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Intergenerational transmission of maternal
care deficiency and offspring development
delay induced by perinatal protein
malnutrition

Octavio Gianatiempo ©*', Silvina V. Sonzogni*", Estefania A. Fesser’, Laura
M. Belluscio®, Ezequiel Smucler®, Mariela R. Sued®, Eduardo T. Canepa ©*

!Laboratorio de Neuroepigenética, Departamento de Quimica Biolégica, Universidad de Buenos Aires, and
Consejo Nacional de Investigaciones Cientificas y Técnicas, Ciudad de Buenos Aires, Argentina, 2Instituto de
Calculo, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, and Consejo Nacional de
Investigaciones Cientificas y Técnicas, Ciudad de Buenos Aires, Argentina

Objectives: Early life represents a sensitive and critical period for an individual. Nutrition plays a crucial role in
the maturation and functional development of the central nervous system. Inadequate nutrition before birth
and during the postnatal life can seriously interfere with brain development and lead to behavioral and
neurological disorders such as learning disabilities and psychiatric diseases. In addition, the quality of
mother—infant interactions represents an important adaptive pathway that prepares offspring for the
conditions of life. In this work, we asked if protein malnutrition alters maternal care and offspring
development and if these phenotypes can be transmitted to next generation.

Methods: Female mice were fed with a normal or hypoproteic diet during pregnancy and lactation. Nurturing
behaviors, i.e. arched, blanket and passive nursing, and liking and grooming of the pups, were evaluated
from postnatal day 1 (PD1) to postnatal day 7 (PD7). The same protocol was employed to evaluate
maternal behavior for filial generation 1 (F1) and filial generation 2 (F2) dams. Offspring development was
evaluated for F1, F2, and F3 generations. Developmental landmarks and neurological reflexes were
assessed from PD8 until complete development of the landmark or acquisition of the reflex.

Results: Our results show that malnourished dams provide a lesser and more fragmented maternal care than
their normally fed counterparts. This altered maternal behavior as well as the delay in the physical and
neurological development observed in the offspring from malnourished mothers was transmitted up to two
generations at least.

Conclusion: These results highlight the harmful effects of protein malnutrition even for generations that are not
directly exposed to this environmental adversity.

KEYWORDS: Early-life stress, Environmental adversity, Intergenerational transmission, Maternal behavior, Neurodevelopment, Nurturing

Introduction

Early life experiences impact strongly on brain archi-
tecture and can have long-lasting consequences on
cognitive performance and emotional responses.
Thus, the first years of life represent a period of both
great opportunity and great vulnerability for child
development.'* An enriched environment with social
stimulation, suitable nutrition and parental care, pro-
vides the opportunity for optimal brain development.
Conversely, adverse experiences like poverty,

nutritional deficiency or social deprivation increase
the risk for the onset of psychopathologies through
the entire life.**

Maternal malnutrition remains one of the most
widespread non-genetic factors affecting the develop-
ment of the new-born’s brain.>® In particular,
maternal protein malnutrition has been associated
with behavioral and neurological deficiencies such as
impaired development of cognitive abilities and
linked to both acute and long-term health damaging
effects.”® Experimental studies on rodents have
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malnutrition on the offspring include delay in physical
growth and neurological development, changes in
exploratory activity and anxiety-related behaviors,
alterations in learning and memory and differences
in the response to aversive stimuli.'''*

Parent—offspring interactions are important devel-
opmental signal to environmental suitability and
have the capacity to modulate physiology and behav-
ior of the offspring.'>'® In rodents, as in most
mammals, these interactions are primarily through
the mother. During gestation, interactions mediated
by the mother’s neuroendocrine system and physiology
shapes the neurodevelopment of the fetus including
those pathways that mediate responses to stress.'’
Similarly, the care received by an infant during early
life can produce changes in the development of
neural systems regulating social behavior. Several
studies have demonstrated the impact of mother-
infant interactions on the hypothalamic—pituitary—
adrenal axis, the hypothalamic—pituitary—gonadal
axis, and the mesolimbic dopamine system.'® 2’
Thereby, the maternal environment surrounding the
offspring plays an important role in modulating cogni-
tive and social skills. Furthermore, the effects of
maternal behavior can be transmitted to subsequent
generations through alterations in the reproductive be-
havior of offspring.?! Several evidences point out that
the mechanisms mediating this transmission involve
epigenetic alterations to steroid receptor genes that
produce long-term changes in gene expression and
behavior.?>?

