05) on PDs 5 to 30 in UL female and male
pups, from PDs 10 to 30 in Ul males and from
PDs I5 to 30 in Ul females. Comparisons
between UL and Ul indicated significant
differences on PD 25 in male pups.
Furthermore, significant decreases between
sexes of the same group were found on PDs
10, 15 and 25 in the CG group and on PD 25
in the UL group (Table I). The ANOVA
comparisons  for  tarsus-metatarsus  and
phalange lengths showed reductions in both
experimental groups, F(1,792) = 384.90, p
<0.0001; effects on age, F(1,792) = 3969.39, p
<0.0001; sex, F(1,792) = 100.59, p <0.0001;
and interaction between factors, F(1,792) =
294, p <0.0012. Post hoc comparisons
indicated significant differences (p <0.05) on
PDs 5 to 30 in both female and male UL pups
and in female Ul pups on PDs 5, 10 and 30,
and on PDs 5 10 and 20 in Ul males.
Significant differences were found between
both sexes in UL and Ul groups on PDs 15, 25
and 30. Comparisons between sexes of the
same group indicated a significant reduction on
PDs 10, 20 and 30 in the CG group and on PD
10 in the UL group (Table [). For the
bitemporal axis, comparisons indicated
significant reductions in UL and Ul groups,
F(1,792) = 1572.60, p <0.0001; effects on age,
F(1,792) = 2962.97, p <0.0001; sex, F(1,792) =
100.17, p <0.000l; and between factors,
F(1,792) = 8.05, p <0.000l. Post hoc
comparisons indicated a significant decrease
(p<0.05) on PDs 5 to 20 and 30 in UL females,
on PDs 10 to 20 and 30 in UL males, and from
PDs 10 to 30 in both female and male Ul rats.
Comparisons between experimental groups
indicated significant differences on PDs 10, 20
and 30 in female pups and on PDs 20 and 30 in
male pups. Significant reductions were found
between sexes of the same group on PDs 10
and 30 in the CG group and on PDs 10 and 20
in the UL group (Table I). Comparisons
between groups indicated a decrease in the
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BMI in both experimental groups, F(1,792) =
64.54, p <0.0001; with effects on age, F(1,792)
= 271.55, p <0.0001; and sex, F(1,792) =
14.86, p <0.000l; and without interaction
between factors. Post hoc comparisons
indicated a reduction (p<0.05) on PD 25 in UL
females and on PDs 10, 20 and 25 in Ul males
and PDs 20 and 25 in Ul females. Comparisons
between UL and Ul indicated a significant
difference on PDs 15 and 25 in male pups
(Table 1).

Correlations between body weight and size
and body weight and height. Comparisons
between groups indicated a gradual reduction
of body weight during development in UL and
Ul groups, F(1,792) = 943.28, p <0.0001; age,
F(1,792) = 4565.44, p <0.0001; sex, F(1,792) =
113.31, p <0.000l; and between factors,
F(1,792) = 3.62, p <0.000l. Post hoc
comparisons indicated a reduction (p<0.05) of
body weight gain from PDs 10 to 30 in both
UL and Ul female and male pups (Figure 3, A).
Comparisons between UL and Ul showed a
significant difference on PDs 25 and 30 in male
pups. Differences between sexes of the same
group were found on PD 25 in CG and on
PDs 25 and 30 in UL. Regarding size length,
the comparison indicated a significant decrease
in both experimental groups throughout
development, F(1,792) = 1045.93, p <0.0001;
with significant effects on age and sex, F(1,792)
= 8012.09, p <0.0001; F(1,792) = 101.22, p
<0.0001, respectively; and interaction diet x
age x sex, F(1,792) = 1.80, p <0.0463. Post hoc
comparisons indicated a reduction (p <0.05)
from PDs 5 to 30 in both UL and Ul female
and male pups (Figure 3, B). Furthermore,
comparisons between experimental groups
showed significant differences on PDs 25 and
30 in male pups, and significant differences
between sexes of the same group on PDs [0
to 25 in CG and on PD 25 in UL. Body weight
of female FI rats at PD 30 was positively
correlated with height only in the UL and Ul
groups and in the total of the three groups
(UL r = 0.4780, p <0.0211), (Ul r = 0.8684, p
<0.0001) and (r = 0.7909, p <0.0001) (Figure
3, C). Additionally, correlation values in male
offspring were positively correlated only in the
Ul group and in the total; (Ul r = 0.8456, p
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<0.0001) and (r = 0.6870, p <0.0001) (Figure
3, D).

