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ABSTRACT 

In the neonatal rat, the olfactory system is a fundamental channel to locate and recognize the mother, to survive and 
develop early social behavior, and to distinguish related or unrelated members of a litter. Perinatal undernutrition in rats 
alters the neuronal organization and functioning of the olfactory system and its ascending relays, possibly affecting odor 
discrimination. In this study we compared the frequency and time spent visiting the source of urine obtained from unre-
lated female subjects and amyl acetate odors vs water in adult perinatally underfed rats. Each test initiated with one 
daily presentation during three consecutive aliquots of deionized water (10 μl) placed on a filter paper for 2 min, sepa-
rated by 1-min intervals for habituation. The water presentations were followed by three exposures to an odor, all at the 
same dilution (either 1:1 or 1:80) for dishabituation. Control (C) and undernourished (U) subjects display similar, sig-
nificant habituation/dishabituation responses, except that the U subjects showed greater increases in the frequency and 
duration of visits to undiluted and diluted urine and amyl acetate cues compared to the controls. These findings are 
similar to previous studies showing that adult rats investigate novel odors longer than the familiar ones. Thus, perinatal 
undernutrition appears to interfere with the foundation of the olfactory development causing long-term olfactory dis-
crimination deficits as revealed by the increased frequency and duration of visits to the source of odors that may be 
relevant for social behavior. 
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1. Introduction 

In altricial animals like the rat, neonatal food intake 
mainly depends on olfactory and gustatory environ-
mental signals during early mother-litter interactions that 
permit the learning nipple attachment by rat pups that are 
unable to execute coordinated movements, to see or to 
hear until the second week of life [1-3]. In the newborn 
rat the nipple attachment to the mother is prenatally initi-
ated when the foetus is exposed to the amniotic fluid 
components, and after birth when the mother spreads the 
saliva material on its ventrum to facilitate nipple attach-
ment and milk ingestion [4-6]. When ear and eye-open- 
ing occur and motor activities improves, the olfactory 
learning associated with maternal odor expands and the 
maternal or the environmental olfactory stimuli become 
paired with tactile, auditory and visual cues outside the 
nest to promote olfactory experience throughout the 
pre-weaning period and thereafter in adult social interac-
tions [4,7,8]. During the pre-weaning period the preco-
cious physiological ability of newly born rats is concur-
rent with a notorious anatomical and functional immatur-  

ity of the olfactory channel (e.g. glomeruli, mitral/tufted 
output cells, granule neurons, amygdala nuclei, etc.) that 
nevertheless seems to be sufficient for early olfactory 
discrimination for survival [3,9-12]. 

In the rat undernourishment throughout gestation and/ 
or suckling provokes delayed sensory maturation and 
permanent central nervous system (CNS) alterations, in- 
cluding the cerebral cortex, amygdala, hippocampus and 
the nucleus of the solitary tract [13-17]. Additionally, 
neonatal undernutrition decreases the total neonatal area 
of the olfactory bulb (OB), reduces the glomeruli size, 
and causes poor dendritic development of mitral cells, 
with few changes in the perikarya measurements [10]. 
These alterations are associated with prolonged OB post- 
discharges elicited by electrical stimulation, suggesting 
that granule neurons that modulate mitral discharges are 
also affected [16,18,19]. There is clear evidence of ol-
factory anatomical alterations associated to perinatal un-
dernutrition; however, it is not known whether these al-
terations interfere with odor discrimination in long-term 
olfactory-guided behavior. 

In this study we evaluate the olfactory ability of male 
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adult Wistar rats that had been perinatally underfed; we 
found that these rats were less able than controls to dis-
criminate unrelated urine and amyl acetate vs water, 
which may correlate with the olfactory neuronal relay 
alterations commonly seen in early starved rats. 

