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Abstract

Neonatal undernutrition in rats results in short- and long-term behavioral and hormonal
alterations in the offspring. It is not clear, however, whether these effects are present since
the original insult or if they develop at some specific age later in life. Here, we assessed the
ontogenetic profile of behavioral parameters associated with anxiety, exploration and
memory/learning of Wistar rat offspring that were subjected to protein malnutrition during
lactation. Dams and respective litters were separated into two groups: (1) protein-restricted
(PR), which received a hypoproteic chow (8% protein) from birth to weaning [postnatal day
(PN) 21]; (2) control (C), which received normoproteic chow. Offspring’s behaviors,
corticosterone, catecholamines, T3 and T4 levels were assessed at PN21 (weaning), PN45
(adolescence), PN90 (young adulthood) or PN180 (adulthood). PR offspring showed an
age-independent reduction in the levels of anxiety-like behaviors in the Elevated Plus Maze
and better memory performance in the Radial Arm Water Maze. PR offspring showed peak
exploratory activity in the Open Field earlier in life, at PN45, than C, which showed theirs
at PN90. Corticosterone was reduced in PR offspring, particularly at young adulthood, while
catecholamines were increased at weaning and adulthood. The current study shows that consid-
erable age-dependent variations in the expression of the observed behaviors and hormonal
levels exist from weaning to adulthood in rats, and that protein restriction during lactation
has complex variable-dependent effects on the ontogenesis of the assessed parameters.

Introduction

Malnutrition is one of the most relevant problems affecting the health status of pregnant or
lactating women as well as of their children throughout the world, especially in low-income
regions1. Nutritional insults during early development have the potential to alter ontogenesis,
advancing or delaying the onset of specific developmental events throughout life2. It is well
established that maternal malnutrition alters the offspring’s phenotype and metabolism3,4,
which could help explain the epidemiological relationship between size at birth and future risk
of disease: The fetus would adapt to maternal malnutrition, slowing his/her growth and
preparing for life in an unfavorable postnatal environment, possibly via epigenetic mecha-
nisms5–7. However, not all adaptations are necessarily beneficial, as will be shown below.

As evidenced in studies using animal models of early malnutrition, these adaptive responses
occur via structural and functional changes in systems such as the endocrine and nervous ones,
which may even impact behavior8–14. For example, protein restriction (PR) during lactation is
known to alter the ontogenetic distribution of the cocaine- and amphetamine-regulated tran-
script (CART) and alpha-melanocyte-stimulating hormone (α-MSH) anorexigenic molecules12

and of the neuropeptide y (NPY) orexigenic molecule9 in the arcuate/paraventricular pathway
and lateral hypothalamus. The dopaminergic and endocannabinoid systems are also disrupted
by either PR or early weaning during the lactation period11,14. Pre- and postnatal malnutrition in
rats increase motivation for the consumption of food and water due to a previously imposed
deprivation, reduces cognitive flexibility, and causes damage to learning and memory processes
in adult animals15–18. Early-malnourished rodents show, later in life, alterations indicative
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of lowered anxiety-like behavior or increased impulsivity in exper-
imental paradigms such as the light-dark transition test, elevated
plus maze, and the elevated T-maze19–22. Specifically, maternal
PR results in lower levels of anxiety-like behavior in
the elevated plus maze in adult rats23–25. Locomotor/exploratory
activity in adult animals also seems to be impacted by early malnu-
trition, albeit findings are somewhat contradictory. While one
study evidenced increased locomotor activity in the open field
as a result of perinatal PR, other studies showed a decrease in
locomotion in PR animals, and still another study showed no
differences in locomotor activity between PR and control Wistar
rats25–28. Assessment of learning and memory in rats showed that
those that were submitted to PR had higher latencies to find the
escape platform in the Morris water maze test as well as low recog-
nition rates in the open field recognitionmemory test, suggestive of
a deficiency in visual-spatial memory18,29.

The animal models used to evaluate the aforementioned behav-
iors are well established in the literature. However, most studies
focus only on one age, two at the most, which is not ideal when
a clear characterization of a programming effect of the initial insult
is needed. For instance, increased anxiety-like behavior at adult-
hood may either be a short-term, but long-lasting effect of early
PR or it may be a late-emerging one, which better fits the concept
of ontogenetic plasticity. Some studies have carried out behavioral
analysis at different ages, from adolescence to adulthood30,31.
However, the ontogenesis of behaviors related to anxiety, locomo-
tion and exploration, and learning and memory have yet to be
adequately studied. For example, anxiety-like behavior in rodents
tends to reduce from adolescence to adulthood31–33, however, an
absence of data has been identified regarding this behavior shortly
after the lactation period, a critical period of development. The
same gap can be observed for locomotion and exploratory activity.
Studies using rats and mice have shown that, from adolescence
onwards, animals tend to show less activity as they age in tests such
as the open field30,34, but information is lacking regarding the post-
weaning period. As for cognitive functions such as those associated
with memory and learning, several studies have shown age-related
deficits in visuo-spatial tasks between adulthood and senescence in
rats35–37, but next to nothing can be found in terms of
data focusing on the post-weaning period and few studies have
addressed visuo-spatial memory/learning at adolescence38.