Cerebral weight, body weight, size and BMI
on PD 90. The cerebral weight of both female
and male rats in UL and Ul groups showed a
significant reduction on PD 90, F(1,27) =
22.45, p <0.0001; with significant effects on
sex and interaction between factors, F(1,27) =
123.66, p <0.0001 and F(1,27) = 4.02, p
<0.0296. Post hoc comparisons indicated a
reduction in the UL and Ul groups in both
female and male rats, and a significant
difference between experimental groups only
in the females. Moreover, significant
differences were found between sexes in the
CG, UL and Ul groups (Figure 4, A). The
ANOVA comparisons between  groups
indicated a significant reduction of body weight
on PD 90, F(1,66) = 31832, p <0.0001; sex,
F(1,66) = 2389.07, p <0.0001; and interaction
between factors, F(1,66) = 60.74, p <0.0001.
Post hoc comparisons indicated a significant
reduction (p <0.05) in female and male rats of
both experimental groups, and significant
differences were found between sexes in all
groups (Figure 4, B). The size length
comparisons between groups indicated a
decrease on PD 90, F(l,66) = 298.2, p
<0.0001; with significant effects on sex and
between factors, F(1,66) = 607.5, p <0.0001,
and F(1,66) = 12.0, p <0.000l. Post hoc
comparisons showed a decrease in both sexes
and experimental groups. Between UL and Ul
groups, a reduction was found only in female
rats (p<0.05), and significant differences were
observed between sexes in all groups.
Significant differences between the BMI of
both experimental groups were found on PD
90, F(1,66) = 9.73, p <0.0002; and between
sexes and factors, F(1,66) = 172.14, p<0.0001,
and F(1,66) = 45.68, p <0.0001, respectively.
Post hoc comparisons indicated a BMI
significant increase (p <0.05) in the Ul group
only in the female rats, and a significant
reduction (p<0.05) in UL and Ul males. Also,
significant differences were found between UL
and Ul only in female rats. Moreover,
differences were found between sexes only in
the CG and UL groups (Figure 4, C).
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CG UL Ul CG UL Ul
PDs Sex Skull length Nose-coccyx length
5 F [283+£004 233%£0.02* 251+0.01* |7.25+0.09 6.25+0.06* 6.45+£0.03*
M |2.97+0.02 246+0.01~ 253+0.01* |7.84+0.07 6.42+0.05* 6.72+0.04*
10 F [356+0.09:298+0.02* 3.22+0.01* |9.00+0.09 7.70+0.05* 7.88+0.04*
M 4204002 2.94+0.04~ 3.27+0.02* |9.27+0.04 7.92+0.08* 8.03+0.07*
15 F |416+004 379+004* 383+003* [1065+0.14, 881+012* 9.11+0.07*
M |4.06+0.02 3.96+0.04 3.89 +0.05 11.40+0.09 9.34+0.11* 9.16+0.07*
F |454+£002 401+0.05*% 432+0.04%* |1205+0211 1048+0.17* 10.90+0.11*
20 M |459+0.02 433+0.04~ 4.40+0.05 1295+0.10 11.03+0.13* 11.25+0.10*
o5 F |502+001 453+005* 466+002* [13.98+0.14;: 12.30+0.12* 12.39+0.04*
M |515+0.01 4.87+0.04~ 470+003* |1502+0.08 12.73+0.16* 12.48+0.11*
30 F |514+003 5.00+004 483+004* [1541+0.17 1440+0.18* 1391+0.10*
M |530+0.04 499+0.01~ 473+0.04%]1530+0.05 14.58+0.15* 13.85+0.09*
PDs Sex Tarsus-metatarsus and phalanges length Bitemporal axis
F |142+001 119+0.02* 1.24+0.01* |2.06+0.02 1.82+0.02* 1.94+0.02
5 M |152+0.01 1.27+£0.02* 1.26+0.01* |2.06+0.01 1.92 +0.03 1.99 +0.02
F |204+0031167+£0.02*% 1.70£0.04* |274+0.051 220+0.03*> 2.44+0.03*
10 M |225+0.01 1.86+0.02* 1.86+0.03* |3.00+0.01 243+0.02* 249+0.02*
F |255+003 221+0.02* 250+0.034 |3.56+0.05 291+0.04* 3.00+£0.01*
15 M |269+0.02 226+0.02* 256+002s |[3.71+£0.01 3.06+0.03* 3.00+0.01*
F ]282+0.031259+0.03* 270+0.04 4.05+0.02 3.56+0.02* 2.91+0.03*
20 M |298+0.01 3.71+£050* 277+0.04* [4.10+0.02 3.90+£0.02* 2.96 £0.02 *4
F |325+0.03 290+0.02* 3.32+0.034 |4.00+0.01 3.90+0.05 3.10+0.03 *
25 M |333+0.02 3.00+0.01* 3.33+0.04, |[4.05+0.01 3.88+0.04 3.04+£0.02 *
F ]3.33+0.02: 3.10+0.30* 3.51+0.03* [4.13+0.041 3.93+0.03* 3.08+0.04%*
30 M |3.62+0.02 3.04+0.03* 3.67+0.024 |4.63+£0.04 4.00£0.01* 3.13+0.04*
PDs Sex Tail length Body Mass Index
F 1280+005 226+0.04* 257+0.02 0.23+0.01 0.21+0.01 0.22+0.01
> M |294+0.02 240+0.03* 2.64+0.03 0.22 +0.01 0.22+0.01 0.22+0.01
F ]416+0051350+010* 3.75+0.05 0.27 £ 0.01 023+0.01. 0.24+0.01
10 M |5.09+0.05 3.67+0.05* 3.76+0.03* |0.29+0.01 0.28 +0.01 0.24+0.01 *
F |579+0171483+007* 4.62+0.06* |0.27+0.01 0.27 £0.01 0.25+0.01
15 M |6.51+0.07 470+0.11* 4.68+0.06* |0.27+0.01 0.29+0.01 0.24+0.01 4
F ]6.80+0.09 594+0.15* 6.27+0.12* ]0.28+0.01 0.25+0.01 0.24+0.01 *
20 M |7.06+0.09 6.05+0.08* 6.22+0.07* |0.28+0.01 0.26 +0.01 0.22+0.01 *
F |970+0.10:1790+0.16* 7.93+0.09* |0.38+0.01 0.31+0.01* 0.29+0.01*
25 M ]10.30£0.06 8.43+0.08*2 7.79+0.11*4 | 0.36 £ 0.01 0.37+£0.01 0.29+0.01 *4
F ]1059+0.13 999+0.13* 10.04+0.12*]0.37 £0.01 0.33+0.01 0.35+0.01
30 M ]10.73+0.05 9.89+0.12* 9.76+0.11* |0.36 +0.01 0.36 +0.01 0.36 +0.01