2. Methods 

2.1. Animals 

Experiments were approved by Local Animal Commit-
tees and comply with the Guide for the Care and Use of 
Laboratory Animals (NIH). Subjects were female Wistar 
rats (Rattus norvegicus) bred from a laboratory stock 
maintained at the Institute of Neurobiology University 
of Mexico, which derived from a stock from Harlan Spra- 
gue-Dawley (Indianapolis, IN, USA). Animals were 
maintained in a 12/12-h light/dark cycle under standard 
regulated conditions of temperature 24˚C ± 2˚C, humid-
ity (45% - 50%) and with food (Purina chow) and water 
ad libitum. For mating groups of six females with two 
males (200 - 250 g) per experimental condition were 
housed in standard, translucent plastic cages (60 × 50 × 
20 cm3). Sperm positive females were placed indi-
vidually in plastic maternity cages (50 × 40 × 20 cm3) 
with wood shavings as nesting material. The day after 
birth (day 1 of age), pups from different litters were 
weighed and sexed, and four females and four males 
from each litter were randomly distributed among 
dams in order to minimize genetic and nutritional dif-
ferences and to give them similar probability of devel-
opment. 

2.2. Control Group (CG) 

This group consisted of 24 adult male rats obtained from 
6 well-nourished litters, nursed by well-fed dams with 
free access to food (Purina chow) and water throughout 
the gestation. After birth, CG rats were fed by inter-
changing a pair of normally lactating females (one of 
them with a sham nipple ligature) every 12 h (at 0800 
and 20:00 h) between the litters as described elsewhere 
[12]. This experimental paradigm permits adequate nurs- 
ing of pups and care given by the mother (body licking, 
retrieving, anogenital stimulation, crouching position 
over the pups, etc.), when the mothers were interchanged 
between litters [20]. This experimental paradigm attenu-
ates the effects of sensory deprivation that commonly 
accompanies similar underfeeding methods [21]. 

2.3. Undernourished Group (UG) 

This group contained 24 adult male rats obtained from 6 
different litters. The dams were undernourished during 
the gestational period. Thus, from G6 - G12 mothers 
where fed with 50% (7.8 g) of the standard diet (Purina 

chow) that receive a normal pregnant rat; from G13 - 
G18 with 60% (10.9 g), and from G19 - G21 with 100% 
(15.6 g) of the same diet until parturition to avoid 
re-absorption of the fetus or cannibalism by the dam [12]. 
The standard diet contains lipids (59.81%), carbohy-
drates (12.3%), and proteins (28.04%); L-lysine repre-
sents 1.42% of the diet, an amount that surpasses the 
normal 1.38% nutritional requirement for the rat. The 
normal diet for an adult female rat was calculated to 
contain 89.31 kcal per day. The calorific content calcu-
lated for this diet was 89.31 kcal per day for a normal 
adult diet. This feeding schedule was chosen because 
most of the OB neurogenesis occurred prenatally [22]. 
After birth, prenatally undernourished pups were nursed 
for 12 h by a normal lactating mother and 12 h by a sub- 
cutaneously nipple ligated foster dam, interchanged ev- 
ery 12 h between litters from postnatal days 1 - 24. Ani-
mals from both groups were weighed at 1, 5, 12, 20 and 
30 days of age to evaluate the effects of dietary treat-
ments on neonatal physical development, and again at 87, 
92, 99, and 102 days of age to determine if long-term 
body weight differences were still present during the 
behavioral testing. Weaning was at day 25 of age, fol-
lowed by free access to water and a balanced diet. 

2.4. Odor Exposure 

Olfactory discrimination tests started on day 87 of age, 
using urine obtained from litters of unrelated females 
(four adult female rats that were between proestrus or 
estrus) subjects submitted to the same dietary conditions 
in order to motivate and discard the effects of diet to the 
olfactory discrimination of males [23,24]. In any case 
urine from lactating females was used. Two or three days 
before the experiment the urine donors were gently ma-
nipulated by the experimenter for 5 min to minimize the 
effects of stress and habituate them to the recording 
chamber [25]. Thereafter, urine was collected by holding 
the rat and gently massaging its lower abdomen until 
drops of urine were released. Urine was obtained with 
the aid of a pipette and dropped into a glass tube to ob-
tain samples not contaminated with fecal matter. The 
urine was collected in tubes using a funnel, and were 
pooled and mixed by vortexing, 100 µl aliquots of urine 
were stored at –20˚C until the day of use. Before the be-
havioral testing session ach aliquot of urine was thawed 
for 30 min and dilutions prepared 1:1 (undiluted) and 
1:80 (1 µl of urine + 79 µl of water) by using deionized 
water. Similarly two dilutions of amyl acetate (AA) (1:1 
and 1:80) were also prepared. All olfactory discrimina-
tion tests were performed between 1000 and 1300 h, be-
ginning with the exposure to urine, followed by amyl 
acetate, and the next day the odors were presented in 
reverse order. This procedure attempts to counterbalance 
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a possible stimulus order effect that may influence the 
results. 

