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Abstract

Pre- and neonatal food restriction interferes with the neuronal and functional
organization of long-term social adaptive responses including the maternal
response to ensure pup survival. We addressed this issue by using low per-
centages of food from gestational days G6 to G 19 (50% to 30%) followed by a
balanced diet from G20 to G21. After birth, pups were underfed by rotating
two lactating dams, one with tied nipples, every 12 h. Weaning was at 25 days
of age and thereafter an ad libitum diet. The F1 dams’ motivation (pup re-
trieval, handling shavings and crouching) was evaluated (10 min) at 4 and 12
days of lactation, when they had reached 90 days of age. The maternal neu-
ronal functionality was measured by immunostaining the medial prefrontal
cortex and the basolateral amygdala when the pups were removed from their
dams 90 min after suckling. Underfed dams exhibited significantly lower pup
retrieval, handling shavings and crouching frequencies, as well as prolonged
latencies for pup retrieval and for handling shavings and crouching. Fur-
thermore, early underfed dams had Fos-I neuron deficiencies mainly in the
prefrontal cortex, with minor effects on the amygdala, possibly because the
pups’ cues to elicit maternal motivation were suboptimal and/or because of
the deficient network activation.
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1. Introduction

In altricial species, maternal care is an innate basic response necessary for the

growth and survival of the progeny that requires precise and specific morpho-
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functional neuronal changes mediated by hormone fluctuations and the impact
of multisensory environmental cues [1] [2] [3] [4]. Because rats are immature at
birth, they strongly depend on parental attentiveness to surpass environmental
demands such as surrounding temperature variations, excreta elimination, feed-
ing, maternal attachment, and body licking, among others [5] [6] [7] [8]. Fur-
thermore, strong mother-litter bonds in the postpartum period may determine
behavioral, cognitive, and intellectual capacities in adulthood [9] [10] [11].

Several studies have suggested that early undernutrition and sensory envi-
ronmental deficiencies are newborn risk factors that may interfere with struc-
tures underlying maternal behavior, learning, and electrophysiological responses
by decreasing neurogenesis and disrupting the transmission and possibly en-
coding of signals and their integration from subcortical levels to the cerebral
cortex [12]-[17]. Furthermore, pre- and neonatal malnutrition of FO underfed
lactating dams results in long-term F1 maternal deficiencies, including pup re-
trieval, licking, nursing and nest building responses, which are associated with
neuronal alterations in the cortical and limbic networks underlying maternal
responsiveness [15] [18] [19] [20]. Thus, the medial prefrontal cortex (mPFC) is
involved in the generation of motivation, attention and the modulatory effects of
sensory signals associated with maternal care and is disrupted by lesions and
noxious environmental manipulations [21] [22] [23] [24]. By contrast, the
amygdala has been linked to the activation or inhibition of the maternal re-
sponse, and its lesion facilitates the maternal response by interfering with the
modulatory olfactory bulb activity [25]. Moreover, medial amygdala stimulation
suppresses the appearance of the maternal components [26] [27], and excitotox-
ic lesions of this area in virgin females release the maternal responsiveness by
interfering with projections to the anterior/ventromedial hypothalamic nuclei
that inhibit maternal response [28]. Additionally, the basolateral amygdala (BLA)
has a central role in memory consolidation and provides pup-related sensory in-
puts to several brain areas for the activation of the mesolimbic system that pos-
sibly potentiates the ability of BLA neurons to stimulate goal-directed maternal
responses [29] [30] [31] [32]. Studies of our group have shown that perinatal
undernutrition in the lactating rat was associated with specific morphological
and perhaps different excitability changes in the neuronal perikarya and den-
dritic arbor organization of multipolar and pyramidal mPFC and BLA neurons,
which are functionally poorly understood in the regulation of the mother litter
bonds and their disorders [15].