Table I. Mean (x SEM) of body lengths (cm) in CG, UG, and Ul female and male pups on PDs 5-30. (n= 23 per
condition). * p <0.001 CG vs. UL or CG vs. Ul; ~ p <0.0l1 CG vs. UL or CG vs. Ul; (1) p <0.0l F CG vs. M CG;
(2) p< 0.0l FULvs.MUL; (3) p<0.0l FUI vs. M UI not shown; (4) p < 0.0l UL vs. Ul
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group and for the total are indicated, p <0.001. (n= 23 rats per condition).

Eyelid opening. The eyelid opening of female
pups in CG, UL and Ul experimental groups
indicated significant differences only on PDs 13
and 14; U-test, z(4) = -3.96, p<0.000] and
z(24) = -3.67, p<0.0001. In the case of male

Ortiz-Valladares et al.,

pups, significant differences were found on
PDs 13, 14 and I5; U-test, z(4) = -2.09,
p<0.0359, z(24) = -5.16, p<0.0001 and z(24) = -

2.00, p<0.0444.
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<0.001 CGvs.ULor CGvs. Ul; (I) FCGvs. M CG; (2) FUL vs. M UL; (3) FUl vs. M Ul; (4) F UL vs. F UL

4. Discussion

This study compared the effects of food
restriction on physical development of FI pups
obtained from both UL and Ul underfeeding
paradigms until weaning and on ad lib balanced
diet on PDs 30 and 90. Although both, with
lower effects in the bitemporal axis.
Furthermore, the mean body weight, body size
and eyelid opening measurements of females
and males in early underfed groups were

significantly reduced during physical
development. It is well known that during
gestation, the mother transduces

environmental information, such as nutritional
status, to her embryo or fetus through the
placenta or to her infant during lactation.3637 |n
this regard, the UL and Ul dietary paradigms
significantly reduced the physical development
of the skull and the bitemporal axis, as well as
brain weight, even on PD 90, possibly