Subjects were transported in a plastic box (40 × 50 × 
20 cm3) without bedding or food and placed into a sound 
proof camera kept in darkness with red light illumination 
(60 W), and separated from the ambient noise of the 
main laboratory. After a 3 min, of no-odour adaptation 
period, the subject was handled for 30 sec and then 
placed in the center of a plastic transparent box (40 × 20 × 
20 cm3). The stainless steel cage top was removed and 
replaced with a clean top equipped with a wire mesh bar-
rier located against the grid bars of the empty food hop-
per. Odor cues were presented by pipetting 10 μl of one 
of the dilutions of urine or AA onto a 5 cm 2 piece of 
filter paper that was taped to a plastic piece (4.5 × 4.5 
cm2), placed against the wire mesh screen in the food 
hopper so that volatile odors from the stimulus were 
available at body level. Subjects were unable to make 
physical contact with the filter paper using either their 
snout or paws [26]. The stimulation protocol consisted of 
a habituation phase with 3 consecutive deionized water 
(W) presentations (2 min each) separated by an intertrial 
interval of 1 min; thus was followed by a dishabituation 
phase of 3 consecutive (2 min each) undiluted or diluted 
olfactory cues separated by a 1 min intertrial intervals. 
An odor discrimination response was recognized when 
the subject placed its nose against the grid bars opposite 
the plastic containing the urine spot. In all cases the test 
session was recorded with a video system, and the fol-
lowing measurements were made: The subject’s fre-
quency of visits and the number of seconds the subject 
spent investigating the odor stimulus during the 2-min 
span exposure. It was not expected that the behavioral 
testing modify the body weight of subjects however, to 
evaluate the long-term effects of perinatal undernour-
ishment on the physical growth of the subjects, at the 
end of the session the body weight of CG and UG ani-
mals was noted. 

Data were analyzed using the Systat Statistical soft-
ware v.11.0. To evaluate score differences between die-
tary treatments and olfactory cue presentations at differ-
ent dilutions, the following separate statistical compari-
sons were used: 1) values for neonatal body weight dif-
ferences were compared using a two-way ANOVA, 2 
(nutritional regimes) × 5 (ages); and 2 (nutritional re-
gimes) × 4 (ages) and during the adult stage of animals; 2) 
the scores differences of frequency of visits and time 
spent investigating the olfactory stimulus between the 
third W testing and the first odor cue presentation were 
compared using a nonparametric two-tailed within-groups 
Wilcoxon test; 3) to display the responses of different 
groups and odors the differences between the 3 average 
consecutive W control exposures vs the 3 average con-
secutive C and U olfactory cue presentations of each di-
lution, were compared using a one-way ANOVA; 4) to 
analyze the olfactory discrimination of U rats we com-
pared the W control scores vs the undiluted or diluted 
odors in U rats by using a two-way ANOVA, 2 (W con-
trol vs U subjects) × 3 (exposures). A probability of p ≤ 
0.05 was considered statistically significant. 

3. Results 

The ANOVA comparisons of body weight in the neona-
tal rats indicated that body weight of U subjects were 
significantly reduced compared to the controls, F(1,10) = 
547.72, p < 0.0001; they change with age, F(4,40) = 
3340, p < 0.0001, and a significant interaction diet by age, 
F(4,40) = 77.38, p < 0.0001 was obtained. Adult body 
weight differences were also significantly reduced in the 
U rats, F(1,10) = 83.80, p < 0.0001; modified by age, 
F(3,30) = 21.93, p < 0.0001, and a significant interaction 
diet by age, F(3,30) = 14.05, p < 0.0001 was also ob-
served (Table 1). The post hoc analyses on each day of 
the study in both C and U neonatal and adult subjects are 
shown in Table 1. 

