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Abstract

In the rat, perinatal undernutrition associated with deficiencies in the mother-
litter interactions, interferes with cortical subcortical networks underlying
swimming and kyphotic responses of lactating dams. For swimming experi-
ment, food restriction was achieved by separating pups from the mother (12 h
daily) in an incubator from ages P4 - 13. Moreover, for kyphotic response,
food intake was reduced from gestational day 6 (G6) with 50% (9.5 g) of the
normal diet (Purina chow), from G13 to G19 with 70% (13.3 g), and with 100%
(19 g) of the same diet until parturition. After birth, prenatally underfed pups
were rotated between litter of two lactating dams, one with ligated nipples, for
12 h daily between ages of P2 - 25. We evaluated swimming maturation and
the kyphotic posture of dams by exposing pups, correlated with their tentative
cervical and lumbosacral spinal cord descending integrative mechanisms.
Current findings suggest that the pattern of the spinal cord substrates in both
behavioral responses affected by early undernutrition, changed according to
the future complexity of the functional and incoming environmental sensory
information.
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1. Introduction

During the rat’s nursing period, the mother promotes neuronal networks devel-
opment in the young to integrate the increasing multimodal sensory activity prop-
agated through ascending brain relays, which also maintain maternal care activity

for pup survival and breeding. Thus, the lactating mother provides relevant olfac-
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tory, tactile, thermal, and vestibular stimulation to the pups through body and
anogenital licking, retrieval, whisking, and body manipulation [1]-[4]. Further-
more, maternal-like responses also activate ancient neuronal networks, concen-
trated in cortical and subcortical brain regions that we share with other species to
elicit autonomic, motivational, and cognitive states [5]-[8].

In perinatally underfed rats, neuroanatomical and neurophysiological studies
have shown deficiencies in sensory development and their interconnections with
the neocortex, limbic structures, brainstem, and spinal motor neurons of lactating
dams, interfering with pups’ retrieval, nest building, kyphotic posture, motivation
and emotional responses directed to the newborn [8]-[13]. Therefore, we hypoth-
esize that the descending deficient sensory influences could be acting differently
on the substrate of two behavioral responses, such as swimming and the kyphotic
nursing response, by using different morphological and functional spinal cord
mechanisms. Thus, nerve impulses for swimming follow a simple route of reduced
superior corticospinal motoneurons generally underlying critical somatic move-
ments, and the activation of a brainstem neuronal network for posture and body
equilibrium [14]. Moreover, the nerve impulses for the maternal kyphotic re-
sponse follow a more complex network including superior corticospinal moto-
neurons and subcortical neurons to modulate nursing posture, motivation, and
emphatic emotional reactivity directed to the newborns [4] [8] [15]-[17]. The aim
and relevance of the current study were to investigate whether the functional pat-
terns of the spinal cord substrate in both behavioral responses of early underfed
rats, are differentially reorganized according to the complexity of the incoming

sensory information.

2. Undernutrition and Swimming Maturation

2.1. Animals and Experimental Design

Swimming ability was normally fed by infant rats from 4 - 30 days of age and in
adulthood (120 days), and in rats that were chronically starved and tested for
swimming in an aquarium. Chronic starvation was by maintaining the infant rats
separated from the mother and littermates in an incubator at 29°C for a period of
12 hr. daily from 4 - 13 days of postnatal life (PD). Day 4 was the first day of the
starvation period. The evaluation of swimming was according to the position of
the nose and movements of front legs during 5 - 10 sec in an aquarium as previ-
ously described [18].

2.2. Results

The findings showed that before 4 days of age both experimental groups were un-
able to swim. They exhibited uncoordinated movements, floating motionlessly or
entirely submerged under the water with hypertensive reflex activity. From days
4 - 12 both experimental groups swam in circles overlapping with floating activity.
From 11 days of age onward, the rats gradually maintained their nose and a part

of their head out of the water as adults. At this developmental age, rats started to
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swim in a straight line, although overlapping with occasional rotating movements.
After 12 days of age, the straight-line movements were consistent as in adult rats.
In the early starved rats, maturation of swimming performance as measured by
the nose and head position out of the water and the gradual decrease of front
flexor-extensor foreleg activity were 2 - 3 days delayed as compared to controls.
The high sensitivity of nervous tissue during critical periods of maturation and
the relationship between undernutrition and the development of patterns of
movement during swimming were directly associated with the sequence of brain
development (Figure 1). During the first 7 PDs, there is a low or no response to
hypothermia or brief periods of maternal separation as stressors [19]. Subse-
quently, the water of the aquarium was visually mixed with the fecal material of
swimming rats, suggesting the activation of the neuronal substrate triggering the