PR during gestation and lactation programs for endocrine-
metabolic disorders and changes in the behavior of adult
animals11,38–41. However, it is not known whether the behavioral
changes observed in adult animals have been present since the
nutritional insult or if such changes appeared later in life, particu-
larly immediately after weaning. Therefore, the first objective of the
present study was to evaluate, in Wistar rats, the impact of PR
during the lactation period on the ontogenesis of the behaviors
expressed in the Elevated Plus Maze, in the Open Field and in
the Radial-Arm Water Maze, at different ages: weaning [postnatal
day (PN) 21], adolescence (PN45), young adulthood (PN90) and
adulthood (PN180). An interesting aspect of studying PR during
lactation in rodents is the fact that brain development in animal
models during this period shows equivalences to what is observed
in humans during the third trimester of pregnancy and lactation, a
time in which the metabolic demands on the mothers are high42.
The observation of cognitive and emotional impairments resulting
from PR in these models and the understanding of themechanisms
underlying such impairments may guide the development of thera-
peutic approaches that aim to minimize or avoid the health issues
associated with this nutritional insult in humans.

Our group has previously shown, using the same model
employed in the current study, that PR during the lactation
period results in increased total adrenal catecholamine content
and serum corticosterone concentration in PN180 offspring39,43.
Furthermore, in the same model, we evidenced a lower response
of TSH to TRH, a reduction in serum TSH and increases in serum
T3 and T4 also at PN18044,45. Considering that most of the avail-
able data regarding this model of PR during lactation was obtained
using the adult offspring and that alterations in the function of the
hypothalamic–pituitary–adrenal axis and the hypothalamic–pitui-
tary–thyroid axis could impact behavior, the second objective of
the current wok was to study whether corticosterone, catechol-
amines, T3 and T4 ontogeneses, previously identified biomarkers
of metabolic programing3,40,46,47, were affected by PR during lacta-
tion and if associations with the selected behaviors were present.

Methods

Experimental groups

This study was conducted under the institutional approval of the
Universidade do Estado do Rio de Janeiro (protocol: CEUA023
2019) and in accordance with Brazilian Law 11.794/2008.

Wistar rats were kept in a temperature-controlled (22 ± 1°C)
vivarium on a twelve-hour light/dark cycle (lights on: 7:00 a.m.).
Food and water were available ad libitum throughout the experi-
ment. Three-month-old, nulliparous female rats were mated with
males (ratio 3:1). Pregnant dams were placed in individual cages,
lined with wood shavings and small cotton pads, and were fed with
a standard normoprotein (23% protein) chow during gestation
(Nuvilab CR1 – São Paulo, SP, Brazil; Table 1).

After delivery, considered as the first postnatal day (PN1), each
litter was culled to six male pups to ensure standard nutrition48.
After culling, the dams and respective litters were randomly
assigned to one of two groups: (1) protein-restricted group (PR;
n of litters= 24) –which received a hypoproteic chow (8% protein)
from birth to weaning (PN21); and (2) control group (C; n of
litters = 24) – which received normoprotein (23%) chow during
the same period. One day of a rat’s life corresponds to approxi-
mately 9 days of a human’s life49. In this sense, the lactation period
in rats, which lasts for 21 days, corresponds to around 6 months of
breastfeeding in humans. The hypoproteic diet was manufactured
in our laboratory using the control diet and replacing part of its
protein with maize starch. The amount of starch was calculated

Table 1. Composition of the hypoproteic and normal protein diets

Ingredient (g/kg) Hypoproteic diet Control diet

Soybean þ wheat 80 230

Cornstarch 826 676

Soybean oil 50 50

Vitamin mix 4 4

Mineral mix 40 40

Macronutrient composition (% energy)

Protein 8 23

Carbohydrate 81 66

Fat 11 11

Total energy (kJ/kg) 17038.7 17038.7
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so as to make up for the decrease in energy content due to protein
reduction48,50. The hypoproteic diet consisted of 8% protein, 81%
carbohydrate and 11% fat, and it was prepared as previously
described48,50. Please see Table 1 for macronutrients content.
Both diets included recommended amounts of vitamins and
minerals51. At weaning, the dams were removed and siblings from
the same litter were kept together in the cage (39 cm long × 32 cm
wide × 14 cm high) throughout the experiment. After weaning, PR
and C offspring received normoprotein chow until PN180. Please
see Fig. 1 for experimental timeline.

During the lactation period, each pup’s body mass was moni-
tored every fourth day. After that, body mass was assessed at PN21
(weaning), PN45 (adolescence), PN90 (young adulthood) and
PN180 (adulthood). The average body mass of the siblings in each
litter was used as the datum in the statistical analysis.