 
Table 1. Body weight (in grams ± SEM) of pups reared by control and perinatally underfed dams (n = 6). 

Neonatal Adult 
Age (Days) 

Control Undernourished 
Age (Days) 

Control Undernourished 

1 6.56 ± 0.15 6.06 ± 0.15 NS 87 307.00 ± 6.57 206.60 ± 6.96 ▼ 

5 10.75 ± 0.21 8.26 ± 0.12 ▼ 92 296.80 ± 5.12 227.20 ± 9.00 ▼ 

12 24.36 ± 0.27 14.46 ± 0.18 ▼ 99 306.20 ± 3.80 230.60 ± 7.38 ▼ 

20 34.31 ± 1.16 23.36 ± 0.24 ▼ 102 312.60 ± 3.61 244.60 ± 7.75 ▼ 

30 75.63 ± 1.26 56.76 ± 0.46 ▼    

Factor df F p<  df F p< 

(A) Nutrition 1,10 547.72 0.0001▼  1,10 83.80 0.0001▼ 

(B) Age 4,40 3340.11 0.0001▼  3,30 21.93 0.0001▼ 

A × B 4,40 77.38 0.0001▼  3,30 14.05 0.0001▼ 

▼
 p < 0.05, Fisher LSD test. NS = Nonsignificant values. 
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Statistical comparisons between the third W exposure 

of habituation and the first undiluted or diluted odor ex-
posure indicated that both groups increase significantly 
(p < 0.05) their frequency of visits to the undiluted (1:1) 
female urine although the U subject exhibited a higher 
increase (p < 0.05) than the C group (Figure 1(a)). Fur-
thermore, when the AA undiluted (1:1) was presented a 
similar significant increase in the frequency of visits (p < 
0.05) for both C and U subjects occurred (Figure 1(b)). 
 

 

Figure 1. Mean ± SEM of the frequency of visits to undi-
luted and diluted urine (a), and AA (b) odor cues following 
three consecutive exposures to W in C and U adult male 
rats. Significant comparisons (p < 0.05) between the third 
W and the first odor cue exposure (Wilcoxon test) in control 
(*) and undernourished (+) rats; n = 6, number of subjects 
included in each experimental group. Note the dishabitua-
tion in C and U subjects in the first odor exposure, and high 
values for U rats in the habituation trials 2 and 3. 

The frequency of visits when the female urine was di-
luted (1:80) did not indicate significant changes for the U 
subjects, while the C rats increased significantly their 
frequency of visits (p < 0.05), but in both groups the fre-
quency of visits was reduced when compared to the un-
diluted (1:1) urine odor (Figure 1(a)). The frequency of 
visits to the diluted AA (1:80) odor exhibited significant 
increase (p < 0.05) in both C and U rats and very similar 
to the undiluted AA, the increase was higher for U than 
for C subjects (Figure 1(b)). 

The time spent investigating the undiluted urine 
showed significant increases (p < 0.05) compared to the 
water stimulus in both C and U animals, but the increase 
was smaller in the U group of rats (Figure 2(a)). Fol-
lowing the third water presentation there was a slight, but 
significant increase (p < 0.05) in the time spent investi-
gating the diluted urine odor only in the U group of rats, 
but was small compared to the response produced by the 
undiluted urine (Figure 2(a)). The U subjects spent sig-
nificantly more time (p < 0.05) investigating the undi-
luted AA stimulus but in the C group the increase (p < 
0.05) was only one third as great as that for undiluted 
urine (Figure 2(b)). The time investigating the diluted 
AA odor showed significant (p < 0.05) increases in the C 
and U groups of animals, with a higher increase in the U 
subjects, similar to the response of the C group to undi-
luted urine (Figure 2(a)). 

