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ABSTRACT 

Pre-and neonatal fasting in the rat has been used as 
an experimental model to obtain information on how 
the newborn gustatory system can be damaged, in- 
terfering with the basic sensory and hedonic pro- 
cesses to different tastants. Fasting during the prenatal 
period and for 24 days postnatally results in signifi- 
cant reductions of body and brain weight, number of 
branches, dendritic density, and cross-sectional area 
of the PBN multipolar neurons in the central lateral 
and central medial subnucleus particularly at post- 
natal days 20 and 30. Furthermore, the underfeeding 
paradigm affected more the middle portions of the 
dendritic tree than other parts of the neurons possibly 
disturbing the afferent characteristics of neuronal acti- 
vity propagation that may partly disrupt the elabora- 
tion of synaptic plasticity at later ages. These findings 
may play a role in the development of complex physio- 
logical phenomena such as food intake, taste discrimi- 
nation, learning taste aversion, and appetitive beha- 
vior. 
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1. INTRODUCTION 

Several lines of evidence have shown that the rodent 
parabrachial nucleus (PBN) is a brain stem complex of 
polysensory neuronal subnuclei that receive and integrate 
various ascending and descending inputs. These inputs 
participate in generating the sensory and hedonic aspects 
of taste, in the plastic changes associated with experience, 
and in a variety of sensory, visceral functions, such as 
the modulation of gastrointestinal, cardiovascular and re- 
spiratory systems 1-10. 

The representation of hedonics and quality of taste 
cues in the rat PBN has been studied by measuring the 
c-fos immunoreactivity evoked by oral gustatory stimuli 
with different qualities and different hedonic values.  

Thus, the rostral External Lateral Subnucleus (ELS) is re- 
lated to general visceral inputs; the caudal or External 
Medial Subnucleus (EMS) is associated with negative he- 
donics or aversive behavior; and the Dorsal Lateral Sub- 
nucleus (DLS) is related to positive hedonics or ingestive 
behavior. Taste information of palatable sucrose and NaCl 
projects to the external Central Lateral Subnucleus (CLS) 
and Central Medial Subnucleus (CMS), respectively 5. 

In the rat, different perinatal underfeeding protocols 
are associated with severe alterations in the sensory neuro- 
anatomical and functional organization as revealed by 
delayed ear- and eye-opening, and alterations of olfactory, 
auditory and visual electrophysiological properties, and 
sensorimotor behavioral performance 11-15. The most 
common anatomical changes indicate a clear neuronal 
hypoplasia accompanied by poor dendritic arborizations 
and spines distribution that play a role in integrating and 
processing of the patterns of ascending information from 
the sensory relays and the limbic, cerebral, and cerebellar 
cortices, structures which undergo intense neonatal cell 
proliferation 16-22. Although there is considerable 
knowledge about the anatomical and functional deficien- 
cies of the gustatory system in early underfed rats, infor- 
mation on the alterations occurring in the PBN at critical 
stages of life is lacking. 

The present study analyzes the effects of perinatal 
food restriction upon the neuronal development in the 
multipolar PBN, particularly at the central lateral (CLS) 
and central medial (CMS) subnuclei functional segrega- 
tion that is closely associated with the sucrose and NaCl 
afferent projections in route to the cerebral cortex [5]. 

2. MATERIAL AND METHODS 

2.1. Animals 

Subjects were Wistar rats (250 g - 300 g), descendants of a 
stock originally purchased from Harlan Sprague-Dawley, 
INC., and they were maintained in an automatically con- 
trolled room at 22˚C ± 2˚C, humidity (50%), on a light/ 
dark cycle (lights on at 07:00), with water and food (Pu-  
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rina chow) ad libitum. For mating, a male was placed in 
a plastic cage containing three virgin females (200 g - 
250 g). Sperm-positive females were placed individually 
in plastic maternity cages (50 × 40 × 20 cm3) with wood 
shavings as nesting material. The day after birth, pups 
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 differ- 
ences that may influence the experimental results. The 
distinctive bilateral thoracic and abdominal line of nipples 
and the shorter anogenital distance in the females were 
used as criteria for sex recognition 23. 