autonomic response to stress that gradually increased with age [17].
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Figure 1. A. Nose position during swimming in normal and underfed rats at different ages. Each point in the graphs indicates
the average of thirty-two values. B. Front paw activity changes during development of control and underfed rats. Horizontal
lines in A and B show the stabilization days for swimming rats. *Points differing from controls at a level of significance of p

< 0.05.

2.3. Discussion

The current findings provide evidence that chronic undernutrition affects the de-
velopment of neuronal networks, underlying the complex neuromuscular adap-
tive mechanisms involved in swimming. In rats, swimming appears to be purely
reflexive in lower mammals [15]. However, other studies have shown that swim-
ming in rats is modulated by the wide interactions between the somatosensory
cortex, labyrinthine, and cerebellum. Thus, the neuronal descending impulses
from the motor cortex modulate space orientation, posture, voluntary movements
and equilibrium. Furthermore, the vestibular nuclei have excitatory and inhibi-
tory influences projecting to the cervical and lumbosacral motoneurons, underly-
ing the space position of the head and limbs [16] [20] [21]. These functional defi-
ciencies in swimming development associated with early undernutrition are sup-

ported by reduced corticospinal tract myelination, number of spines, basilar den-

DOI: 10.4236/jbbs.2025.155006

107 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2025.155006

M. Salas et al.

dritic density, and dendritic thickness alterations in the pyramidal cells of layer V
of the frontal cortex, Purkinje neuronal hypotrophy, and the altered electrical so-
matosensory responses elicited by the sciatic nerve electrical stimulation [22]-
[24]. Thus, in the experimental model of swimming, early undernutrition inter-
feres mainly with the direct descending cortical nerve impulses transmitted
through one or two synaptic relays, to modulate spinal motoneurons and move-
ments activity [17] [25] [26].

3. Kyphotic Response of Lactating Dams
3.1. Kyphotic Posture

During nursing behavior, the kyphotic posture shown by dams after birth is fun-
damental for the nutrition, development, and protection of pups in the nest, grad-
ually declining before weaning [27]. Thus, ventral somatosensory stimulation
provided by pup’s activity elicits in the nursing dam quietness or immobility, bi-
lateral symmetry, hyperextended limbs with the ventral part of the trunk over the
pups, and a pronounced arching back mainly modulated by the midbrain caudal
periaqueductal gray ventrolateral column (cPAGvl) projections [28]. Further-
more, in previous studies the role of perioral and ventral-trunk somatosensory
stimulation of dams by pups was reduced by injections of lidocaine into the mys-
tacial pads of pups or by the occlusion of the dam’s ventrum with a full spandex
jacket [29]. Compared with nursed inexperienced dams, early underfed pups
showed longer latencies for suckling than controls that exhibited short latencies
for nursing. Studies in neonatally undernourished dams with daily early separa-
tion for 12-h from half of the litter (placed in an incubator) along postnatal day 1
- 23, or with nipple ligation showed that underfed dams spent significantly re-
duced time crouching over the pups [30] [31]. However, these studies did not re-
flect neuronal evaluations on the types of nursing postures, and the modulatory
mechanisms that affect the pup’s development. Based on these antecedents, it may
be helpful to use the immunocytochemical nuclear protein c-Fos elicited by im-
mediate early gene c-Fos as a marker of cPAGvl neuronal activity for nursing fol-

lowing the exposure of pups to well-fed or early underfed mothers [32].

3.2. Methods

Perinatal undernutrition was achieved firstly in rats by reducing the percentage of
food intake from gestational day 6 (G6) with 50% (9.5 g) of the normal diet (Pu-
rina chow), from G13 to G19 with 70% (13.3 g), and with 100% (19 g) of the same
diet until parturition. This protocol was chosen because neurogenesis in the cor-
tical and subcortical maternal circuit and afferent connectivity occurs mainly
from day G21. At birth, prenatal underfed female young were fed by two gesta-
tionally underfed dams, in one of which the main galactophorous ducts had been
tied subcutaneously. The two lactating dams were interchanging every 12 h be-
tween litters from PDs 1 to 24. Maternal tests were evaluated on PDs 4 and 12

when maternal activity was highly expressed [27].

