
Journal of Behavioral and Brain Science, 2012, 2, 291-298 
http://dx.doi.org/10.4236/jbbs.2012.23033 Published Online August 2012 (http://www.SciRP.org/journal/jbbs) 

Sweet and Bitter Tastes Evoked Different Neuronal  
Activation in the Rostral Portion of the Nucleus of the 

Solitary Tract of Developing Rats* 

Lorena Rubio-Navarro, Carmen Torrero, Mirelta Regalado, Manuel Salas 
Departamento de Neurobiología del Desarrollo y Neurofisiología, Instituto de Neurobiología,  

Universidad Nacional Autónoma de México, Querétaro, México 
Email: masal@unam.mx 

 
Received March 14, 2012; revised April 18, 2012; accepted April 30, 2012 

ABSTRACT 

The impact of the gustatory stimuli on the rostral portion of the nucleus of the solitary tract (rNST) was investigated in 
developing rats, by using c-fos immunohistochemical staining. Wistar male rats of 5, 15, and 25 days of age were iso- 
lated from the mother for 12 h, then stimulated via the intraoral route with quinine, sucrose, or NaCl, and sacrificed 90 
min later. The water-stimulated group showed minimal c-fos-like immunoreactivity (FLI) compared with taste-stimu- 
lated groups that exhibited different FLI in the rNST at the different ages. At all ages the quinine-stimulated group in- 
duced FLI in the medial subfield, while sucrose induced FLI in the lateral subfield of the rNST. The intensity of FLI 
was highest at P15, and it declined at P25. These findings provide detailed insight into the anatomical basis of rNST 
activation that is involved in early food intake and the learning capacity of the newborn. 
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1. Introduction 

In altricial newborn mammals the gustatory system pro- 
vides the anatomical substrate for the selective ingestion 
or rejection of nutrients and for the establishment of 
strong links with environmental nest cues to gain olfac- 
tory and gustatory experience needed for survival [1,2]. 

The complete gustatory receptors, their afferent project- 
tions, and the neurons in the rNST, which is the first re- 
lay in the gustatory pathway, are far from fully devel- 
oped at birth [3-7]. Neurons in the rNST undergo distinc- 
tive qualitative and quantitative changes during the first 
30 days after birth [8-10]. Electrophysiological studies of 
the rat rNST show changes in the intrinsic membrane 
properties of its neurons between early development and 
the adult stage [11-13]. At the single-cell level, an analy-
sis of the neurons that respond to gustatory cues shows 
they are functional by the end of the first postnatal week 
[14]. 

The organization of the rNST in adult mammals has 
been studied previously [15-17], but at present little in- 
formation is available on the development of this struc- 
ture in the rat [10]. Analysis of the gustofacial responses 
of newly born rats to different tastes indicates that from 
the first day of life, pups respond to quinine solution with 

certain aversive characteristics (gaping and forelimb flail-
ing) that suppress oral intake [10]. Other components of 
the adult-like aversive response (chin scraping and paw 
treading) do not appear until 12 days of age. This can be 
due to the pup’s inability to detect aversive solutions, 
because of the neuronal substrate immaturity subserving 
these motor behavioral responses [18,19]. In the case of 
sucrose, a single droplet into the mouth of the newborn 
elicits licking and rhythmic mouth movements as the 
most salient feature [20]. The entire set of behavioral and 
discriminatory components underlying the different re-
sponsiveness to sweet and bitter tastes in the rat emerge 
over the first 2 weeks of life [18-21]. 