The ANOVA comparisons of the three accumulated 
consecutive water presentations versus the three con-
secutive odor exposures measuring either the frequency 
of visits, or the time spent investigating the stimulus, at 
the two odor dilutions indicated that the C and U group 
exhibited significant increases (p < 0.05) when exposed 
to urine and AA compared to animals exposed to water 
(Figures 3(a) and (b)). In most of the cases the U sub-
jects showed greater increases in the number of visits and 
the time spent investigating both dilutions of the AA 
odor, compared to the C group of subjects. 

Table 2 presents the ANOVA comparisons of re-
sponses obtained in the three consecutive W controls and 
U group to different odor cues and dilutions. 

4. Discussion 

The present findings indicate that perinatal undernour-
ishment in the adult rat resulted in general in olfactory 
discrimination deficiencies as revealed in the adult stage 
by the increased frequency of visits, and the time inves-
tigating two dilutions of urine and AA compared with the 
response to water. These deficiencies were accompanied 
by low body weight effects that were not related to the 
olfactory discrimination tests instead, they reflected 
long-term effects due the interference of perinatal food 
restriction, neonatal stress and maternal deprivation with  
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Figure 2. Mean ± SEM values of the time spent investigat-
ing undiluted and diluted urine (a) and AA (b) odor cues 
after three consecutive exposures to W in C and U adult 
male rats. Significant comparisons (p < 0.05) of the third W 
value vs the first odor cue exposure (Wilcoxon test) in con-
trol (*) and undernourished (+) rats; n = 6 subjects included 
in each experimental group. Note the dishabituation in C 
and U subjects in the first odor exposure, and high values 
for U animals in habituation trials 2 and 3.  
 
development of the hypothalamic pituitary axis [27-31]. 

In response to undiluted or diluted urine and AA odor 
stimuli, both C and U subjects exhibited similar increases 
followed by an inconsistent habituation, in the frequency 
of visits and the time investigating the first stimulus, the 
values of both parameters were higher for the perinatally 
underfed subjects, except with the diluted urine. In the U 
subjects call the attention the lack of significant response 
in the frequency of visits to the diluted urine compared to 

 

Figure 3. Mean ± SEM values of three days accumulated 
data of W, and undiluted and diluted urine and AA odors. 
In (a), ANOVA comparisons of the frequency of visits per 
2-min interval to three consecutive W cues vs the three un-
diluted and diluted urine and AA olfactory cues. In (b), 
ANOVA analyses of the time investigating the three con-
secutive W exposures vs the three undiluted and diluted 
urine and AA odors. Note the increased frequency and 
investigation times of the U subjects in response to the un-
diluted and diluted AA odors. (o) Significant comparisons 
(p < 0.05) between W scores in U subjects. (*) Significant 
comparisons (p < 0.05) between W scores in C subjects. (+) 
Significant comparisons (p < 0.05) between C and U sub-
jects in each exposure. 
 
the W, while both C and U groups exhibit a clear sig-
nificant increase in the duration of visits to the undiluted 
urine with respect to the W but without significant dif-
ferences between them. Furthermore, these effects were 
consistently higher in the subjects exposed to undiluted 
and diluted AA (Figure 1(a)). These findings suggest 
that the urine cue was less efficient than AA in evoking 
dishabituation, possibly because the urine odor is a 
common component in the context of the home-cage en- 
vironment whereas the AA odor represents a very strong 
and novel environmental stimulus. In this regard, the 
deficiencies of the underfed subjects expressing habitua-
tion following the first odor presentation is in line  
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Table 2. ANOVA comparisons of exposures to control W versus the undiluted and diluted urine and AA cues in olfactory 
discrimination of undernourished adult rats. 