Besides the naturally occurring variations in
maternal care across species, environmental adversities
heavily impact on maternal behavior. In rats, dams
exposed to stress during pregnancy showed increased
pup retrieval latencies, a finding that would seem to
reflect an effect of stress on maternal responsivity.”*
Other factors like physical restraint or chronic corti-
costerone administration induce a decreased frequency
of maternal licking/grooming and arched-back
nursing.zs‘26 More recently, it was observed that
exposure of dams to chronic social stress, an ethologi-
cal model of postpartum depression and anxiety,
during lactation impairs maternal care and exerts
similar effects on the filial generation 1 (F1) female
offspring.”’ Taken together, these findings suggest
that environmental adversity alters the mother—off-
spring interaction.

The critical question we have addressed in this study
is whether protein malnutrition alters the mother—off-
spring relationship and if this were the case, if dis-
rupted maternal behavior is transmitted to the
following generations. Our results show that malnour-
ished dams provide a lesser and more fragmented
maternal care than their normally fed counterparts.
This altered maternal behavior as well as the delay in
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the physical and neurological development observed
in the offspring from malnourished mothers was trans-
mitted up to two generations at least. These results
highlight the harmful effects of protein malnutrition
even for generations that are not directly exposed to
this environmental adversity.

Material and methods

Animals and diets

CF-1 mice from the colony of the Bioterio Central,
(removed to protect anonymity), were used for all
experiments. The diets employed in this study were
prepared according to the AIN-93 Final Report™®
and purchased from Research Diets Inc. (New
Brunswick, NJ, USA). NP (normal protein) and LP
(low protein) diets contain 20 and 8% of casein as
the sole source of proteins, respectively
(Supplementary Table 1).%

Animals were kept in a 12:12 h light:dark cycle with
lights on at 6 a.m., and food and water were adminis-
tered ad libitum. Experiments were performed in
accordance with (removed to protect anonymity).

Experimental design

Ten to twelve weeks old female and male mice (FO0)
were fed with standard laboratory chow diet (SC)
until seven days prior to mating when they were
switched to NP diet. Three days prior to mating
female mice were switched to the corresponding diet:
NP or LP. Male mice continued to be fed with NP
diet and were only fed LP diet during mating with
LP diet fed females. After mating, dams were kept
on the same diet (NP or LP) during pregnancy and lac-
tation (Supplementary Fig. 1A). At postnatal day 21
(PD21) pups were weaned (Supplementary Fig. 1A).
After weaning, offspring (F1), as well as the following
offspring generations (F2 and F3), were fed with
normal SC diet. Therefore, for all generations exclud-
ing FO, whenever a dietary treatment is used to desig-
nate a group (i.e. F1-LP), this treatment represents the
diet received by the corresponding FO ancestor.

To obtain the F2 generation, NP and LP F1 females
between 10 and 12 weeks old were mated following the
same protocol as FO. The mating was performed with
non-sibling F1-NP or F1-LP males to generate four
experimental F2 groups (Supplementary Fig. 1B).
These groups were termed: F2-NN, F2-NL, F2-LN,
and F2-LL (Each letter designates the F1 mother’s
experimental group and the F1 father’s experimental
group respectively). Next, to obtain the F3 generation,
NN and LL females between 10 and 12 weeks old
from the F2 were mated, following the same protocol
as FO, with non-sibling males from the same exper-
imental group to generate only two experimental F3
groups termed F3-NN and F3-LL (Supplementary
Fig. 1B). In all generations, efforts were made to
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balance the litter size within a range of 10 to 12 pups
per dam and the sex ratio near 1 on postnatal day 1
(PD1).