Offspring’s behavioral tests

Animals were behaviorally tested exclusively at one of the
following ages: PN21, PN45, PN90 and PN180 (n= 18 in each
group per age). In order to avoid litter effects, only one animal
per litter was tested at a given age. Sample sizes were determined
based on previous studies that show that 10 animals or more are
adequate for behavioral assessment28,29,38,49. The following behav-
ioral tests were performed (in the order indicated and in the same
environment between 2 p.m. and 6 p.m.): Elevated Plus Maze
(EPM)38,52–55, Open Field (OF)54,56,57 and Radial Arm Water
Maze (RAWM)52–55,58. Experimenters were blind as to group
assignment. All tests have been extensively used in our laboratory
and detailed descriptions of the testing procedures and the varia-
bles used to assess behaviors are provided in the supplementary
material. The EPM is a test that assesses anxiety-like behavior
based on the exploration of an unknown environment with open
and enclosed areas, and it is one of the most popular experimental
models currently used since it has an easy design, is fast,
economical and not very tiring for the animal59–62. The main vari-
ables used to assess anxiety-like behavior in the EPM were %
Entries OA (percentage of open arms entries) and %Time OA
(percentage of time spent on the open arms). The variable
Entries CA (number of closed arms entries) was used to assess loco-
motor activity. Twenty-four hours after the EPM testing, behavior in
the OF was assessed. The OF is one of the most frequently used tests
for the assessment of exploratory activity63, measured here using the
Total Entries variable (total number of rectangles crossed during
exploration). The OF is also used to assess anxiety-like behavior,
albeit with less sensitivity and specificity than the EPM64. In fact,
the anxiety-like behavior measured in the OF, assessed by the %
Entries CNT (percentage of entries in the central area of the arena)
variable, is considered to represent an altogether different dimension
of anxiety when compared to what is observed in the EPM64,65.
Twenty-four hours after the OF testing, short-term memory and

learning assessments were initiated using the RAWM66. Each animal
underwent 4 trials per day for 5 consecutive days in the RAWM.
Water mazes are frequently used to study visuo-spatial learning
and memory67. The test is based on the fact that rodents have an
aversion to immersion in water, so that they try to leave the water
as quickly as possible using visuo-spatial strategies to locate a
submerged escape platform66. The main variable assessed in the
RAWM was Latency to Platform (measured as the time in seconds
animals took to find the hidden escape platform).

Hormones measurements

On the day following the last day of the RAWM testing protocol,
animals were euthanized by decapitation, which was followed by
trunk blood collection. The 24-h interval was used to avoid the
acute effects of the behavioral test on hormone levels. Blood
samples were centrifuged (1,500 × g for 20 min at 4°C) to obtain
plasma, which was kept at −20°C. The plasma levels of cortico-
sterone, free triiodothyronine (T3) and free thyroxin (T4) were
determined by radioimmunoassay (RIA), in duplicate and in a
single test68,69. The content of total catecholamines (epinephrine
and norepinephrine) in the adrenal gland was quantified using
the trihydroxyindole method70. Please see supplementary material
for a detailed description.

Data analysis

All data were analyzed using the IBM SPSS Statistics, Version 21.0
(IBM Corp, Armonk, NY, USA). The Kolmogorov–Smirnov one
sample test (K–S) was used to assess the normality of the distribu-
tions of each of the variables. Parametric data are compiled as
means and standard errors of the means; nonparametric data
are compiled as medians and interquartile ranges. Univariate
analyses of variance (uANOVAs) were used to analyze the
offspring’s body masses and hormone levels as well as data
pertaining to the EPM and OF: Diet and Age were used as the
between-subjects factors. Mixed-models analyses of variance
(mANOVAs) were used to analyze the dams’ body masses and
RAWM data: Diet and Age were used as the between-subjects
factors while Day was used as the within-subjects factor.
Whenever the sphericity assumptions appeared to be violated
(Mauchly’s test) in the mANOVAs, an adjustment to the numer-
ator and denominator degrees of freedom was made by using
parameter ϵ71. uANOVAs were used to analyze hormonal data
(Diet and Age as between-subjects factors). Whenever Diet ×
Age interactions were observed, lower-order ANOVAs separated
by Diet were carried out to identify whether significant Age effects
were present within a group. Pairwise comparisons among ages
were carried out using Fisher’s Protected Least Significant
Difference (FPLSD) and pairwise comparisons between C and
PR groups at a given age were carried out using Student t-tests.
Kruskal–Wallis and Mann–Whitney tests were used for the

Fig. 1. Timeline of the experiment. Lactating
dams in the control (C) group received a normo-
protein (23% protein) diet from birth to weaning.
Those in the protein-restricted (PR) group
received a diet containing 8% protein. At PN
(postnatal) days 21, 45, 90 and 180, behavioral
and hormonal parameters of the offspring of
both groups were assessed (different animals
at each age).
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nonparametric RAWM data (see supplementary material).
Significance was assumed at the level of p< 0.05. For interactions
at p< 0.10 (two-tailed), we also examined whether lower-order
main effects were detectable after subdivision of the interactive
variables72. The results and statistical data pertaining to secon-
dary/ethological variables are shown in the supplementary material.
Correlation data are also shown in supplementary material.