DOI: 10.4236/jbbs.2025.155006

108 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2025.155006

M. Salas et al.

3.3. Results

The ANOVA comparisons between controls (CG) and underfed (UG) groups
showed that the duration of the high kyphotic posture (ventro-flexion) in UG
dams decreased significantly, F (1, 14) = 13.18, p < 0.002; with no effects of age
but with significant interaction between factors, F (1, 14) = 11.96, p < 0.003. Post
hoc comparisons indicated that UG dams significantly reduced the duration of
this behavioral component only on PD 12 of lactation. In the case of low kyphotic
posture, the ANOVA comparisons did not indicate significant differences or a
significant interaction between factors. The post hoc comparisons throughout the
study did not indicate statistical differences between the experimental groups
(Figure 2). The evaluation of the c-Fos protein, activated within the cPAGvI after
suckling stimuli, indicates that the ANOVA comparisons between groups showed
significantly reduced c-Fos immunolabeling in UG dams, F (1, 32) = 476.52, p =
< 0.0001, due to age, F (1, 32) = 14.30, p < 0.0006, suckling behavior, F (1, 32) =
4514.43, p = 0.0001 and interaction between factors, F (1, 32) = 7.79, p < 0.008.
Post hoc comparisons showed that UG dams significantly reduced c-Fos immu-

nolabeling after a suckling period on PDs 4 and 12 of lactation.
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Figure 2. A. Mean (+SEM) of high kyphotic posture duration in CG and UG dams on PDs
4 and 12. B. Mean low kyphotic posture. Note that high kyphotic posture in UG mothers
significantly reduced on PD12 vs. CG dams *p < 0.001. Low kyphotic posture was not sig-
nificant during lactation. (12 = 8 per condition).

3.4. Discussion

Present findings indicate that lactating dams with pre- and neonatal undernutri-
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tion showed significant reductions in the kyphotic posture and nest rating scores
durations after suckling, which reflect deficiencies in the social mother-litter
bonds early in lactation. Furthermore, the dam’s kyphotic alterations may result
in significant decrements in the pups’ activity, because of the reduction on weight
gain, the delayed morpho-functional activity of muscle fibers in the newborn of
UG dams, and/or the long-term alterations in the kyphotic mechanisms of the UG
dams. The diminished outlet somatosensory stimulation provoked by the off-
spring of UG dams, may interfere with the expression of Fos IR at the brainstem

cPAGv], to influence spinal cord motoneurons activity [4].

4. Tentative Spinal Cord Mechanisms

4.1. Effects of Sensory Experience on Swimming Response

The anatomical and functional impairments on swimming development of early
underfed rats are associated with delayed corticospinal tract myelination, reduced
spines and basilar dendritic thickness of layer V pyramidal cells of the frontal cor-
tex and Purkinje neuronal hypotrophy. Moreover, altered electrical somatosen-
sory responses elicited by the sciatic nerve stimulation suggest reduced interac-
tions and disorders in neuronal plasticity and experience. However, swimming
performance deficiencies seem to be compensated from PD 25 onwards possibly
by nutritional and neuronal rehabilitation. Taking together these findings, we sug-
gest that the pattern of the reflex activity of the spinal cord substrate of underfed
rats for swimming is reorganized according to the incoming environmental sen-

sory information.

4.2. Effects Sensory Experience on the Kyphotic Response

Swimming and kyphotic activities have in common that their brain functional
output occurs at the cervical and lumbosacral spinal cord motoneurons, before
they impact the striatal musculature underlaying adaptive environmental re-
sponses. In this regard, electrophysiological studies in cats have measured the re-
flex activity of the spinal stretch reflexes, by means of chronic long standing te-
notomy or by spastic contralateral sensory-motor cortex injury. Thus, in adult
animals, the electrical stimulation of afferent fibers to the L7 anterior root fibers
of the lateral gastrocnemius is more efficient in evoking the monosynaptic reflex
discharge. The temporal course of the excitability curve in the motor nucleus was
measured by using the average magnitude of conditioned monosynaptic test re-
flexes at each interval, between conditioning and test stimulations. The variations
of the excitability of intact animals showed a curve that describes the declining
time course of direct facilitation as previously described [33]. The hyperactivity of
the spinal reflexes following three-month spasticity showed a biphasic descending
electrical potential with increased excitability, perhaps reflecting plastic neuronal
sensory accumulated experience [34]. Similar experiments were performed to
study the effects of reduction in stretch reflex activity, and experience following