Assessment of maternal behavior

The same protocol was employed to evaluate
maternal behavior for FO, F1, and F2 dams.
Maternal care was evaluated from PD1 to PD7.
Every day, dams were observed for three periods of
I hour at 9 a.m., 13 p.m., and 16 p.m. During each
period, mother’s activity was recorded sequentially
by an observer every 3 minutes and classified accord-
ing to the following categories: arched-back nursing,
blanket nursing, passive nursing, licking and groom-
ing of the pups, carrying pups, mother/pup contact
(excluding nursing posture), nest building, eating,
drinking, self-grooming and other non-relevant beha-
viors without the pups (e.g. sleeping, exploring,
rearing, sniffing). The assessment of every generation
was made by three observers trained to a high level of
inter-rater reliability.*® 2

Developmental landmark acquisition and
neurological reflexes evaluation

Offspring development was evaluated using the same
protocol for F1, F2, and F3 generations.
Developmental landmarks and neurological reflexes
were assessed from PD8 until complete development
of the landmark or acquisition of the reflex. Two
female and two male pups from each litter were ran-
domly selected and marked on PD8. These pups were
weighed every day until weaning (Supplementary Fig.
2). For the assessment of physical growth, the follow-
ing changes were observed and recorded: ventral fur
emergence, opening of the auditory canal and eyes
opening. For neurological reflex evaluation, the
sound startle reflex and the air righting reflex were
analyzed."?** The sound startle reflex test was per-
formed every day from PDS8 until acquisition. Pups
were held by the scruff of the neck and presented
with a sound of 80 dB in a 74 dB background. The
reflex was considered present when a sudden and
transient freezing was detected immediately after the
sound and was considered acquired when it was
present for two consecutive days. The air righting
reflex test was performed every day from PDI12
until acquisition. Mice were held upside-down at a
height of 50 cm over a padded surface and then
dropped. The reflex was considered present if the
pup successfully righted itself during the fall and
was considered acquired when it was present in two
consecutive days.

Statistical analysis

Statistical analysis was performed using R Statistical
Software version 3.4.0.>* The Shapiro-Wilks (R-
base) and the Levene (car package version 2.1-6)

tests were used to test the normality and homogeneity
of variances, respectively. Normal samples were com-
pared using unpaired Student’s t-tests with Welch’s
correction for heteroscedasticity if necessary (R-base)
or ANOVA with Tukey’s posttests (car package)
when comparing more than two samples. For
samples that did not pass normality criteria,
Wilcoxon—-Mann—-Whitney tests were used or
Kruskal-Wallis tests with Dunn’s posttests (dunn.test
package version 1.3.5) when comparing more than
two samples.

For the analysis of maternal behavior through the
days, we used Imed4 package version 1.1-15 to
perform a generalized linear mixed effects analysis
of the relationship between nurturing behavior and
diet throughout the postnatal days.*> We modeled
the number of observations of nurturing behavior as
a binomial variable. An ‘inside-out’ model building
approach was employed, as suggested by Pinheiro
and Bates.*® For the three generations of dams (FO,
F1, and F2) as fixed effects, we entered diet and
PD into the model. For the FO we added an effect
to model the final two PDs of LP mothers. For the
F1 generation we added PD squared for LP
mothers. As random effect we used an independent
intercept for each mother to account for the corre-
lated observations. Visual inspection of residual
plots did not reveal deviations from homoscedasticity
or normality. The significance of fixed-effects was
obtained by likelihood ratio tests of the full model
against a model without the effect in question and
corroborated by parametric bootstrap of the confi-
dence intervals.

For the analysis of food intake of dams during lac-
tation Graphpad Prism 5.01 (La Jolla, CA, USA) was
used to perform a repeated measures ANOVA fol-
lowed by Bonferroni post hoc tests to compare both
treatments on each postnatal day.