Results

Body mass and chow consumption

Body mass data are shown in Table 2. Dams’ body masses were
affected by the PR diet (Day: F(2.9,116.8)= 21.6, p< 0.001; Day ×
Diet: F(2.9,116.8) = 69.1, p< 0.001). No difference between groups
was found at the 1st day of lactation. However, by the 8th day of
lactation, and from then up until the end of the lactation period,
the low protein diet resulted in a reduced body mass in PR dams
when compared to C. Regarding the offspring, their body masses
increased throughout the lactation period (Day: F(1.7,66.8)= 1591,
p< 0.001). However, the low protein diet restricted the somatic
growth of PR offspring (Day × Diet: F(1.7,66.8)= 191, p< 0.001):
By PN4, PR offspring showed reduced values when compared to
C. PR offspring remained lighter than C until the end of the exper-
imental period (PN180). Concerning chow consumption during
the lactation period (Table 2), differences between C and PR
groups were already present on the 1st day of lactation (Day ×
Diet: F(4.7,188.1)= 9.1, p< 0.001). PR animals ate, on average,
31% less chow when compared to C.

Behavior

Elevated Plus Maze
As shown in Table 3 (ANOVA data), the PR diet significantly
affected anxiety-like behavior in the EPM. Both %Entries OA

and %Time OA variables showed that PR offspring visited more
(þ29%) and stayed longer on (þ35%) the open arms than C
offspring (Fig. 2a and b). Significant ontogenetic variations were
observed for both variables (Table 4), although profiles were
not dissimilar between groups (no Age × Diet interactions).
Locomotor behavior in the EPM was not affected by Diet.
Conversely, a significant ontogenetic variation was observed
(Fig. 2c): Activity progressively increased (2.4-fold) from PN21
to PN90, and then decreased by 35% at PN180. As for results
on additional behavioral variables obtained in the EPM, please
refer to the supplementary material.

Open Field
Regarding the main variables assessed with the OF, Total Entries
(a measure of exploratory activity) was the one affected by Diet
(Table 3). In PR offspring, peak activity occurred earlier in life,
at PN45, when compared with C offspring, which showed their
highest activity at PN90 (Fig. 2d). Regarding %Entries CNT (used
to assess anxiety-like behavior in the OF), a significant age-depen-
dent variation was observed (Fig. 2e): Irrespective of group assign-
ment, values progressively increased (2.9-fold) from PN21 to
PN90, and then decreased by 32% at PN180. The additional behav-
iors studied in theOF also showed a diverse pattern of Diet andAge
effects (please see the supplementary material).

Radial Arm Water Maze
Neither Age nor Diet significantly affected the latency to find the
escape platform in the RAWM during the first 4 days of the test
(Tables 3 and 4), the testing phase during which the platform
remained in the same position throughout all trials: Irrespective
of age or group assignment, the offspring showed significant reduc-
tions in latency from the 1st to the 4th day of testing (Day effect:
F1.8,243.9= 99.4, p< 0.001) (Fig. 2f), although the pattern of reduc-
tion was not consistent among age groups, as indicated by the

Table 2. Body mass and chow consumption corrected for body mass

Postnatal day

PN1 PN4 PN8 PN12 PN16 PN20 PN21 PN45 PN90 PN180

Dams’ body mass (g)

C 269.0 ± 5.7 269.2 ± 4.9 274.4 ± 5.0 281.8 ± 5.8 281.4 ± 5.7 280.4 ± 5.4 279.2 ± 5.7

** *** *** *** ***

PR 274.4 ± 3.5 260.7 ± 3.9 254.3 ± 4.0 244.7 ± 3.9 237.0 ± 4.1 231.3 ± 3.6 228.0 ± 3.5

(−7.3%) (−13.1%) (−15.8%) (−17.5%) (−18.3%)

Offsprings’ body mass (g)

C 6.7 ± 0.1 11.5 ± 0.3 18.3 ± 0.5 26.6 ± 0.7 34.8 ± 0.9 44.1 ± 1.0 48.0 ± 1.1 272.2 ± 4.7 349.6 ± 4.7 438.7 ± 11.3

*** *** *** *** *** *** *** *** ***

PR 6.7 ± 0.2 9.9 ± 0.3 13.6 ± 0.4 17.4 ± 0.5 20.9 ± 0.6 25.3 ± 0.9 27.2 ± 0.9 239.8 ± 3.9 296.2 ± 8.4 377.3 ± 8.0

(−14.0%) (−25.8%) (−34.8%) (−40.1%) (−42.7%) (−43.4%) (−11.9%) (−15.3%) (−14.0%)