The aim of this study was to analyze the motivational long-term effects on
some maternal components at two lactating days, and if the immediate ear-
ly-gene product Fos-I, used as a marker for neuronal activation, could be diffe-

rentially affected in the mPFC and BLA neurons of perinatally underfed dams.

2. Material and Methods

2.1. Animals

Subjects were adult FO female Wistar rats (200 - 300 g) and their F1 offspring
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originally obtained from a Harlan Sprague-Dawley (IN-USA) stock. The subjects
were housed at the Institute of Neurobiology of the National Autonomous Uni-
versity of Mexico and kept in a room with a temperature of 24°C + 2°C, humid-
ity of 50%, a light/dark cycle of 12/12h (lights on at 08:00 h), and food (Purina
chow) and water ad /ibitum. For mating, two males were placed in a plastic cage
(60 x 50 x 20 cm®) containing four virgin females. Sperm-positive females were
individually housed in plastic maternity cages (50 x 40 x 20 cm’®) with wood
shavings as nesting material one week prior to parturition. The pups were
weighed and sexed the day after birth. The litter was adjusted to five males and
five females to minimize genetic and nutritional differences that could influ-
ence the experimental results. The protocols and animal care were approved by
the Local Animal committees project 108.A, the Official Mexican Standard
NOM-062-Z00-1999 that were in accordance with the guidelines for the Care

and Use of Animals in Neuroscience and Behavioral Research, [33].

2.2. Nutritional Treatments

2.2.1. Control Group (CG)

The CG group consisted of 10 females obtained from ten different normally fed
subjects, nursed by well-fed mothers with free access to food and water. The
subjects (cF0) were maintained with free access to food (5001 rodent Purina
chow) and water during the gestational and lactating periods. After birth, the CG
pups were nourished by rotating a pair of normally lactating F1 dams (one with
a sham nipple ligature) every 12 h for 24 days as previously described [34]. After
weaning on postnatal day (PD) 25, the subjects had free access to water and solid
food. The female rats obtained by this method were mated and maternally tested
as adults on PD 90. Their brains were subsequently processed for c-Fos immu-

nohistochemistry.

2.2.2. Undernutrition Group (UG)

This group consisted of 10 female (uF0) rats mated overnight. The day of the
vaginal sperm-positive smear was designated as gestational day 0 (GO). The
standard chow diet requirement was calculated by measuring the food intake
of a group of six pregnant control dams (200 - 250 g) every week during a
21-day period; the nutritional requirement during gestation was 143 kcal/BWkg
in early gestation and 265 kcal/BWkg in later gestation [35]. The resulting av-
erage food intake per week was the basal level used to calculate the food intake
percentage of the UG FO dams. Thus, dams were fed with 50% (9.5 g) of the
normal diet from G6 to G12, with 70% (13.3 g) from G13 to G19 and with
100% (19 g) of the same diet until parturition to avoid cannibalism of pups
[20]. The protocol was designated because neurogenesis of the cortical and
limbic structures related to maternal circuitry occurs mainly from G16 to G21
[36]. At birth, prenatally underfed uF1 pups were nursed by two gestationally
underfed dams, in one of which the main galactophorous ducts had been sub-

cutaneously tied [34]. These two lactating dams were gently interchanged (30
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sec) every 12 h between litters from PDs 1 to 24. Weaning occurred at PD 25,
followed by a balanced diet until PD 90 when the dams were maternally tested
(Figure 1). Body weight was recorded to evaluate the physical conditions of
the FO dams between GO and postpartum day 1. The reactivity of c-Fos protein
in the mPFC and BLA areas was analyzed by immunohistochemistry of the
same rats used in the behavioral testing of the current study, Dams were sacri-

ficed on different lactating days.