Principal components analysis (PCA, R-base) was
used to formulate an index that characterized the
delay in development of each mouse based on the post-
natal day of acquisition for each developmental land-
mark and reflex, and the weight at weaning. PCA was
undertaken for scaled variables. The six loadings for
the first component, which explains 47.2% of the var-
iance, were used to construct the developmental index
as indicated by various conventions: its variance was
the only one that was greater than both the mean var-
iance and the variance predicted by the broken stick
model and was the only one to the left of the break
point in the scree plot (Supplementary Fig. 3A).
Moreover, its loadings were easily interpreted: All the
developmental landmarks had a negative loading
while weight at weaning had a positive one, thus a
lower score indicates developmental delays and lower
weight (Supplementary Table 2). Finally, this one-
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dimensional representation of the data retained the sep-
aration of the samples according to the dietary treat-
ment in each generation (Supplementary Fig. 3B).

Results

Protein malnourished dams display disturbed
maternal care

To evaluate the global difference in maternal care
between NP and LP dams we analyzed lactation and
pup licking and grooming events. Lactation, regardless
of the mother’s position, is the only food source during
the first week of postnatal life and represents the main
positive contribution to offspring development. Pup
licking and grooming is also well established as a ben-
eficial stimulus for the pups during this period.
Therefore, lactation events and licking and grooming
events were grouped in a single category termed nurtur-
ing behavior. This category encompasses all positive
behaviors directed towards the pups, which were aggre-
gated from PDI1 to PD7 for each mother. Analyzing
this parameter, we found that the parental generation
(F0) of LP mothers spent less time providing nurturing
behavior than NP mothers (1,5 =—2.14, P =0.04)
(Fig. 1A upper panel).

Intergenerational transmission of maternal care deficiency and offspring development

Nurturing behavior events within each observa-
tional period were clustered in discrete epochs of con-
secutive events termed bouts (Fig. 1B, upper panel). A
larger number of bouts with shorter duration results in
fragmented nurturing behavior which has been associ-
ated with changes in neuroendocrine functions in off-
spring.'*** Therefore, we analyzed the total number
of bouts per mother and their duration, represented
by the average of the maximum bout length per
period for each mother. The number of nurturing be-
havior bouts was unchanged between NP and LP F0
mothers (t,5 =0.77, P =0.45 (Fig. 1C upper panel),
but the average maximum bout length was smaller in
LP mothers (t,5 = —3.01, P =0.006) (Fig. 1D upper
panel). These results indicate that the decrease in the
global amount of nurturing behavior observed in LP
mothers is explained by a reduction of bout length
rather than a decrease in the number of bouts.

Examining the temporal dynamics of maternal
behavior, we observed that maternal care declines
over the first postnatal week in both NP and LP
dams (y*; =114.01, P <0.001) (Fig. 2A and
Supplementary Fig. 4A). However, in agreement
with the results observed with aggregated nurturing
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Figure 1 Maternal care global evaluation. (A) Lactation events and licking and grooming events were grouped in a single

category termed nurturing behavior and aggregated from PD1 to PD7 for each mother. Bars represent mean =+ S.E. of total
observations of nurturing behavior performed by dams. (B) Representative observational periods. Each black square represents
one observation of nurturing behavior. Nurturing behavior events within each observational period were clustered in discrete
epochs of consecutive events termed bouts. (C) Bars represent the mean number + S.E. of nurturing behavior bouts. (D) Bars
represent the mean + S.E. of the maximum bout length per observational period. (A-D) FO (upper panel), F1 (middle panel), and F2
(lower panel) dams. (ngo= 12-15, ng1= 14-26, ng>= 8-9). Student’s t-test or Mann-Whitney test, *P < 0.05, **P < 0.01. NP: normal

protein diet, LP: low protein diet
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Figure 2 Temporal dynamics of maternal care. Nurturing behavior was aggregated daily from PD1 to PD7 for each mother.
Points represent the mean + S.E. of total observations of nurturing behavior per day for FO (A), F1 (B), F2 (C) dams. (ngo= 12-15,
ngy=14-26, ngx= 8-9). NP: normal protein diet, LP: low protein diet.