Dams’ chow consumption (g/g)

C 0.072 ± 0.004 0.122 ± 0.004 0.149 ± 0.004 0.146 ± 0.006 0.161 ± 0.005 0.183 ± 0.005 0.187 ± 0.004

** *** *** *** *** *** ***

PR 0.049 ± 0.005 0.093 ± 0.003 0.109 ± 0.006 0.100 ± 0.005 0.108 ± 0.005 0.112 ± 0.005 0.131 ± 0.004

(−31.5%) (−24.1%) (−26.5%) (−31.8%) (−32.7%) (−38.6%) (−29.8%)

C: Animals that received the normoprotein (control) diet; PR: Animals that received the protein-restricted diet. Data are presented as mean ± SEM. PN: postnatal day. ** p< 0.01; *** p< 0.001.
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significant Day × Age interaction (F(5.4,243.9)= 2.6, p< 0.023).
However, this interaction reflects minor differences among ages
that do not impact the interpretation of the results. Regarding
the Reversal Day (5th day of testing), in which the platform was
placed in an arm that was opposite to the one used from the 1st

to the 4th days, a significant Diet effect was evidenced (Table 3):
PR offspring, irrespective of age, showed shorter latency (-24%)
to find the platform than C offspring (Fig. 2g). As for the additional
variables assessed in the RAWM, only Age effects were observed
(please see the supplementary material, Tables S1 and S2).

Hormone levels
Corticosterone levels were affected by Diet (Table 3): Although an
age-independent effect was evidenced, −24% in PR offspring when
compared with C, the ontogenetic profile differed between groups
(Fig. 3a). While C offspring showed no difference in levels between
PN21 and PN45 and then an increase that approached significance
(p= 0.060) from PN45 to PN90, and finally an increase (þ122%,
p< 0.001) from PN90 to PN180, PR offspring showed a 75%
reduction in levels from PN21 to PN45 (p< 0.001), levels
remaining stable from PN45 to PN90 and then increasing
(p< 0.001) 4-fold from PN90 to PN180. The difference in ontoge-
netic profiles between groups resulted in a significant difference at
PN90: PR offspring showed a 59% reduction in levels when
compared to C.

Regarding catecholamines, PR offspring also showed an age-
independent increase (þ17%) in levels when compared to C
(Table 3). However, as previously indicated for corticosterone, a
significant Age × Diet interaction was observed (Table 3). The
overall shapes of the ontogenetic profiles were similar between
groups, with significant reductions being present from PN21 to
PN45 (C: p= 0.001; PR: p< 0.001) and from PN45 to PN90
(C and PR: p< 0.001), levels remaining stable in both groups from
PN90 to PN180 (Fig. 3b). Similarities in ontogenetic profiles

notwithstanding, PR offspring showed higher levels than C at
PN21 and PN180 (Fig. 3b).

Both T3 and T4 showed only age-dependent effects (Table 3).
T3 showed a progressive reduction from PN21 to PN180, totaling
−35% between these two ages (Fig. 3c). As for T4, an increase
(þ30%) was observed between PN21 and PN45, which was
followed by a decrease from PN45 to PN180 (-20%) (Fig. 3d).

Discussion

Body mass and chow consumption

Previous studies demonstrated that the milk of lactating PR rats
has a lower concentration of proteins and that, in addition, the
volume of milk produced is also reduced48,73. Such changes affect
satiety signs and define set points for energy consumption and
metabolic rate during the life of the offspring74–76. Lactating PR rats
also have hypophagia, which is caused by a combination of hyper-
leptinemia and hypoprolactinemia77, findings that help explain the
aforementioned reductions in milk protein content and volume.

Two aspects observed in our current results are in agreement
with our previously reported ones using the PRmodel and demon-
strate that the model was properly implemented in the present
study48,78,79. PR dams showed a progressive reduction in bodymass
during the lactation period when compared to C, and PR dams’
chow consumption remained relatively stable throughout this
period while C dams showed a progressive increase. The hypo-
phagia that was already observed in PR dams on the first day of
lactation, plus the high levels of leptin77, the low levels of
prolactin77 and the need to feed the growing pups, resulted in a
lower body mass in these dams from the 8th day of lactation
onwards when compared to C dams. The somatic development
of the PR offspring reflected the quality and quantity of the milk
produced by their mothers: Although PR pups were born with a
bodymass that was similar to that of C pups, they showed a pattern