2.3. Behavioral Testing

For maternal response evaluation, we used 10 CG and 10 UG dams that were as-
sessed in their home cage at PD 90. Three days prior to parturition, the dams
were placed in translucent plastic maternity cages (20 x 40 x 60 cm®) with wood
shavings as bedding. Twenty-four hours after parturition, each litter was culled
to 10 pups (5 males and 5 females). Initially, each mother received two retrieval
tests with her own litter on lactating days (LD) 4 and 12, between 10:00 and 12:00
h, when the maternal response was highly expressed [37]. Maternal behavior
components included the frequency and latency of the following measurements:
pup retrieval, number of times the dam retrieves the first pup in the litter by a
particular body area; handling shavings that energizes the lactating dam to make
a shelter for the care of pups [38], attempts to move wood shavings to build or
maintain a nest; and crouching, number of times the dam maintains a quiescent
posture with a partially arched back and most of the limbs extended over the
pups to promote nursing. These maternal components were highly expressed
at LD 4 and gradually declined at LD 12 according to two different maternal
motivational stages [39] [40]. The responses were videotaped (10 min) in a
sound-proof chamber under continuous dim illumination provided by a red
lamp (100 W = 130 cd, Philips Co. Amsterdam, Netherlands).

2.4. c-Fos Immunoreactivity

c-Fos is a class of immediate-early genes expressed in response to various sti-
mulus conditions [41]. c-Fos has been shown to be expressed in a variety of
neurons responding to sensory, hormonal, neurochemical and behavioral events
such as maternal behavior, which implicates all the mentioned components.
Ninety minutes after the mother exhibited the kyphotic postures, ten lactating
dams divided into the two nutritional regimes (n = 5, undernourished, n = 5,
control), were anesthetized with 150 mg/kg sodium pentobarbital (Cheminova,
Mexico) and perfused through the heart with 150 ml of 0.9% saline followed by
150 ml of 4% paraformaldehyde (Sigma, USA) dissolved in 0.1 M sodium phos-
phate buffered saline (PBS, pH 7.4). Brains were removed and post-fixed over-
night in 4% paraformaldehyde and after in 30% sucrose in 0.1 M PBS (pH 7.4)
for 4 weeks before sectioning. We sectioned the brains in coronal segments of 40
pm and immunocytochemically processed them for c-Fos-IR in free-floating

sections.
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A) Underfeed procedure
Birth Postnatal days
GO G6 G12 G19 G21 1 24 25 90 days
V4
Mating I 100% 1 50% 1 70% I 100% | I~——x,—1 7 ¢ Matingand |
(199)  (9.5g9) (13.3g) Interchange of behavioral testing
dams (12h each) (F1 dams)
B) Behavioral testing C) c-Fos immunoreactivity
(F1 dams)
G21 90° 4 12
I _Handling shavings | 11 I F1dams |
-Crouching sacrifice days
-Retrieving pups 8 pupsl/litter TF’:/

Figure 1. Experimental design for (A) underfeed procedure, (B) Behavioral testing and
(C) c-Fos immunoreactivity.

Quantitative Analysis of Fos Activity

c-Fos immunostaining was evaluated between the appearance of the maternal
components and the initiation of suckling of pups in different brain areas of CG
and UG dams during a 10 min span at LDs 4 and 12, without previous moth-
er-litter separation. Ninety minutes after mother-litter interactions, the dams
were sacrificed under deep sodium pentobarbital anesthesia (150 mg/kg). The
brains were removed, frozen and cut into 40-um thick coronal sections using a
vibratome and then stored until processing.

The immunohistochemistry assay initiated with washed tissue with hydrogen
peroxide 3% for 10 min. The tissue section was incubated with polyclonal anti-
serum raised against the N-terminal fragment of human Fos protein (Santa Cruz
Biotechnologies CA, USA) diluted 1:1000 into PBS 1% Triton X-100 with 100 ul
of normal goat serum solution at 4°C for 48 h. The sections were washed and
incubated with biotinylated goat anti-rabbit secondary antiserum (Vector Labs
Inc. Burlingame, CA) diluted 1:400 with PBS 1% at room temperature for 2 h
and processed using the standard biotin avidin-peroxidase kit (Vectastain Labs
Inc. Burlingame, CA) for 90 min at room temperature. Tissues were sliced and
reacted with nickel chloride 3-3’ diaminobenzidine and 0.06% hydrogen pe-
roxide (DAB kit Labs Inc. Burlingame, CA). To finish, sections were washed,
mounted onto gelatin-coated slides previously dehydrated with alcohols in dif-
ferent densities, and cover slipped.