the gastrocnemius tenotomy. The results indicated that long-term tenotomy pro-
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vokes a declining excitability curve of neuronal facilitation. Moreover, in other
experiments when a gastrocnemius tenotomy was introduced after fifteen days of
previous spasticity, the effects of the conditioning afferent volleys provoked only
a facilitatory declining curve. These last experimental findings suggest that the
effects of the reduction in stretch reflex activity are independent of the degenerat-
ing pyramidal tract effects [34]. The study of the plastic changes occurring in a
simple neuronal system associated with early undernutrition may be useful for a
better understanding of the developmental mechanisms underlying the functional
output of the integrated brain activity contributing to the maturation of kyphotic

response in lactating dams.

4.3. Effects of Early Undernutrition and Stress on Swimming and
Kyphotic Responses

Experimental studies in rats isolating pups from the mother in an incubator or by
rotating between litters two lactating dams, one with ligated-nipples, for a 12 h
daily between ages of P2 - 25, interfere with the programming of the hypotha-
lamic-hypophysial-adrenal axis (HPA), which as a stressor restricts the neuroan-
atomy, neurochemistry, and behavioral adaptive responses [35]. Preliminary re-
sults on the effects of stressful conditions on swimming disorders indicate that
during the first 7 PDs there is a low or no response to hypothermia or brief periods
of maternal separation as stressors [19]. Subsequently, the water of the aquarium
was visually mixed with the fecal material of swimming rats, suggesting the acti-
vation of the neuronal substrate triggering the autonomic response to stress grad-
ually increased with age affecting the brain substrate underlying swimming mo-
toric responses. Several studies on the impacts of early undernutrition upon the
behavior of stressed lactating dams indicated consistently increased stressful self-
grooming activity [30]. Current findings indicate that the kyphotic response was
correlated with the derangement of a very complex neuronal network that severely
interferes with the social mother-litter bonds, and their long-lasting effects dis-
turbing movement activities, posture, affective, and autonomic responses in adult-
hood [4] [36] [37]. However, further studies using several models of food re-
striction, exposure to different stress manipulation, and evaluating the stressful
impacts with neurochemicals approaches are necessary for a better understanding

of the mechanisms underlying the adaptive behavioral responses.

5. Conclusion

In rats, perinatal undernutrition associated with deficient mother-young bonds
interferes with cortical-subcortical networks underlying swimming and kyphotic
responses. We compare the impacts of early food restriction on the limited mor-
pho-functional organizations of swimming, with the complex cortical-subcortical
descending pathways for social kyphotic response of lactating dams. Current find-
ings suggest that the functional patterns of the spinal cord substrate in both be-

havioral responses of early underfed rats are reorganized according to the com-
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plexity of the incoming sensory information. Moreover, early in life, exposure to

stressful environmental factors increases the vulnerability to several brain disor-

ders concerning adult brain functional plasticity.

Acknowledgements

The authors thank Jessica Gonzalez Norris for editorial assistance and helpful sug-

gestions.

Conflicts of Interest

The authors declare no conflict of interest regarding this work.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(10]

(11]

Teicher, M.H. and Blass, E.M. (1977) First Suckling Response of the Newborn Albino
Rat: The Roles of Olfaction and Amniotic Fluid. Science, 198, 635-636.
https://doi.org/10.1126/science.918660

Brouettelahlou, I., Godinot, F. and Vernetmaury, E. (1999) The Mother Rat’s Vomer-
onasal Organ Is Involved in Detection of Dodecyl Propionate, the Pup’s Preputial
Gland Pheromone. Physiology & Behavior, 66, 427-436.
https://doi.org/10.1016/s0031-9384(98)00334-5