Table 3. ANOVA results

Age Diet Age × Diet

F(d.f.) p F(d.f.) p F (d.f.) p

Elevated Plus Maze

%Entries OA 20.1 (3,136) < 0.001 8.3 (1,136) = 0.005 —

%Time OA 4.1 (3,136) = 0.008 4.9 (1,136) = 0.028 —

Entries CA 25.1 (3,136) < 0.001 — —

Open Field

Total Entries 19.1 (3,136) < 0.001 — 6.3 (3,136) = 0.001

%Entries CNT 6.9 (3,136) < 0.001 — —

Radial Arm Water Maze

Latency (D1-4) — — —

Latency (RD) — 19.6 (1,136) < 0.001 —

Hormones

Corticosterone 32.6 (3,56) < 0.001 4.6 (1,56) = 0.036 3.6 (3,56) = 0.019

Catecholamines 95.6 (3,56) < 0.001 5.9 (1,56) = 0.018 5.1 (3,56) = 0.003

T3 6.5 (3,56) = 0.001 — —

T4 3.8 (3,56) = 0.015 — —

D1-4: Sum of the results of the initial 4 days (escape platform in the same position). RD: Reversal Day − platform placed on the opposite arm. — no effects or interactions were identified.
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Fig. 2. Effects of protein-restriction and ontogenesis on the behavior of Wistar rat offspring whose dams received, during lactation, either a diet with a low-protein content (8%,
PR diet) or a normoprotein one (23%, C Diet). Graphs A and B show anxiety-like data in the Elevated Plus Maze (EPM): Higher values are indicative of reduced levels of anxiety-like
behavior. Locomotor activity in the EPM is shown in graph C. Graph D shows exploratory activity in the Open Field (OF) and graph E shows anxiety-like data in the same test.
Memory/learning data in the Radial Arm Water Maze (RAWM) are shown in graphs F (days (D) 1 to 4: escape platform in the same position) and G (day 5 – Reversal Day: escape
platform placed on opposite arm). PN: Postnatal day. Values are Means ± S.E.M (n= 18 per Age and Diet). Diet effects: **p< 0.01, ***p < 0.001. Age effects: #p< 0.05, ##p< 0.01,
###p< 0.001.

Table 4. Additional data concerning ontogenesis of behavior

Postnatal day

Elevated Plus Maze Radial Arm Water Maze

%Entries OA %Time OA Latency D1-4 (s) Latency RD (s)

PN21(a) 38.4 ± 3.7 14.0 ± 2.4 328 ± 15 170 ± 10

PN45(b) 19.5 ± 2.7 a 8.1 ± 1.5 351 ± 22 173 ± 9

PN90(c) 19.1 ± 1.9 a 15.2 ± 2.7 b 339 ± 21 171 ± 11

PN180 11.3 ± 2.0 a,b,c 6.6 ± 1.7 a,c 386 ± 29 199 ± 16

All animals (C and PR offspring) were used to calculate the average for each agewhen only Age effects were present or no interaction with Diet was identified. D1-4: Sumof the results of the initial
4 days (escape platform in the same position). RD: Reversal Day - platform placed on the opposite arm. Data are shown either as mean ± SEM. a, b or c represent p< 0.05 within-group pairwise
age comparisons. — no effects or interactions were identified.
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of body mass growth that was clearly compromised. Furthermore,
the body mass deficit was maintained until adulthood, at PN180,
evidencing that it was not possible for the PR offspring to fully
recover from the early nutritional insult even after the access to
a normoproteic chow was reinstated following weaning.

Behavior

Protein-restriction during lactation resulted in an early-onset and
long-lasting reduction in the levels of anxiety-like behavior in the
EPM, expressed as an age-independent increase in %Entries OA
and %Time OA. Our data are in agreement with previously
published studies: lowered anxiety in animals that were malnour-
ished for long periods was observed for both prenatal and postnatal
periods of development20,21,27,80–82. Malnutrition causes changes in
structure83–85, neurophysiology86 and neurochemistry87,88 of the
hippocampus, which is an important structure in modulating
inhibition in mammals89. Regarding locomotor activity (%
Entries CA) in the EPM, the PR diet showed no effect or interac-
tion, which supports the notion that the results concerning
anxiety-levels are not activity-dependent. In fact, as indicated in
the supplementary material, except for the %Time CN variable
(considered as a measure of decision making), which was also
increased in PR offspring, all the other behaviors that were assessed
in the EPM (please see supplementary materials) showed no effects
of the nutritional insult, indicating that PR actions were behavior-
specific.

In the OF, the diet affected exploratory activity (Total Entries)
in an age-dependent manner: While C offspring showed a
progressive increase toward peak activity at young adulthood,

PR offspring had its peak earlier in life, during adolescence.
Although both groups showed significant reductions after the
peak, resulting in equivalent levels of activity at adulthood, the
change in the ontogenetic profile observed in the PR group was
sufficient to cause a significant difference between groups at young
adulthood. The literature seems to indicate that there is a natural
tendency to decrease locomotion over the life of the animal30,34,
however, conflicting results regarding the effects of PR on activity,
possibly associated with differences in the age in which animals
were tested, have been reported: Some authors show that a reduc-
tion of protein intake during the lactation period results in an
increase in the activity of the offspring38,81, while others observed
a decrease in activity in PR animals when they were tested at the age
of PN9027, a finding that is in line with our present data. Except for
the Rearing (considered as a measure of vertical exploration) and
Entries PER (which represents a significant fraction of Total
Entries) variables (please see supplementary material), all other
variables in the OF failed to show significant effects of malnutri-
tion, again lending support to the notion that the effects of malnu-
trition are behavior-specific.