To measure the immunoreactivity of c-Fos protein, we took six random tissue
samples per structure on each diet and lactation day. We distinguished between
both hemispheres to identify possible lateralization effects. For mPFC, the tissue
was sampled between +3.20 and +1.70 of Bregma and neurons were taken from
layer III. For the BLA nucleus, the neurons were obtained between —2.30 and
—3.30 of Bregma [42]. The mPFC were positioned into a 200 x 600 um rectangle
and for BLA were positioned into a 200 x 200 um squares, and we considerate
round intense c-Fos-IR nuclei laying fully within rectangle or square according
with each structure. Sections were measured with a Leica DM7500 light micro-

scope at a magnification of 10X.
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2.5. Statistics

To compare differences in dietary treatments, ages, body weights of dams, han-
dling shavings, pup retrieval, and crouching, the following separate statistical
analyses were used. 1) The body weight differences of dams on GO vs. postpar-
tum day 1 were compared with a two-way ANOVA, 2 (nutritional regimes) x 2
(lactating days). 2) The frequency, latency and duration of handling shavings,
retrieval of pups and crouching of dams were measured with a two-way ANOVA,
2(nutritional regimes) x 2 (lactating days). Immunocytochemical results were
analyzed with a two-way ANOVA, 2 (nutritional regimes) x 2 (lactating days).
The post hoc statistical comparisons between experimental groups were com-
pared using the Fisher LSD post hoc test. In all cases, the alpha level was set at p
< 0.05.

3. Results

3.1. Effects on Body Weight of Dams

Perinatal Undernutrition Disrupted Body Weight Gain of Lactating

Dams

The ANOVA comparisons of body weight scores between GO and LD 1 showed
low body weight in the uF1 dams (F, 35 = 382.39, p < 0.0001, and interaction diet
by age (Fi3s = 8.60, p < 0.005).

3.2. Effects on the Maternal Responses

Perinatal Food Restriction Disrupted Maternal Behavioral Performance
The UG ANOVA comparisons showed significant reductions in the frequency of
handling shavings combined with crouching of dams (F, 3 = 12.73, p < 0.001),
without effects of age, and the interaction between factors. Furthermore, signifi-
cant prolonged latency of accumulated handling shavings plus crouching scores
in the UG (Fy36 = 17.42, p < 0.0001), effects of age (Fy3s = 4.43, p < 0.04), and no
interaction between factors were also obtained. Post hoc comparisons between
groups at different lactation days indicated significant reductions (p < 0.05) in
the frequency of handling shavings and crouching at LDs 4 and 12, and the total
accumulated days effect (Figure 2(A)).

Moreover, significant (p < 0.05) prolonged latencies of these same compo-
nents at LDs 4 and 12 and the total accumulated scores (Figure 2(B)) were also
observed. Comparisons between the frequency of pup retrieval by UG dams
showed significantly lower values (F3s = 15.27 p < 0.0003); no effects of age but
significant interaction diet by age (Fi3s = 4.37 p < 0.04). Post hoc comparisons
between groups showed significant (p < 0.05) reductions in the frequency of re-
trieval only at LD 12 and in the total accumulated LDs (Figure 2(C)). The
ANOVA comparisons between the latency of pup retrieval by UG dams showed
significant prolonged values (Fi3 = 31.26, p < 0.0002); effects of age (Fi3 =
25.83, p < 0.0001), and a significant interaction diet by age (F,3s = 6.69, p < 0.01).
Post hoc analysis showed significant (p < 0.05) prolonged latencies at LDs 4 and
12 and in the total accumulated days of lactation (Figure 2(D)).
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Figure 2. Mean values + SEM for the (A) frequency and (B) latencies of crouching plus handling
shavings (C + HS); (C) retrieving (Ret) frequency and (D) latencies for retrieving (Ret) of CG and UG