The expression of the immediate-early gene c-fos, de- 
tected by the immunohistochemical c-fos protein stain- 
ing technique, has been used as an anatomical marker of 
activated neurons in the central nervous system [22]. Pre- 
vious studies have shown in adult rats that gustatory 
stimulation induces c-fos-like immunoreactivity (FLI) in 
NST neurons, and they are activated differentially by suc- 
rose (S) and quinine monohydrochloride (QHCl), two 
taste cues that differ importantly in qualitative, hedonic, 
and behavioral characteristics [15-17]. Thus, the sucrose 
stimulation elicits FLI in neurons distributed along the 
mediolateral axis of the rNST; in contrast, the stimulation 
by QHCl exhibits a prominent, but more medial FLI in 
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the rNST [15-17]. These differences in the distribution of 
stimulus properties appear to be a ubiquitous feature of 
the sensory systems. The most obvious topography in the 
gustatory system is the systematic representation of in- 
formation arising from taste buds in different parts of the 
mouth. This organization is best documented in the NST, 
where it appears to be a rostral continuation of a topog- 
raphic representation of the entire gastrointestinal tract 
[15-17,23-25]. The neural areas that are activated early in 
life by gustatory stimulation have not been previously 
analyzed. The current experiment was designed to ad- 
dress if the anatomical substrate underlying the sucrose 
and quinine gustatory responses is already functional 
during the first days of life by evaluating c-fos immuno- 
reactivity in response to different taste stimuli in rNST 
neurons. 

2. Materials and Methods 

2.1. Animals 

Male Wistar rats (Rattus norvegicus), descendants of a 
stock originally purchased from Harlan Sprague-Dawley, 
Indianapolis (IN), and subsequently bred from our labo- 
ratory stock at the Institute of Neurobiology University 
of Mexico; at 5, 15 and 25 days of age were used. Litter 
size (n = 8 pups, 4 males and 4 females/age) were main- 
tained under a 12:12 h light-dark cycle (lights on at 08:00 
h) in a room at 23˚C ± 2˚C with humidity of about 60%, 
and were housed with mothers, who had free access to 
food (Purina chow) and water. Animals were handled in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. All efforts 
were made to use a minimal number of animals in the 
experiments. 

2.2. Gustatory Stimulation 

Litters were separated from the mother over night before 
the day of the experiment (21:00 to 09:00 h) and de-
prived of food and water. On the day of the experiment 
females were removed and males were placed in a plexi-
glass (33 × 23 × 15 cm) cage in a quiet room, and the 
gustatory stimulation was performed between 09:00 and 
10:30 h. Thereafter, they were randomly divided into 
controls and experimental groups, each consisting of four 
rats (n = 4) for each age and experimental condition. 

We use two control groups, one that is isolated from 
the mother until sacrifice (WS), and another group that 
was stimulated with distilled water (W). The experimen- 
tal groups were animals receiving one of the following 
gustatory stimuli: 0.003 M quinine hydrochloride (QHCl), 
0.1 M sodium chloride (NaCl), and 0.1 M sucrose (S). 
The gustatory cues were manually administered with the 
aid of an automatic pipette; rats were given 5 stimula- 

tions, each with 10 μl of a particular taste solution, at 
5-min intervals over a 20-min period (Figure 1). 

2.3. Immunohistochemical Staining 

After the intraoral stimulation, each rat remained in the 
chamber and was sacrificed 90 min after the first stimu- 
lation. Preliminary experiments showed that the combi- 
nation of a 12-h isolation from the mother followed by 
sacrifice and perfusion after 90 min was optimal: It re- 
sulted in a low basal level of fos expression in the con- 
trols or detectable induction of fos in stimulated animals. 
Just before sacrifice, rats were deeply anesthetized with 
urethane (115 mg/100g b.w., i. p.) and perfused via the 
ascending aorta with saline, followed by 4% paraformal- 
dehyde (pH 9.5, 10˚C). Brains were removed, post-fixed 
for 24 h, and cryoprotected in 10% sucrose-phosphate 
buffer overnight at 4˚C. The brainstem was cut in coronal 
sections of 50 μm on a freezing microtome; three series 
across the length of the brainstem were collected and 
stored in cryoprotectant (30% ethylene glycol and 20% 
glycerol in 0.05 M sodium phosphate buffer) at –20˚C 
until histochemical processing. 