Regarding the RAWM, both PR and C offspring showed
remarkably similar performances during the first four days of
testing: All offspring, irrespective of group assignment, showed
improvements in performance during the testing period, indi-
cating that they could memorize the external landmarks and use
these spatial references to navigate to the escape platform.
Changing the position of the platform on the last day of testing
(Reversal Day) caused an increase in latency, an expected result,
since animals initially went to the arm in which the platform
was originally positioned. Only after realizing that the platform

Fig. 3. Effects of protein restriction and ontogenesis on hormone levels ofWistar rat offspringwhose dams received, during lactation, either a diet with a low-protein content (8%,
PR diet) or a normoprotein one (23%, C Diet). Graphs A and B: Diet interactions were present. Graphs C and D: Only Age effects were present PN: Postnatal day. Values are Means ±
S.E.M (n= 18 per Age and Diet). Diet effects: *p< 0.05, **p< 0.01. Age effects: #p < 0.05, ##p< 0.01, ###p < 0.001.
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was no longer in that position, did the animals change strategy,
restarting their exploration of the RAWM. Interestingly, PR
offspring took less time to locate the platform in its new position
when compared to C, an effect that was age-independent. Since PR
and C offspring showed similar performances during the first four
days of testing, the observed difference does not seem to result
from a difference in swimming speed between groups. The
differences observed in the Reversal Day may represent the fact
that PR animals are more flexible regarding their searching strat-
egies, more rapidly disengaging from an unsuccessful decision.
Previous reports seem to indicate that PR animals could locate
the escape platform in visuo-spatial in tasks such as the Morris
Water Maze, but that latency was usually increased in these
animals when compared to controls18. Although the conflicting
results may have arisen due to differences in type of malnutrition,
age at which the insult was caused, age at which performance was
assessed and species that was tested, differences in the kind of
memory that is being tested in the RAWMmay have also contrib-
uted to the contrasting results. Inmany experimental protocols, the
position of the platform remains fixed throughout the experiment
and thus such protocols evaluate a specific type of spatial task:
reference spatial memory90. However, aquatic labyrinths can also
be used to evaluate operational spatial memory, in which informa-
tion is stored for a limited time in a context-specific procedure91.
As we only observed differences in the Reversal Day, it is conceiv-
able that, in this case, malnutrition specifically affected this latter
type of memory, which is activated when the platform position is
switched.

Hormones

The PR diet changed how corticosterone levels varied as the
animals aged: PR offspring showed a reduction in levels from
weaning to adolescence that was not present in C offspring. In
addition, while C offspring showed a progressive increase in values
from adolescence to adulthood38,92, this increase was delayed in PR
offspring, so much so that the diet had an overall effect of reducing
values when animals of all ages were considered. This reduction in
corticosterone levels in PR offspring seems to be in line with the
fact that these animals also showed a reduction in anxiety-like
behavior. For its part, total catecholamines content in the adrenal
medulla showed the opposite trend when compared to cortico-
sterone levels: Values were higher in PR offspring, albeit both
groups showed similarities between their ontogenetic profiles in
that marked reductions from weaning to young adulthood were
observed. Interestingly, all measures of locomotor/exploratory
activity in the EPM and OF showed a progressive increase during
the same period. This pattern of results would seem to suggest that
hormone levels and behavior could be correlated, but, as indicated
in the supplementary material, the clustering of data by age (all
animals considered) prevented us from concluding that age-inde-
pendent associations between behavioral and hormone levels exist.
The hypothalamic-pituitary-adrenal axis is particularly sensitive to
both prenatal and postnatal nutritional insults93,94. The sympa-
thoadrenal system is also affected by such insults during develop-
ment93,95,96: Changes in sympathetic innervation density and in the
functional status of sympathetic nerves have been observed as well
as functional changes in the adrenal medulla at rest or in response
to specific stressors. T3 and T4 levels were not impacted by the PR
diet. It is conceivable that longer periods of PR are needed to
impact these hormones levels since it has been shown that adult
rats whose mothers had been fed a PR diet during gestation and

lactation and up to 50 days after weaning had higher T3 serum
concentrations and T3-inducible enzymes, even after a long period
of nutritional recovery97.