dams at LDs 4 and 12. Note that the frequency of responses was significantly reduced, and latencies
prolonged in the UG dams. *Post hoc comparisons on the lactating days showed significant differ-

ences between groups, p < 0.05, Fisher LSD test.

3.3. Effects on the c-Fos Immunorectivity

Neuronal c-Fos Immunoreactivity Is Affected in Underfed Lactating
Dams

The counts of the right and left mPFC were combined because no statistical dif-
ferences were observed between them. Thus, the ANOVA comparisons of c-Fos
protein, activated within the mPFC after the maternal response, showed signifi-
cantly reduced c-Fos immunolabeling in UG F1 dams (F;116 = 59.71, p < 0.0001);
reduction effects by age (Fi116 = 5.53, p < 0.020), and no interaction between
factors. Post hoc comparisons indicated that UG dams significantly (p < 0.05)
diminished c-Fos immunolabeling after maternal response exposure on LDs 4
and 12 and in the total accumulated days of lactation (Figure 3(A)).

The ANOVA comparisons of c-Fos protein, elicited within the BLA neurons
following the maternal responsiveness indicated significant attenuated c-Fos
immunolabeling in the UG F1 mothers (Fy 116 = 14.56, p < 0.0002); effects of age
(Fiue = 8.71, p < 0.003) and significant interaction between diet by age (F,116 =
45.56, p < 0.0001). Post hoc comparisons showed that UG dams significantly
reduced (p < 0.05) c-Fos immunolabeling after the maternal response on LD 4,
with significant (p < 0.05) opposite effects on LD 12 and significant (p < 0.05)
reductions in the total accumulated days of lactation (Figure 3(B)).
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Figure 3. Bilateral density of c-Fos immunolabeling at the (A) mPFC and (B) BLA on
LDs 4, 12 and total comparison. *p < 0.05. (Right) photomicrographs of Fos-IR of
representative mPFC and BLA of CG and UG groups at LDs 4 and 12 at a magnifica-
tion of 10X. Scale bar, 200 um. Note the reduction in the labeling of UG dams in the
comparisons following the pups’ exposure.

4. Discussion

Our findings indicate that pre- and neonatal undernutrition induced significant
reductions in the body weight of F1 dams between G0 and LD 1 at 90 days of age
when they were on a balanced diet and tested for maternal behavior. The pre-
natal underfeeding procedure established in FO dams included 50% to 30% of
food restriction (G6 to G20), which possibly interfered with the placenta size, its
weight and fetal nutrition as described elsewhere [43] [44]. F1 pups from PDs 1
to 24 were underfed by rotating two lactating rats, one with tied nipples, between
litters, resulting in relevant sensory deficiencies in the mother-litter interactions
and long-term behavioral consequences [20] [45]. Our underfeeding paradigm
thus provides a unique model to evaluate disrupted high or low maternal moti-
vational levels during the lactation period. Thus, in further studies current mod-
el may be challenged by the exposure to noxious, novel cues or addictive drugs
[40] [46].