behavior, LP diet was associated with a significant In the second filial generation, we observed a partial
reduction of maternal care compared to NP diet recovery of the maternal care quality since the global
(x*1 = 8.23, P=10.004). Notably, a significant recov- amount of nurturing behavior was not affected (W =
ery in the amount of nurturing behavior was 25.5, P =0.34) (Fig. 1A, lower panel). Unexpectedly,
observed following PD5 for the LP group (¥* = the number of nurturing behavior bouts was signifi-
65.85, P<0.001) (Fig. 2A). As a whole, these cantly increased in the LP group of this generation
results show that maternal care is significantly (t15=3.10, P=0.007) (Fig. 1C, lower panel) but the
impaired by protein malnutrition. maximum bout length was not affected by the
dictary treatment (5= —1.61, P=0.13) (Fig. 1D,
lower panel). This could imply that the recovery of

is intergenerationally transmitted the quality of maternal care is not complete, since

Several reports have pointed out the pervasive impact LP dams seem to compens'ate IlOt. only by increasing
of early life adversities since its long-lasting effects.®”-*® bout length but also by increasing the number of

Therefore, we wonder if the disturbed maternal behav- bouts which may lead to a fr.agmented maternal care.
ior observed in FO malnourished dams was trans- As expected, in F2 generation there was a general
mitted to the next generations reduction of maternal care across the postnatal

To do this, we analyzed the nurturing behavior, period in both groups ()(21 =49.45, P <0.001) and
the number of bouts and the average of the the decrease associated with the LP diet was absent

maximum bout length in Fl and F2 dams. *1 =086, P=0.35) (Fig. 2C and Supplementary

Remarkably, despite not having been exposed Fig. 4C).

directly to LP diet, the female offspring of FO LP In summary, the impact of protein malnutrition on
dams also showed a decrease in the overall amount maternal behavior could be observed up to a second

of nurturing behavior (f3= —2.65, P=0.012) generation of offspring suggesting the intergenera-

(Fig. 1A, middle panel) accompanied by a reduction tional nature of its transmission.

in the average maximum bout length (733 = —3.07,

P=0.004) (Fig. 1D, middle panel), while the  Distribution of maternal activities across
number of bouts remained unchanged (z33 = —1.28, generations

P=0.21) (Fig. 1C, middle panel). As well as in To further strengthen our hypothesis about the disrupt-
the FO generation, this suggests a reduction of  ing effects of protein malnutrition on maternal care we
maternal care characterized by shorter epochs of nur- quantified and analyzed all the activities performed by
turing behavior with no change in the number of = NP and LP mothers during the first week postpartum.
bout. The temporal dynamics of maternal behavior The dam activities —described in section 2.3— were classi-
of F1 generation resemble the FO (Fig. 2B and fied in three categories: activities directly beneficial for

Disturbed maternal care of malnourished dams

Supplementary Fig. 4B). There was a decline in nur- pups (nursing, licking and grooming the pups, carrying
turing behavior through the days (y* = 236.70, P < the pups, mother—pup contact, nest building), activities
0.001) and maternal exposure to LP diet was associ- indirectly beneficial for pups (mother eating or drink-
ated with a reduction in maternal care (y*; = 34.04, ing) and activities not beneficial for the pups (self-
P <0.001). Once more, a recovery of nurturing grooming and any other activity outside the nest).

behavior was also observed following PD6 for the The frequency of activities in each category for
LP group (y* = 343.54, P <0.001). every mother was analyzed employing a ternary

Nutritional Neuroscience 2018 5
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Figure 3 Distribution of maternal activities. The distribution of maternal activities was represented in a ternary plot graph.
Maternal activities were classified in three categories: directly beneficial for pups (nursing, licking and grooming of the pups,
carrying the pups, mother-pup contact, nest building), indirectly beneficial for pups (mother eating or drinking) and not beneficial
for the pups (self-grooming and any other activity outside the nest). Each category is represented in a side of the triangle and the
corners indicate the maximum value for a category. Each point represents a mother. Lines are the mean value for each group.