Fos-like immunoreactivity (FLI) was detected using a 
conventional avidin-biotin-immunoperoxidase technique 
[26]. To minimize variations in the immunohistochemi- 
cal processing, tissue from animals in different groups 
was processed simultaneously. Processing was per- 
formed on free-floating sections. As negative control, 
some tissue was separated prior to the primary antibody 
incubation and placed into the PBS-0.3% Triton X-100 
solution with no primary antibody. Sections were pre- 
treated with hydrogen peroxide for 10 min to quench 
endogenous peroxidase activity, followed by 2 rinses in 
PBS and then incubated by 10 min in 1.0% sodium 
borohydride to reduce free aldehydes. Sections were then 
incubated with polyclonal antiserum raised against the 
N-terminal fragment of human fos protein, Santa Cruz 
Biotechnologies, CA, USA, diluted 1:5000 into the 
PBS-0.3% Triton X-100 with 400 µl of normal goat se- 
rum solution at 4˚C for 48 h. The sections were rinsed, 
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Figure 1. Schedule of gustatory stimulation. 
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incubated with biotinylated goat anti-rabbit secondary 
antiserum (Vector Laboratories, Inc. Burlingame, CA) di- 
luted 1:300 with PBS-0.3% Triton X-100 at room tem-
perature for 1 h and processed using the standard biotin 
avidin-peroxidase kit (Vectastain Elite ABC kit, Vector 
Laboratories, Burlingame, CA, USA) for 1.5 h at room 
temperature. Sections were rinsed four times in PBS and 
reacted with nickel chloride-3,3’-diaminoben-zidine and 
0.0003% hydrogen peroxide for 7 min (DAB kit, Vector 
Laboratories, Burlingame, Ca, USA), sections were rinsed 
and mounted onto gelatin-coated slides and cover slipped 
using permount. Control experiments, in which the pri-
mary antiserum was preabsorbed with antigen overnight, 
showed no specific nuclear labeling in tissue from con-
trol or experimental animals 

2.4. Counting of FLI Neurons in the rNST and 
Statistical Analysis 

In order to compare differences in the number of cells 
activated by taste stimuli, we analyzed distribution of fos 
positive cells located in the medial, intermediate and lat- 
eral area of the NST in coronal planes. For quantification, 
the number of cells per section at four rostro-caudal lev- 
els was used for average results. In a 5-day old rat pup, 
all brainstem nuclei are identifiable in their final loca- 
tions, and structurally are very similar to those of the adult 
rat and can be recognized on the basis of similarity with 
the adult equivalent [27]. The four rostro-caudal levels 
were: in the rNST, Bregma –12.30 mm level 1 (L1) and 
Bregma –13.24 mm (L2), in the intermediate NST, Breg- 
ma –13.80 mm (L3) and caudal NST, Bregma –14.30 mm 
(L4) in reference to the Bregma from the adult rat brain 
atlas [28]. In present study, we counted at 20 × only fos- 
positive nuclei seen as dark, round or oval structures. 
Each slide was assigned a random number to ensure that 
observations were blind with respect to age and taste 
stimuli of subjects. The FLI-positive cells in each section 
were counted, and the mean number of cells for each 
region was analyzed. 

2.5. Statistical Analysis 

Because there were not significant differences between 
the WS and W groups, only the water (W) group was 
used as control for all subsequent statistical comparisons. 
For the analyses we summed across all four levels, using 
a three-way ANOVA with stimulus as one factor, age as 
second factor, and either antero-caudal level or me- 
dial-lateral subfield as third factor. Separate, two-way 
ANOVAs were calculated for each level (summed across 
subfields) or each subfield (summed across levels) as one 
repeated measures factor and age as a second factor. Post 
hoc comparisons at each developmental age were made 
by using the Fisher Least Square Differences (LSD) test. 

The threshold for significance was set at p < 0.05. 

3. Results 

Analysis of the rNST coronal sections from the pre- 
weaned rats subjected to the experimental conditions pro- 
ved that isolation from the mother resulted in a basal level 
of c-fos expression at all ages studied. After establish- 
ing this basal level, the gustatory stimulation induced a 
significant response in the rNST, as determined by the 
FLI. The pups that were stimulated with QHCl and S 
showed a clear and more intense FLI in the rNST, but 
W and NaCl caused a minor activational response (Fig- 
ure 2). 