Furthermore, present results indicate that early underfed F1 lactating dams
exhibited significantly lower motivational motoric activity that urges the dam to
nurture their young as reflected in reduced frequencies for handling shavings,
crouching, and retrieving pups for grouping, as well as prolonged latencies to
accomplish these maternal components. The responses maintained a consistent
expression at LDs 4 and 12 in both experimental groups; however, UG females

showed reduced maternal care compared with CG dams mainly at LD 12, possi-
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bly reflecting diminished maternal motivational levels [47]. Furthermore, be-
cause pre- and neonatal undernutrition provoked diffuse and neuronal damages
of the dendritic arbor, spine density, and perikarya measurements at different
cortical and subcortical structures underlying the maternal responses includ-
ing the mPFC and BLA neurons [15] [24] [48] [49]. In this regard, our results
could be related to the maternal motivational disruptions (ie., retrieval and
nest-building responses) in lactating dams caused by bilateral excitotoxic lesions
to the medial preoptic area (MPOA) and the bed nucleus of the stria terminalis
[28] [50]. Another point of interest concerns to the role of the stress sensitivity
of the UG dams associated with maternal separation to provoke motivational
deficiencies ameliorated by the dam rotation procedure, and a brief (1 - 2 min)
mother-litter separation that does not consistently affect maternal responsive-
ness [39]. Thus, the maternal deficiencies in the UG dams may primarily be re-
lated to the gestational food restriction, as previously reported for other types of
stress depending of social cognitive responses [45] [51]. However, further stu-
dies may be necessary to discard a possible effect of perinatal stress on the lac-
tating UG dams. Additionally, perinatal food restriction procedures affect the
cytoarchitectonic sensory organization and motoric functional brain develop-
ment including the complex motivational aspects of the maternal response.
During the lactation period, the dams’ motivation is strongly influenced by the
pups’ sensory cues. Hence, present maternal deficiencies in the maternal motiva-
tion could be related to deficient odor, sound and visuospatial discriminations of
the pups and/or dams and other environmental signals as described in studies
with perinatal food and sensory deprived dams [11] [52] [53] [54].

Current findings also indicate that UG F1 lactating dams have high deficien-
cies in c-Fos immunolabeling at LDs 4 and 12, mainly in the mPFC, with minor
effects on the neuronal activity of the BLA. These findings may be related to the
interference of sensory integration in UG dams because the reduced somatosen-
sory cues from the pups, which elicit maternal motivation for crouching, were
suboptimal and/or because of a possible deficient threshold of nursing network
activation [11] [55]. Additionally, similar studies indicated that UG dams have
severe deficiencies in their maternal behavioral performance, although they are
able to learn poorly and improve the care of the pups after the exposure to
chronic handling, an enriched sensory environment or through the experience
obtained from successive parturitions, which is consistent with the present
c-Fos-IR findings [53] [56] [57]. Furthermore, the BLA may play a role in ma-
ternal memory consolidation and provides pup-related sensory inputs to several
maternal brain areas for the activation of the mesolimbic system, which poten-
tiates the ability of BLA neurons to stimulate goal-directed maternal responses
[29] [30] [31] [32]. Present results suggest that the neuronal plasticity of the
mPFC and BLA, as parts of the limbic network underlying maternal motivation,
is differentially affected by early undernutrition (Figure 3). Although in our UG

lactating dams motivation for caring their own pups is clearly interfered, how-
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ever current findings may have several limitations to explain for instance, how
UG dams will respond when feeding healthy newborns, how the UG maternal
motivation changes by chronic fresh pups exposure, at different lactating days,
following repeated parturitions or competing with addictive drugs. Furthermore,
the use of morphometric and immunostaining markers at different motivational
relays would be of interest for future studies in this early underfeeding research
line. These findings may be useful to understand possible clinical deficiencies

that affect learning in dams and the care of the progeny.

5. Conclusion

Current maternal behavioral responses of early UG lactating dams reflected the
long-term interference with the neuronal integrative processes underlying the
care and survival of the newborns. Furthermore, early underfed dams have defi-
ciencies of Fos-I neurons, mainly in the mPFC and with minor effects on BLA
activity, possibly because the pups’ cues to elicit maternal motivation were sub-
optimal and/or because of the deficient nursing network activation. Our findings
suggest that the maternal circuitry plasticity of UG dams during the pre- and
neonatal stages was insufficient for the integration of cognitive processes such as

maternal motivation for the care of the progeny.
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