Ortiz-Valladares et al., 9

reflecting an impairment of brain development
with long-term consequences on plastic
neuronal and cognitive responses.3840 These
results are in line with studies on prenatal and
suckling food restriction in rodents, which
showed impairments in the skull shape and
head size due to arrested lengths in skull
bones associated with the vault, basicranium
skull and brain size development.2Z30
Furthermore, present findings of reduced skull
and head size may possibly have late
neuroendocrine consequences because of the
negative impacts of early undernutrition on the
hypothalamic-pituitary axis and its endocrine
target  development.  Thus,  permanent
morphological and functional impairments in
stress response, maternal response and sexual
activity of rats, associated with skeletal pre-
and postnatal undernutrition, have been
described and are consistent with our
findings.441-45
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The present results also indicated
significant reductions associated with the UL
and Ul paradigms in the nose-coccyx, tail,
tarsus-metatarsus and phalange lengths in both
sexes. These reductions were provoked by the
arrested development of the skeletal bones
that consistently impacted the body weight
and size of the subjects.l? Basic physiological
studies indicated that the neuromuscular-
skeletal assembly is a relevant part of the
anatomical substrate for the reception,
transmission and integration of afferent
sensory signals, and it is key in the elaboration
of muscular tone, posture and coordinated
body movements as adaptive responses to
environmental demands.# Consequently, the
skeletal alterations here reported, and their
associated soft tissues may interfere at
different levels with several integrated
processes involved in the reflex, posture and
integrated neuromuscular activities. In this
regard, early undernutrition significantly
disrupted the development of swimming,
locomotor patterns during infancy, self-
grooming, play behavior or complex motoric
responses of lactating dams such as nest
building, retrieving of pups, and postural
kyphotic and sexual motor activities under
different  environmental contexts, ages,
endocrine, social and dietary
conditions.22:424347-51

Another point of interest concerns the
comparisons of the different physical
development measurements between types of
underfeeding treatments and sexes. The nose-
coccyx length  parameter was more
significantly affected by UL and Ul paradigms in
both sexes; followed by the skull and tail
lengths, with less effects provoked by the Ul
treatment in both sexes. The tarsus-
metatarsus and phalange lengths were
significantly affected by the UL with 50% less in
both sexes than the Ul group. The bitemporal
axis was the head measurement least affected
by the UL and Ul dietary treatments. Our
findings showed that both UL and Ul protocols
interfered with physical developmental, with
lesser effects on the tarsus-metatarsus and
phalange measures provoked by the Ul in both
sexes. Dietary treatments involved different
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degrees of mother-litter bond interactions in
FI pups including manipulation and sensory
deprivation, particularly in the Ul treatment.
These findings suggested that these dietary
maneuvers may affect physical development
except in the tarsus-metatarsus and phalange
parameter, affecting only 50% of rats of both
sexes in the Ul but not in the UL condition.
The correlation findings showed the
gradual relationship between the body weight
gain  following the respective dietary
treatment, and the proportional growth in the
size length of both female and male rats on PD
30, assigned as the last day of the short-term
period of physical development. However,
because no significant differences were found
in the BMI from PDs 5 to 30, these results
proved, as in the correlation analyses, a lower
physical growth, proportional to the subjects’
current body size due to the reduce food
intake during the gestational and/or postnatal
period. However, in the long-term period at
PD 90, a rise in the BMI was detected only in
the Ul female subjects. This result may indicate
an augmentation in the proportions of muscle
and/or adipose tissue. Some findings suggested
that malnutrition had an impact on the DNA
content of muscle, experiencing early
fatigability, with a serious decline in amplitude
in rats subjected to nutritional stress during
the lactation period.s2 Moreover, increased
adipose tissue storage could be due to an
impaired sensing of hormonal and metabolic
cues mediated by the neuronal systems as
hypo- and hypercaloric diets during the
postnatal  period.®35*  Moreover, some
hypothalamic neuronal secretions that mediate
feeding behavior, such as the NPY and POMC
neurons in the arcuate nucleus (ARC), can be
regulated by perinatal environmental factors
that can lead to obesity in adulthood,®55¢ and
this HPA axis impairment may affect mainly
females, as our results indicated. The UL
subjects showed an adequate BMI; however,
further analysis covering longer periods of life
are required to observe the real effect of
perinatal undernutrition on muscle and
adipose tissue functions.
Because the body weight and size length
remained reduced in UL and Ul rats
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throughout their life span, the cerebral weight
also had a negative impact on both
experimental groups on PD 90. Additionally,
the brain weight reduction may correlate with
the long-term deficiencies in cognitive and
social interactions, as well as altered motor
function.3Z

Although the UL and Ul paradigms clearly
interfered with the short and long-term
physical development, the effects of early
sensory stimulation, the supplemental diets
during lactation and/or post-weaning periods,
and their correlation with brain development
are required to identify rehabilitation
mechanisms of early food restriction.
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