2.2. Perinatal Underfeeding Procedure 

The undernourished male subjects (UG) used in this 
group (n = 18) came from at least eight different litters. 
The normal chow diet requirement was calculated by 
measuring the food intake of a group of 6 pregnant con- 
trol rats (230 g - 250 g) every week during a 21-day period. 
The resulting average food intake for each week was the 
basal level used to calculate the food-intake percentage 
of the UG females.Thus, dams were fed from G6 to G12 
with 50% (7.8 g) of the normal diet (Purina chow), from 
G13 to G19 with 70% (10.9 g), and with 100% (15.6 g) 
of the same diet until parturition to avoid resorption or 
cannibalism of pups. This protocol was chosen because 
neurogenesis in the inner division of the external lateral 
and the external medial subnuclei of the PBN and afferent 
connectivity occur primarily from E16 to E21 24. At 
birth, prenatally underfed newborns were nursed by two 
gestationally underfed dams, in one of which the main 
galactophorous ducts had been tied subcutaneously 25. 
To continue the neonatal underfeeding paradigm, these 
two lactating dams were interchanged every 12 h be- 
tween litters from postnatal days 1 to 24. This cross- 
fostering procedure attenuates the effects on the pups of 
maternal sensory deprivation. After this, the older group 
of pups (30 days old) had free access to solid food (Pu- 
rina chow), so they had a 6-day period of dietary reha- 
bilitation. No attempts were made to measure food intake 
in pregnant dams or newborn rats. Approximately 80% 
of the total underfed subjects included here were under- 
nourished during the light phase of the cycle. 

2.3. Control Group (CG) 

The CG of animals consisted of 18 male pups obtained 
from eight normally nourished subjects, nursed by well- 
fed mothers with free access to food and water. After 
birth, pups were fed and handled by interchanging a pair 
of normally lactating mothers every 12 hours as previ- 
ously described 26. After weaning on day 25, subjects 
had free access to water and solid food. To evaluate the 
effects of the nutritional paradigms on physical growth, 

body and brain weights of subjects with different ex- 
perimental treatments were noted. 

2.4. Histology 

A total of 36 male rats were subjected to two dietary 
treatments (n = 18, UG and n = 18, CG), each with three 
age groups. They were weighed, deeply anesthetized 
with ether, and sacrificed by decapitation at 12, 20, and 
30 days of age, resulting in six subjects per age and 
treatment. The brains were immediately removed and 
weighed wet, cut into three coronal blocks, and immersed 
in a Golgi-Cox solution for impregnation. Three weeks 
later, the blocks were dehydrated and embedded in low 
viscosity nitrocellulose. Subsequently, they were cut in 
coronal sections of 120 - 150 µm and mounted serially. 
The slides were coded to ensure blind evaluation with 
respect to age and dietary treatment of subjects. Further- 
more, during the neuronal image digitizing, the experi- 
menter had access only to the code numbers and not to 
the ages and experimental conditions of the brain material. 
Identification and location of the PBN complex were 
based on Paxinos and Watson’s atlas 27. Anterior- 
posterior coordinates for the localization of the PBN 
corresponded to values ranging from Bregma –9.68 to 
–9.80 mm. 

2.5. Morphometric Measurements 

The present study was based on a total of 540 well-im- 
pregnated, multipolar neurons underlying the gustatory 
relay whose dendritic field was confined to one section, 
as evidenced by light microscopy in each experimental 
condition, age group, and neuronal parameter (Figure 1). 
Dendritic arbor measurements were obtained by counting 
the number of 1st, 2nd, 3rd, 4th, and 5th dendritic orders. 
Dendritic branches leaving the cell body were defined as 
first order, while those which branched from the former 
were considered second order, and so on. The dendritic 
arborization was measured by placing the cell body and 
primary dendrites at the center of the first of a series of 
seven concentric rings (spaced at 40-µm intervals) and 
counting all dendritic intersections with larger individual 
rings 28. Additionally, the cross sectional area of PBN 
neuron perikarya was measured over the course of the 
experiment. 