Febo, M., Stolberg, T.L., Numan, M., Bridges, R.S., Kulkarni, P. and Ferris, C.F.
(2008) Nursing Stimulation Is More than Tactile Sensation: It Is a Multisensory Ex-
perience. Hormones and Behavior, 54, 330-339.
https://doi.org/10.1016/j.yhbeh.2008.02.024

Salcedo, C., Torrero, C., Regalado, M., Rubio, L. and Salas, M. (2018) Effects of Pre-
and Neonatal Undernutrition on the Kyphotic Response and C-Fos Activity in the
Caudal Periaqueductal Gray of Primiparous Lactating Wistar Rats. Physiology & Be-
havior, 185, 87-94. https://doi.org/10.1016/j.physbeh.2017.12.020

Groenewegen, H.J. and Uylings, H.B.M. (2000) The Prefrontal Cortex and the Inte-
gration of Sensory, Limbic and Autonomic Information. Progress in Brain Research,
126, 3-28. https://doi.org/10.1016/s0079-6123(00)26003-2

Numan, M. (2006) Motivational Systems and the Neural Circuitry of Maternal Be-
havior in the Rat. Developmental Psychobiology, 49, 12-21.
https://doi.org/10.1002/dev.20198

Ahmed, A.O. and Buckley, P.F. (2013) The Archaeology of Mind: The Neuroevolu-
tionary Origins of Human Emotions, by Jaak Panksepp and Lucy Biven. Journal of
Nervous & Mental Disease, 201, 719-720.
https://doi.org/10.1097/nmd.0b013e31829c50e6

Panksepp J, and Biven L. (2012) The Archeology of Mind Neuroevolutionary: Origins
of Human Emotions. WW. Norton & Company.

Salas, M., Torrero, C. and Regalado, M. (2024) Maternal Behavioral Disorders Asso-
ciated with Neuronal Changes in the Lateral Habenula of Pre and Neonatally Under-
fed Rats. eNeurobiologia, 15, 1-13. https://doi.org/10.25009/eb.v15i37.2630

Smart, J.L. (1976) Maternal Behaviour of Undernourished Mother Rats Towards Well
Fed and Underfed Young. Physiology & Behavior, 16, 147-149.
https://doi.org/10.1016/0031-9384(76)90298-5

Yamamuro, Y. and Sensui, N. (2000) Maternal Behavior and Emotional Status of

DOI: 10.4236/jbbs.2025.155006

112 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2025.155006
https://doi.org/10.1126/science.918660
https://doi.org/10.1016/s0031-9384(98)00334-5
https://doi.org/10.1016/j.yhbeh.2008.02.024
https://doi.org/10.1016/j.physbeh.2017.12.020
https://doi.org/10.1016/s0079-6123(00)26003-2
https://doi.org/10.1002/dev.20198
https://doi.org/10.1097/nmd.0b013e31829c50e6
https://doi.org/10.25009/eb.v15i37.2630
https://doi.org/10.1016/0031-9384(76)90298-5

M. Salas et al.

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

Mother Rats at Different Stages of Lactation. Nihon Chikusan Gakkaiho,71,208-213.
https://doi.org/10.2508/chikusan.71.208

Torrero, C., Regalado, M., Rubio, L. and Salas, M. (2014) Effects of Neonatal Under-
nutrition on Development of the Dorsolateral Prefrontal Cortex Pyramidal Cells in
the Rat. Journal of Behavioral and Brain Science, 4, 49-57.
https://doi.org/10.4236/jbbs.2014.41007

Salas, M., Torrero, C., Regalado, M. and Rubio, L. (2015) Effects of Perinatal Under-
nutrition on the Basilar Dendritic Arbor of the Anterior Cingulate Pyramidal Neu-
rons in Lactating Dams. Acta Neurobiologiae Experimentalis, 75, 372-380.
https://doi.org/10.55782/ane-2015-2042

Ortiz-Valladares, M., Torrero, C., Regalado, M. and Salas, M. (2018) Late-Emerging
Effects of Perinatal Undernutrition in Neuronal Limbic Structures Underlying the
Maternal Response in the Rat. Brain Research, 1700, 31-40.
https://doi.org/10.1016/j.brainres.2018.06.033

Vinay, L., Brocard, F., Pflieger, J., Simeoni-Alias, J. and Clarac, F. (2000) Perinatal
Development of Lumbar Motoneurons and Their Inputs in the Rat. Brain Research
Bulletin, 53, 635-647. https://doi.org/10.1016/s0361-9230(00)00397-x

Dow, R.S. and Moruzzi, G. (1958) The Physiology and Pathology of the Cerebellum.
University of Minneapolis Press.