Frequency of visits 

Urine Amyl acetate 

1:1 1:80 1:1 1:80 
Factors 

df F p< F p< F p< F p< 

(A) Nutrition 1,10 9.71 0.010▼ 6.45 0.029▼ 49.39 0.0001▼ 45.09 0.0001▼ 

(B) Stimulus 2,20 7.29 0.004▼ 2.97 NS 0.97 NS 4.38 0.026▼ 

A × B 2,20 6.44 0.006▼ 2.87 NS 1.95 NS 7.68 0.003▼ 

 Investigation time 

(A) 1,10 22.32 0.0008▼ 4.79 0.050▼ 29.91 0.0002▼ 28.56 0.0003▼ 

(B) 2,20 11.64 0.0004▼ 0.64 NS 1.42 NS 7.29 0.004▼ 

A × B 2,20 11.04 0.0005▼ 0.71 NS 2.57 NS 9.71 0.001▼ 

▼p < 0.05, two-way ANOVA test. NS = Nonsignificant values. 

 
with previous studies suggesting that the perinatal un-
dernutrition interferes with the CNS mechanisms under-
lying the habituation processes with long-term conse-
quences for olfactory discrimination [12,32,33]. Another 
possibility could be related to the long-timescale olfac-
tory paradigm used here to provoke the olfactory dis-
habituation [34,35]. This paradigm with long olfactory 
cue exposures (2 min) and inter-trial intervals of 1 min 
may evoke in the U subjects a persistent dishabituation 
processes after the novel olfactory stimulus presentations 
suggesting a deficient inhibitory mechanism; giving sup- 
port to this possibility is the observation that in the hip-
pocampus and amygdala of perinatally underfed rats, 
both the number and the dendritic density of multipolar 
neurons are reduced [15,16]. 

Another point of interest concerns the effects of peri-
natal undernutrition on brain functioning during the pre- 
weaning period that provoke long-term damage in adult-
hood. Thus, fasting during the perinatal period unavoid-
ably interfere with the mother litter-bonds by inducing a 
poor maternal responsiveness that disrupts the pups’ ol-
factory bulb plasticity (reduced olfactory glomerulus pro- 
files, mitral/tufted output, and number of granule cells) 
with neuronal hypoplasia of the amygdaloid complex and 
hippocampal neurons; these characteristics may be the 
anatomical basis for long-term deficiencies in the olfac-
tory discrimination [10,11,36-39]. This proposal is also 
consistent with studies on early mother-litter interference 
using olfactory stimuli that are either separate or paired 
with different sensorial cues, which demonstrate how 
neonatal experience can improve pups’ survival, stress 
maturation, and learning in the nest environmental con-
text [9,40-43]. 

The current study also provides information concern-
ing the long-term effects of early perinatal undernutrition 
on the olfactory discrimination of adult rats after they 
resume a normal diet. The current data indicated that 
after water habituation, perinatal underfed rats increased 
both the frequency and the duration of visits to the source 
of both undiluted and diluted urine and AA odor cues, 
particularly in the case of the diluted AA, the underfed 
subjects may require additional exposure to odors com-
pared to the controls in order to attain the same olfactory 
discrimination response. These findings are consistent 
with several studies showing that adult rats and gerbils 
investigate novel odors longer than familiar odors [44, 
45]. Thus, the constant daily exposure of the members of 
a litter to urine in the nest environment may result in a 
persistent habituation, occasionally interrupted by novel 
environmental odor influences. This could be a case of a 
long-term deficiency associated with perinatal undernu-
trition. In this case, perinatal undernutrition may be asso-
ciated with a long-term deficiency of the regulatory me- 
chanisms underlying the habituation processes provoked 
by the AA odors that increase the dishabituation responses 
in the U group of rats. In addition, prolonged olfactory 
bulb post-discharges are elicited by OB electrical stimu-
lation, and may be related to a significant reduction in the 
number of granule inhibitory neurons of olfactory struc-
tures that integrate and modulate mitral discharges, this 
reduction underlies deficits in the olfactory-guided be-
haviors of perinatally underfed rats [11,18,19,46,47]. 
However, studies are needed to analyze the effects of 
perinatal undernutrition on the number and morphologi-
cal alterations of granule, mitral and tufted cells, and on 
olfactory discrimination of familiar and unfamiliar odors 
in adulthood. 
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5. Conclusion 

We conclude that perinatal food restriction interferes 
with the anatomical and functional organization of BO 
and olfactory relays, resulting in long-term deficiencies 
in odor discrimination and possibly with the expression 
of the olfactory-guided social behavior. 
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