In all cases neuronal measurements were obtained at a 
magnification of X 400 using an image digitizing system 
(Perception Analysis System by Human-Computer Inter- 
face, Cambridge, UK). No attempt was made to correct 
for compression of the three-dimensional dendritic arbor 
to a two-dimensional sketch, since the relative differences 
between neurons remain constant when transformed from 
three to two dimensions 29. Moreover, because the den- 
dritic arbor is confined to the tissue section, no stereo- 
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logical method was used. Additionally, for the soma pa- 
rameters the image analyzer did some calculations simi- 
lar to those previously described. 

2.6. Statistics 

Separate sets of statistical analyses were used to compare 
the score differences among ages and dietary conditions: 
1) scores for body and wet brain weight were compared 
using a two-way ANOVA, 2 (nutritional conditions) × 3 
(ages); 2) the role of undernutrition on the dendritic order 
and dendritic crossings of branches during development 
was analyzed by using a three-way ANOVA, 2 (nutri- 
tional conditions) × 3 (ages) × 5 (dendritic orders), or 7 
(concentric rings). To detect cumulative effects of under- 
nutrition on the two dendritic measurements, the effects 
of the diet on all dendritic arbours at various ages, and 
the total number of dendritic orders or dendritic crossings, 
a two-way ANOVA was used, 2 (nutritional conditions) 
× 3 (ages). The statistical differences between experi- 
mental groups were compared using the Fisher post hoc 
test. The threshold level of significance was set at p ≤ 
0.05. 

3. RESULTS 

3.1. Physical Growth Effects 

The UG body weight of animals was significantly re- 
duced compared with those of CG subjects (F(1,36) = 
429.39; p < 0.0001), and it was also affected by age 
(F(2,36) = 702.74; p < 0.0001); there was a significant 
interaction between the diet by age (F(2,36) = 79.75; p < 
0.0001). Post hoc comparisons showed significantly 
lower body weights in the UG (p < 0.001) at 12, 20, and 
30 days than in the corresponding controls (Table 1). 
Additionally, brain weight comparisons indicated sig- 
nificantly lower values for UG compared to those of the 
CG subjects (F(1,36) = 61.39; p < 0.0001); body weight 
was modified by age (F(2,36) = 1250.36; p < 0.001), with 
no significant interactions between factors. Post hoc 
comparisons indicated lower brain wet weight values (p < 
0.001) in the UG rats at all ages tested (Table 1). 

3.2. Dendritic Tree Effects 

The ANOVA comparisons of the dendritic orders between 
groups yielded significant reductions associated with diet 
(F(1,114) = 11.89; p < 0.0007), and age (2,114) = 5.84; p 
< 0.003), without interaction between factors. There were 
differences between the different orders (5) of dendritic 
complexity (F(4,456) = 394.05; p < 0.0001), with an inter- 
action between dendritic order by diet, (F(4,456) = 5.51; 
p < 0.0002) and an interaction between dendritic order by 
age (F(8,456) = 1.99; p  0.046) when this factor was 
compared between groups. There was a total effect asso- 
ciated with diet, (F(1,114) = 55.65; p < 0.0001 and with 

 

Figure 1. Photomicrographs of PBN multipolar 
neurons from CG and UG at 12, 20, and 30 days of 
age. Note the rich dendritic arbor in the CG and the 
density reduction in the dendritic neuropile of the UG 
rats. Bar 100 μm. 

 
Table 1. Mean values ± SEM of body and brain weight (g) in 
CG and UG rats during development. 