Wilson, V.J. and Yoshida, M. (1969) Bilateral Connections between Labyrinths and
Neck Motoneurons. Brain Research, 13, 603-607.
https://doi.org/10.1016/0006-8993(69)90271-6

Takahashi, S., Tanaka, H. and OKi, J. (1999) Development of Spinal Motoneurons in
Rats after a Neonatal Hypoxic Insult. Pediatric Neurology, 21, 715-720.
https://doi.org/10.1016/s0887-8994(99)00080-6

Salas, M. (1972) Effects of Early Malnutrition on the Development of Swimming Abil-
ity in the Rat. Physiology & Behavior, 8, 119-122.
https://doi.org/10.1016/0031-9384(72)90137-0

Schapiro, S., Salas, M. and Vukovich, K. (1970) Hormonal Effects on Ontogeny of
Swimming Ability in the Rat: Assessment of Central Nervous System Development.
Science, 168, 147-151. https://doi.org/10.1126/science.168.3927.147

Gernandt, B.E. and Gilman, S. (1959) Descending Vestibular Activity and Its Modu-
lation by Proprioceptive, Cerebellar, and Reticular Influences. Experimental Neurol-
ogy; 1, 274-304. https://doi.org/10.1016/0014-4886(59)90005-6

Salas, M. and Cintra, L. (1973) Nutritional Influences Upon Somatosensory Evoked
Responses during Development in the Rat. Physiology & Behavior, 10, 1019-1022.
https://doi.org/10.1016/0031-9384(73)90182-0

Salas, M., Di’az, S. and Nieto, A. (1974) Effects of Neonatal Food Deprivation on Cor-
tical Spines and Dendritic Development of the Rat. Brain Research, 73, 139-144.
https://doi.org/10.1016/0006-8993(74)91012-9

McConnell, P. and Berry, M. (1978) The Effect of Refeeding after Neonatal Starvation
on Purkinje Cell Dendritic Growth in the Rat. Journal of Comparative Neurology,
178, 759-772. https://doi.org/10.1002/cne.901780410

Joosten, E.A.J., Gribnau, A.A.M. and Dederen, P.JW.C. (1987) An Anterograde
Tracer Study of the Developing Corticospinal Tract in the Rat: Three Components.
Developmental Brain Research, 36, 121-130.
https://doi.org/10.1016/0165-3806(87)90070-8

Purves, D., Augustine, G.J., Fitzpatrick, D., Hall, W.C., Lamantia, A.S. and White,

DOI: 10.4236/jbbs.2025.155006

113 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2025.155006
https://doi.org/10.2508/chikusan.71.208
https://doi.org/10.4236/jbbs.2014.41007
https://doi.org/10.55782/ane-2015-2042
https://doi.org/10.1016/j.brainres.2018.06.033
https://doi.org/10.1016/s0361-9230(00)00397-x
https://doi.org/10.1016/0006-8993(69)90271-6
https://doi.org/10.1016/s0887-8994(99)00080-6
https://doi.org/10.1016/0031-9384(72)90137-0
https://doi.org/10.1126/science.168.3927.147
https://doi.org/10.1016/0014-4886(59)90005-6
https://doi.org/10.1016/0031-9384(73)90182-0
https://doi.org/10.1016/0006-8993(74)91012-9
https://doi.org/10.1002/cne.901780410
https://doi.org/10.1016/0165-3806(87)90070-8

M. Salas et al.

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

L.E. (2016) Neurociencia. Fifth Edition, Panamericana.