(npo=12-15, ng= 14-26, Ngo=8-9)

graph (Fig. 3). In this type of graph each point corre-
sponds to a mother and each corner represents the case
when all observations for a particular mother fall in a
single category. For the three generations studied the
decrease in beneficial activities was associated with
an increase in non-beneficial activities. Whilst in FO
and F1 the LP mothers showed a tendency to separate
from NP mothers, in the F2 there is no clear separ-
ation between groups.

Food intake of dams during pregnancy and
lactation

Offspring’s nutritional condition depends almost
exclusively on mother’s nutrients and caloric intake.
Therefore, we measured the food intake of FO dams
from both groups during pregnancy and lactation.
We observed that, during pregnancy, LP dams con-
sumed 38% more food per day than their NP counter-
parts (17 =2.87, P =0.01) (Supplementary Fig. 5A).
However, since the protein content of the LP diet is
60% lower than that of the NP diet, we conclude
that the higher food intake of the LP dams during
this period does not compensate for the protein
deficiency in their diet.

A repeated measures two-way ANOVA was used to
evaluate consumption during lactation and a
significant effect was found the interaction between
time and treatment (Fip144=3.65, P <0.001).
Bonferroni’s post hoc tests showed that NP dams con-
sumed more food per day than their LP counterparts
during this period (a=0.05) (Supplementary
Fig. 5B). In the last postnatal days there was an
increase of consumption in the NP group that can
be explained by the pups directly eating the
chow. The relative food intake, i.e. total quantity of
food per day relative to the number of lactating
pups, was also analyzed with a repeated measures
two-way ANOVA. Interaction between time and

Nutritional Neuroscience 2018

treatment (Fy5,144 = 2.75, P =0.002) was significant.
Bonferroni’s post hoc test showed no difference
between groups in the relative food intake (a = 0.05)
(Supplementary Fig. 5C), suggesting that the differ-
ence in consumption can be explained by the
number of pups in each litter. Since both diets are iso-
caloric, these results strongly suggest that the differ-
ences between LP and NP mice should be due to the
protein deficiency and not to a lesser quantity of
food and/or calories consumed by the mothers.

Impaired physical and neurological offspring
development caused by early protein
malnutrition affects multiple generations

To characterize whether protein malnutrition affects
pup’s development and especially if these conditions
were maintained during the next generations, princi-
pal component analysis (PCA) was used to construct
a developmental index that characterized the delay
in development for each mouse based on the post-
natal day of acquisition for each developmental
landmark and reflex (eye opening, ear canal
opening, ventral fur emergence, air righting reflex
and sound startle reflex), and the weight at
weaning. A lower score indicates later acquisition
of landmarks and lower weight at weaning
(Supplementary Table 2). The developmental score
was obtained from the first principal component
of the PCA and an average score was calculated
for each combination of generation, sex and
treatment.

In the case of the first generation, we observed a sig-
nificant decrease in the developmental index for both
F1 LP males and females when compared with
control mice (Males: #g=—7.31, P <0.001,
Females: 7371, = —4.85, P <0.001) (Fig. 4A). For
the F2 generation males (Fig. 4B) we observed a sig-
nificant effect of the diet on developmental score
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Figure 4 Developmental score analysis. Principal components analysis (PCA) was used to obtain a developmental score for
each mouse based on the postnatal day of acquisition for each developmental landmark evaluated and the weight at weaning as
described in section 2.4. The average score was calculated for each combination of generation, sex and treatment. Bars
represent mean + S.E. of scores for F1 (A), F2 (B), F3 (C) offspring generations. (ngq = 20-26, ngx = 13-22, ng3 = 13-18). Student’s t-
test or Mann-Whitney test for F1 and F3. *P < 0.05, **P < 0.01, ***P < 0.001. ANOVA with Tukey’s post hoc test or Kruskal-Wallis
with Dunn’s post hoc test for F2. Different letters indicate significant differences between groups. F (female, upper panels); M
(male, lower panels); NP: normal protein diet; LP: Low protein diet; NN and LL: both parents NP or LP, respectively; LN and NL,