Age (days) Body weight Brain weight 

 CG UG CG UG 

12 25.71 ± 0.40 15.12 ± 0.49* 1.25 ± 0.01 1.20 ± 0.00*

20 34.35 ± 0.48 19.71 ± 2.07* 1.37 ± 0.01 1.34 ± 0.01*

30 86.25 ±1.82 45.25 ± 1.40* 1.78 ± 0.01 1.73 ± 0.00*

Total 48.75 ± 6.00 26.70 ± 3.07* 1.50 ± 0.05 1.42 ± 0.05*

Factors df F p < F p < 

(A) Nutrition 1.36 429.393 0.0001 61.39 0.0001

(B) Age 2.36 702.747 0.0001 1250.36 0.0001

A × B 2.36 79.758 0.0001 2.61 NS 

*p < 0.05, LSD Fisher test. NS, non-significant values. 

 
age, (F(2,114) = 4.57; p < 0.012). Post hoc comparisons 
at each developmental age showed that neurons of the 
UG animals consistently exhibited significant reductions 
(p < 0.05) in the number of branches, mainly in the middle 
and distal portions of the dendrites, when compared with 
CG rats. Thus, in the UG rats the branches of dendritic or- 
der 3 and 4 were reduced at 12 days of age, and those of 
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orders 3 at 20 days of age, without significant effects at 
30 days postnatally (Figure 2(a)). 

indicated significant reduced values (p < 0.05) in both 
UG neuronal measurements along the ages (Figures 2(a) 
and (b)). The density of the dendritic branches of PBN neuron, 

taken as the number of crossings of dendrites per circle 
indicated significant reductions in the dendritic density 
of neurons in the UG subjects compared to the CG ani- 
mals (F(1,114) = 55.65; p < 0.0001); and a significant 
effect of age (F(2,114) = 4.57; p < 0.01). No interaction 
between factors was obtained. When the comparison was 
done based on the circle crossings, significant differences 
were observed (F(6,684) = 559.49; p < 0.0001). The inter- 
actions between the circle (length) and the dietary treat- 
ment (F(6,684) = 3.765, p < 0.001 as well as between and 
the length and the age (F(12,684) = 3.47; p < 0.0001). 
There was a total effect associated with the diet, (1,114) 
= 55.65; p < 0.0001, and age, (F(2,114) = 4.57; p < 0.012). 
The post hoc comparisons at each developmental age 
indicated significant score reductions (p < 0.05) in the 
dendritic crossings of the UG animals at postnatal days 
12, and 20 on circles 1, 2, 3, and 4. Furthermore, a sig- 
nificant reduction in the dendritic crossing of the UG 
animals at 30 day of age only on circle 5 was obtained. 
These dendritic density reductions in the UG subjects 
were particularly affected the more proximal and middle 
portions of the PBN neuronal dendritic tree (Figure 2(b)). 
The cumulative effects of undernutrition on the number 
of dendrites and the density of branches along the ages  

3.3. Perikarya Effects 

The ANOVA comparisons of the perikarya scores indi- 
cated significant reductions of the neuron cross sectional 
area in the UG subjects (F(1,114) = 12.95; p < 0.0004) 
with no significant effects of age or interactions between 
factors. The post hoc Fisher test showed significant re- 
ductions (p < 0.05) of cross sectional areas in the UG at 
20 and 30 days of age (Figure 3). In the CG subjects the 
values of the cross sectional area of perikarya did not 
change with age. However, in the UG there was a slow 
reduction in these values from 12 to 30 postnatal days 
(Figure 3). The cumulative effects of undernutrition on 
the cross sectional area values with ages yielded a sig- 
nificant reduction (p < 0.05) in the UG neuronal meas-
urements along the ages (Figure 3). 