Ontogenesis

Except for the main variable Latency to Platform (RAWM) and the
ethological variables Grooming (assessed both in the EPM and in
the OF) and Stretching (assessed only in the EPM), all other vari-
ables (86% of them) showed considerable variation in values as the
animals aged. No specific ontogenetic pattern of variation that was
common to all these variables was identified, but several tended to
have peak values either during adolescence or young adulthood
(e.g. Return CA, Head Dipping and Entries CNT). Most of the
highest differences between any given pair of ages for the variables
assessed here ranged from 2- to 3-fold, but there were instances in
which 30-fold or more increases were observed (please see supple-
mentary materials). These ontogenetic variations in behavior have
seldom been documented in the literature, particularly using the
range of ages used in the present study. Given the paucity of avail-
able data, it would be highly speculative to discussmechanisms that
could explain the observed ontogenetic variations.

A relevant issue of the present report is the fact that only
males were tested. This decision, which constitutes a limitation
of the present study, stems from the fact that most of the previous
work conducted using this model was carried out only in
males43,44,47,48,52,98–102. While, to our knowledge, only a handful
of studies included both sexes, PR during lactation was shown
to have sex-specific effects on offspring glucose metabolism and
leptin levels103 and in hepatic lipid metabolism104. Therefore, it
would be relevant to complement the information provided in
the present study by assessing the same parameters in females, both
in an ontogenetic context as well as in the context of the effects of
PR during lactation on these parameters.

Conclusion

The current report shows that the pattern of effects of PR during
lactation can be quite complex in terms of behavior and hormone
levels. We identified deleterious effects of the nutritional insult
either at all ages, such as increased anxiety-like behavior in the
EPM, or, contrastingly, only at specific ages, such as reduced
exploratory activity in the OF and reduced corticosterone levels
at PN90, and increased catecholamine levels at PN21 and
PN180. These observations show that designing experiments in
which programming is presumed must take into consideration
the fact that differences in behavior or hormone levels between
groups may be identifiable only at a given developmental stage.
Our findings underscore the relevance of testing multiple ages
when assessing the effects of programming events.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S2040174423000107
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3. Reyes-Castro LA, Padilla-Gómez E, Parga-Martínez NJ, et al.
Hippocampal mechanisms in impaired spatial learning and memory in
male offspring of rats fed a low-protein isocaloric diet in pregnancy
and/or lactation. Hippocampus. 2018; 28(1): 18–30. https://doi.org/10.
1002/hipo.22798

4. Castro-Rodríguez DC, Rodríguez-González GL, Menjivar M, Zambrano
E.Maternal interventions to prevent adverse fetal programming outcomes
due to maternal malnutrition: Evidence in animal models. Placenta. 2020;
102: 49–54. https://doi.org/10.1016/j.placenta.2020.04.002

5. Wells JCK. Developmental plasticity as adaptation: adjusting to the
external environment under the imprint of maternal capital. Philos
Trans R Soc Lond B Biol Sci. 2019; 374(1770): 20180122. https://doi.
org/10.1098/rstb.2018.0122

6. Gomez-Verjan JC, Barrera-Vázquez OS, García-Velázquez L, Samper-
Ternent R, Arroyo P. Epigenetic variations due to nutritional status in
early-life and its later impact on aging and disease. Clin Genet. 2020;
98(4): 313–321. https://doi.org/10.1111/cge.13748

7. Orozco-Solís R, Matos RJB, Guzmán-Quevedo O, et al. Nutritional
programming in the rat is linked to long-lasting changes in nutrient
sensing and energy homeostasis in the hypothalamus. PLoS One. 2010;
5(10): e13537. https://doi.org/10.1371/journal.pone.0013537

8. Younes-Rapozo V, DeMoura EG, Da Silva Lima N, et al. Early weaning is
associated with higher neuropeptide y (NPY) and lower cocaine- and
amphetamine-regulated transcript (CART) expressions in the paraven-
tricular nucleus (PVN) in adulthood. British Journal of Nutrition. 2012;
108(12): 2286–2295. https://doi.org/10.1017/S0007114512000487

9. Rocha MLM, Fernandes PP, Lotufo BM, Manhães AC, Barradas PC,
Tenorio F. Undernutrition during early life alters neuropeptide Y distri-
bution along the arcuate/paraventricular pathway. Neuroscience. 2014;
256: 379–391. https://doi.org/10.1016/j.neuroscience.2013.10.040

10. Younes-Rapozo V, Moura EG, Manhães AC, Peixoto-Silva N, De Oliveira
E, Lisboa PC. Early weaning by maternal prolactin inhibition leads to
higher neuropeptide Y and astrogliosis in the hypothalamus of the adult
rat offspring. British Journal of Nutrition. 2015; 113(3): 536–545. https://
doi.org/10.1017/S0007114514003882

11. Dutra-Tavares AC, Silva JO, Nunes-Freitas AL, et al. Maternal undernu-
trition during lactation alters nicotine reward and DOPAC/dopamine
ratio in cerebral cortex in adolescent mice, but does not affect nicotine-
induced nAChRs upregulation. Int J Develop Neurosci. 2018; 65(July
2017): 45–53. https://doi.org/10.1016/j.ijdevneu.2017.10.007

12. Rocha MLM, Fernandes PP, Tenório F, Manhães AC, Barradas PC.
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