mother LP and father NP or vice versa, respectively

(y*s = 16.47, P < 0.001). Dunn’s post hoc test showed
that the delay was attenuated but present in LL, LN
and NL groups when compared with NN group, but
there were no significative differences between
treated groups (a = 0.05). For F2 females (Fig. 4B)
the effect of the diet on the developmental score was
also significant (F567 =4.93, P =0.004) but Tukey’s
post hoc contrasts found differences only when com-
paring the NL group with the NN group (« = 0.05).
Regarding the F3 generation (Fig. 4C) the delay was
only present in males (Males: 3, = —3.61, P =0.001,
Females: t,; = —1.49, P =0.15).

In summary, these results show that the develop-
mental delays associated with FO exposure to perinatal
protein malnutrition were sex dependent with higher
prevalence in males and declined in each generation.
The fact this effect could be observed in the third gen-
eration of LP males suggest a possible transgenera-
tional transmission of the delays. Nevertheless, the
transgenerational nature of this transmission cannot
be assured due to the incomplete recovery of F2
maternal behavior.

Discussion

The results obtained in the present work indicate that
dams fed with low protein diet during the perinatal
period display abnormal maternal behavior. The
main feature of this anomalous maternal behavior
was that less time was spent performing nurturing be-
havior, also the nurturing bout length was shorter
without change in the number of nurturing bouts.

In agreement with our results, previous reports have
indicated that low-protein fed mothers may, under
certain circumstances, show reduced attention to
their offspring and lick their pups less often than
control fed dams.'***? Conversely, several works
have shown opposite results, indicating that exposure
to perinatal protein malnutrition and others types of
malnutrition may induce an increase in active pup
nursing in comparison with control fed mothers.**
Regardless of using a perinatal malnutrition treat-
ment, similar to the one applied in our model,
Robert Hall has observed that low-protein fed
mothers spent more time nursing their pups than
well-nourished controls.*” On the contrary, the

Nutritional Neuroscience 2018
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Figure 5 Summary of the obtained results. On the left side, the difference in nurturing behavior between NP and LP mothers for
each generation evaluated is shown. A darker color indicates a greater difference between NP and LP maternal behavior, i.e. a
greater reduction in nurturing behavior associated to the dietary treatment. For example, the reduction of nurturing behavior

present in FO LP dams when compared with FO NP dams is greater than the reduction of nurturing behavior displayed by F1 LP
dams when compared with F1 NP dams. On the right side, the difference in the developmental score between the offspring of
each treated group and the corresponding control group is shown. Again, a darker color indicates a greater difference between
the developmental score of the treated and control groups, i.e. a greater delay in development for the treated group with respect
to the control group. For example, the developmental delay of F3 LL male pups when compared with F3 NN male pups is greater
than the developmental delay of F3 LL female pups when compared with F3 NN female pups., Offspring: F1: NP: both parents NP,
LP: both parents LP. F2: NN: both parents NP, LL: both parents LP, NL: NP mother and LP father, LN: LP mother and NP father. F3:

NN: both parents NN, LL: both parents LL

maternal care observation protocol employed by Hall
had important differences with our protocol. They
performed many observations in a short lapse of
time (one observation per minute of a 5-min period
every 3 hours) from PD 1 to PD 20 and they did not
group into a single category the nursing and licking
and grooming behaviors. These differences might be
the cause of the discrepancies observed between both
works.