4. DISCUSSION 

The current findings indicated that, at all the ages studied 
body and brain weights were consistently reduced in the 
UG subjects when compared to their corresponding CG 
rats, and they were in agreement with previous studies  

 

 

Figure 2. Mean values ± SEM for the (a) dendritic branches of different orders and (b) den- 
dritic intersections of multipolar neurons (n = 20/age group) at different ages and under dif- 
ferent experimental conditions. Note, a reduction in the number of branches and their cross- 
ings at most ages of UG. *Post hoc statistical differences between groups, p < 0.05.    
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showing that pre- and neonatal undernourishment inter- 
feres with the physical development, huddling of pups, 
and ear- and eye-opening and delayed sensory matura- 
tion including the development of olfactory and gusta- 
tory pathways in newborn rats 21,30,31. 

The impoverishment in the dendritic tree may provoke 
a disruption in the interactions of the asynchronous af- 
ferent messages arising from different CNS sources 
(central amygdala, insular cortex, lateral hypothalamus, 
and bed nucleus of the stria terminalis), and a distortion 
both in time and location through a deficient hypoplastic 
neuronal network associated with the early undernou- 
rishment 19-22. Furthermore, if different neuronal pat- 
terns of information organized in space and time seem to 
reflect the coding of the quality of taste, then the PBN 
neurons may be out of tune and therefore unable to ge- 
nerate the appropriate integrative responses to the limbic 
structures and to participate in generating the sensory 
and hedonic aspects of gustatory stimuli 8,32-34. 

A point of interest derived from the current morpho- 
logical alterations elicited by early undernutrition concerns 
the possible effects on PBN neuronal development and 
their impact upon the plasticity taking place at the synap- 
tic loci of the dendritic tree, which may affect the inte- 
gration of codes at other gustatory relay levels. Thus, our 
data indicated that in the UG rats, the number of den- 
drites in the middle and distal portions of the dendritic 
tree was significantly reduced; meanwhile, the dendritic 
density was diminished at the proximal and middle por- 
tions of the dendritic tree, and these reductions persist 
when the cumulative effects were evaluated along the 
ages. Furthermore, on postnatal day 30 the minimal re- 
duction in the number and density of dendritic branches 
of the UG subjects may be associated with the 6-day 
period of dietary rehabilitation, although the reduced neu-  
 

 

Figure 3. Mean values ± SEM of cross sec- 
tional parikarya area of multipolar PBN neu- 
rons of CG and UG subjects during develop- 
ment. *Significant difference between groups p 
< 0.05 for each particular age obtained with the 
Fisher LSD test. 

ronal cross sectional area in the UG values was not re- 
covered. According to previous electrophysiological stu- 
dies, the location of the dendritic synapse (distal or pro- 
ximal) may significantly and differentially affect the am- 
plitude and kinetics of the responses, as well as the 
propagation characteristics of the action potentials; later, 
these changes may partly disrupt the elaboration of sy- 
naptic plasticity and affect both the sensory and the he- 
donic aspects of tastants 8. These alterations may play 
a role in the development of complex physiological phe- 
nomena such as food intake, taste discrimination, taste 
aversion learning and appetitive behavior as previously 
described in PBN lesions and perinatally undernourished 
rats 34-42. 

The cross sectional area reductions in the PBN peri- 
karya and other types of neurons are at present contro- 
versial; they depend on the locations of the neurons within 
the central, autonomic and peripheral neuronal systems 
21,43-45 and their age 46. Furthermore, they may be 
reflecting a diminished release of neurotransmitters from 
the presynaptic endings or reductions in the number of 
axosomatic synapses, because of a possible sensory depri- 
vation, chronic exposure to underfeeding stress, or cellu- 
lar/biochemical changes induced by energy deprivation 
mechanisms commonly associated with the undernou- 
rishment paradigm 36,45,47-52. However, analyses of 
different neuronal types and PBN locations, of the influ- 
ence of sensory and autonomic inputs, and with different 
methodological approaches such as overfeeding are re- 
quired to understand the role of this complex brain struc- 
ture in the mechanisms underlying normal food intake. 
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