Grota, L.J. and Ader, R. (1969) Continuous Recording of Maternal Behaviour in Rat-
tus Norvegicus. Animal Behaviour, 17, 722-729.
https://doi.org/10.1016/s0003-3472(69)80019-9

Lonstein, J.S. and Stern, ].M. (1997) Somatosensory Contributions to C-Fosactivation
within the Caudal Periaqueductal Gray of Lactating Rats: Effects of Perioral, Rooting,
and Suckling Stimuli from Pups. Hormones and Behavior, 32, 155-166.
https://doi.org/10.1006/hbeh.1997.1416

Morgan, H.D., Fleming, A.S. and Stern, .M. (1992) Somatosensory Control of the
Onset and Retention of Maternal Responsiveness in Primiparous Sprague-Dawley
Rats. Physiology & Behavior, 51, 549-555.
https://doi.org/10.1016/0031-9384(92)90178-5

Salas, M., Torrero, C. and Pulido, S. (1984) Long-Term Alterations in the Maternal
Behavior of Neonatally Undernourished Rats. Physiology & Behavior, 33, 273-278.
https://doi.org/10.1016/0031-9384(84)90111-2

Salas, M., Regalado, M. and Torrero, C. (2001) Recovery of Long-Term Maternal Be-
havioral Deficiencies of Neonatally Underfed Rats by Early Sensory Stimulation: Ef-
fects of Successive Parturitions. Nutritional Neuroscience, 4, 311-322.
https://doi.org/10.1080/1028415x.2001.11747371

Lonstein, J.S., Simmons, D.A., Swann, J.M. and Stern, J.M. (1997) Forebrain Expres-
sion of C-Fos Due to Active Maternal Behaviour in Lactating Rats. Neuroscience, 82,

267-281. https://doi.org/10.1016/s0306-4522(97)00283-2

Lloyd, D.P.C. (1946) Facilitation and Inhibition of Spinal Motoneurons. Journal of
Neurophysiology, 9, 421-438. https://doi.org/10.1152/jn.1946.9.6.421

Guzman-Flores, C., Pacheco, P., Salas, M. and Alcaraz, M. (1964) Some Data for a
Neuro-Physiological Model of Learning. In Feedback Systems Controlling Nervous

Activity, Sociedad Mexicana de Ciencias Fisiologicas, 117-126.

Ayala-Moreno, R., Racotta, R., Anguiano, B., Aceves, C. and Quevedo, L. (2013) Per-
inatal Undernutrition Programmes Thyroid Function in the Adult Rat Offspring.
British Journal of Nutrition, 110, 2207-2215.
https://doi.org/10.1017/s0007114513001736

Andersen, S.L. (2019) Stress, Sensitive Periods, and Substance Abuse. Neurobiology
of Stress, 10, Article ID: 100140. https://doi.org/10.1016/j.ynstr.2018.100140
Sarabdjitsingh, R.A., Loi, M., Joéls, M., Dijkhuizen, R.M. and van der Toorn, A.
(2017) Early Life Stress-Induced Alterations in Rat Brain Structures Measured with
High Resolution MRI. PLOS ONE, 12, e0185061.

https://doi.org/10.1371/journal.pone.0185061

DOI: 10.4236/jbbs.2025.155006

114 Journal of Behavioral and Brain Science


https://doi.org/10.4236/jbbs.2025.155006
https://doi.org/10.1016/s0003-3472(69)80019-9
https://doi.org/10.1006/hbeh.1997.1416
https://doi.org/10.1016/0031-9384(92)90178-5
https://doi.org/10.1016/0031-9384(84)90111-2
https://doi.org/10.1080/1028415x.2001.11747371
https://doi.org/10.1016/s0306-4522(97)00283-2
https://doi.org/10.1152/jn.1946.9.6.421
https://doi.org/10.1017/s0007114513001736
https://doi.org/10.1016/j.ynstr.2018.100140
https://doi.org/10.1371/journal.pone.0185061

	Behavioral Complexity of Perinatally Underfed Lactating Rats: The Case of Swimming and Kyphotic Responses
	Abstract
	Keywords
	1. Introduction
	2. Undernutrition and Swimming Maturation
	2.1. Animals and Experimental Design
	2.2. Results
	2.3. Discussion

	3. Kyphotic Response of Lactating Dams
	3.1. Kyphotic Posture
	3.2. Methods
	3.3. Results
	3.4. Discussion

	4. Tentative Spinal Cord Mechanisms
	4.1. Effects of Sensory Experience on Swimming Response
	4.2. Effects Sensory Experience on the Kyphotic Response
	4.3. Effects of Early Undernutrition and Stress on Swimming and Kyphotic Responses

	5. Conclusion
	Acknowledgements
	Conflicts of Interest
	References