The demonstration that the abnormal maternal care
caused by protein malnutrition was not limited to the
first and directly exposed generation (F0) was one of
the most interesting observations of the present
work. We have observed that it was transmitted to
the following generation (F1) in spite of being fed
with normal food after weaning. In F2 generation
the LP mothers showed a recovery in the global
amount of maternal care mainly driven by an increase
in the number of bouts rather than an enlargement of
bout length. Even though this increase in nurturing
may seem beneficial, several works have described
this form of maternal behavior as fragmented and
unpredictable and have shown that can also have
long-lasting negative consequences on offspring.**>°
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All comparisons were made between groups within
the same generation because nurturing behavior
decreases in F1 and F2 compared to FO. One possible
explanation for this decline is that the FO generation
dams were reared undisturbed in the breeding sector
of the animal facility, on the contrary, the F1 and F2
females were handled by us, including noninvasive
manipulations such as lifting, cleaning and moving
of the cages and developmental tests that were per-
formed from PD 7 until weaning. Routine handling
is a cause of stress for experimental animals.’!
Furthermore, the quality of maternal care in rodents,
particularly during sensitive periods early in life, is sus-
ceptible to any type of stress.”* Thus, we hypothesize
that the routine handling and the development tests
performed could represent a source of stress for F1
and F2 pups of both groups (NP and LP) affecting
the maternal care they display as adults.

While numerous studies propose that the amount
and nature of maternal care can be transferred to
next generation,”>>>>® the transmission of abnormal
maternal care due to protein malnutrition to the fol-
lowing generations has not yet been explored.
Studies performed by Galler’s lab>* address a related
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question with a different experimental approach. In
their work, maternal behavior was studied in rat
dams maintained during 15-20 generations with mal-
nourished diet and then restored with a well-nourished
diet for three generations. This work has shown, as
opposed to our results, an increment in active maternal
care in malnourished dams. This contradictory
outcome could be explained by the dissimilarities in
experimental design. In our work, the exposure to mal-
nutrition was only during the first generation. This is
not a trivial difference since the question and the
experimental procedure is not the same.

Little is known about how protein malnutrition
impacts on offspring’s postnatal development and its
contribution to later life physiology. Previous work
from our laboratory has shown that protein malnu-
trition affects the progeny phenotype.*?° In the
current work, we confirmed this affectation and
showed the transgenerational effects of protein malnu-
trition. The LP offspring presented a significant devel-
opmental delay measured by the developmental index.
The index was significantly different across three gen-
erations in males and across two generations for
females. In our paradigm, the exposure to protein mal-
nutrition occurs in pregnant and lactating dams. Thus,
protein malnutrition affects the forming fetus (F1) and
its developing germ cells during pregnancy, and the F1
pups and their gametes during lactation. In this way,
only the effects present in the third generation of off-
spring can be deemed transgenerational. Recently, it
has been reported that epigenetic mechanisms are
involved in the inter- or transgenerational transmission
of environmental modulated phenotypes.”> Since
alterations in maternal care and delays in offspring’s
development are maintained until the third generation,
our results suggest the participation of epigenetic
mechanisms in the transmission of protein malnu-
trition cues. When considering these results, it is
important to remember that our model does not
allow us to study independently the effect of protein
malnutrition on maternal care and on offspring devel-
opment. It is, therefore, possible that the effects of
protein malnutrition on preweaning growth and devel-
opment may have been exacerbated by the reduction in
maternal behavior caused by the aforementioned treat-
ment.> The inverse case is also feasible, as delays in
offspring development might encompass the belated
appearance of necessary cues that trigger a normal
maternal behavior.>

Fig. 5 summarizes the results obtained in this work
(Fig. 5). On the left side is represented the difference in
nurturing behavior between NP and LP mothers. For
example, a big difference indicates a reduction of
maternal care performed by LP mothers (black
color). The biggest difference is observed in FO gener-
ation, when protein malnutrition occurs. In F1, the

difference is still present despite of the offspring has
been feeding with normal food after weaning. In F2
the difference is negligible; however the maternal
care is not fully recovered since LP mothers showed
a fragmented nature of maternal behavior. On the
right-side offspring of LP mothers is represented in a
sex specific manner. The color scale indicates the
difference in developmental score with the control
group within each generation. The developmental
delay decreased across the different generations, differ-
entially affecting male and female offspring. Perinatal
protein malnutrition seems to have a transgenerational
effect in male offspring and an intergenerational effect
in female offspring. The figure shows how the protein
malnutrition occurring only in FO mothers and in con-
sequence the maternal care received by pups affects the
pup’s development.
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