3.1. FLI Distribution in the Different 
Rostro-Caudal Levels of the rNST in 
Response to Specific Gustatory Cues 

Statistical comparisons in the number of FLI-positive 
nuclei in quinine-stimulated rats showed significant dif- 
ferences associated with age, F(2,9) = 86.14, p < 0.001, 
and rNST levels, F(3,27) = 9.98, p < 0.001, without in- 
teraction. Post hoc comparisons at different levels and 
ages are displayed in Figure 3. Throughout the study, 
quinine showed consistently higher values in FLI com- 
pared to the other taste stimuli with a peak on day 15 
(Figure 3). 

The amount of FLI in the S group exhibited significant 
differences associated with age, F(2,9) = 31.4, p < 0.001 
and the rNST level, F(3,27) = 31.5, p < 0.001, with no 
interaction between factors. Post hoc comparisons at 
 

 

Figure 2. Photomicrographs of coronal sections of the rNST 
at level of Bregma –13.24 mm (L2) in the current study. (A) 
Water and (B) NaCl stimulation was associated with weak 
FLI. By contrast, after (C) sucrose, and (D) quinine stimu- 
lation FLI was more intense. Calibration 200 μm. 
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each developmental age are shown in Figure 3. FLI in 
the S group gradually declined along the rNST levels and 
was lower than in the quinine group but higher than in 
groups exposed to the other taste cues (Figure 3). 

nine-stimulated rats showed significant differences asso- 
ciated with age, F(2,44) = 24.46, p < 0.001 and rNST 
subfield, F(2,88) = 125.30, p < 0.001. Additionally, a 
significant interaction between age and rNST subfield, 
F(4,88) = 14.80, p < 0.001, was obtained. Post hoc compa- 
risons at each day of the study are shown in Figure 4. 
The amount of FLI was generally higher with quinine 
compared to the other gustatory cues, and it decreased 
toward the lateral subfield. 

FLI in the NaCl and W groups were only modified by 
the rNST levels, F(3,27) = 5.97, p < 0.001, and F(3,27) = 
3.03, p < 0.046 respectively with no interaction between 
factors. Post hoc comparisons at different developmental 
ages are presented in Figure 3. FLI in the NaCl and W 
groups at different rNST levels and ages was lower than 
in the quinine and S groups (Figure 3). 

The amount of FLI in the sucrose group was not af- 
fected by age but was significantly different between 
rNST subfields, F(2,88) = 34.55, p ≤ 0.001. Furthermore, 
there was a significant interaction between age and rNST 
subfield, F(4,88) = 7.4, p < 0.02. Post hoc comparisons 
over the course of the study are displayed in Figure 4. 
Sucrose increased FLI in the medial and lateral rNST 

3.2. FLI Distribution in the Different  
Medio-Lateral Subfields of the rNST in  
Response to Specific Gustatory Cues 

Statistical comparisons of the amount of FLI in qui-  
 

 
R O S T R A L  T O  C A U D A L  L E V E L S  

Figure 3. Mean number of FLI neurons in different levels of the rNST. Neurons are summed across subnuclei of animals in 
the four stimulation conditions. Post hoc analysis indicate that both quinine and sucrose resulted in significantly more FLI 
than the other groups (p < 0.05 indicated by a and b). But the increased FLI elicited by NaCl compared with water was only 
significant in some cases (p < 0.05). QHCl: quinine; S: sucrose; W: water. 
 

 

LATERAL  
S U B F I E L D S  

Figure 4. Mean number of FLI neurons in different subfields of the rNST. Neurons are summed across levels of animals in 
the four stimulation conditions. Post hoc analysis indicate that both quinine induce more FLI in medial zone in contrast su- 
crose resulted in significantly more FLI in lateral subnuclei at 25 days of age (p < 0.05 indicated by and a and b). But the in- 
creased FLI elicited by NaCl compared with water was only significant in some cases (p < 0.05). QHCl: quinine; S: sucrose; 
W: water. 
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subfields more than the other taste stimuli. 

Statistical comparisons showed that the number of 
FLI-positive cells in the NaCl-treated rats was not af- 
fected by age or subfield, nor was a significant interac- 
tion between factors observed. Statistical comparisons of 
the number of FLI-positive cells in the W group show no 
significant differences with age or subfield. However, the 
interaction between gustatory cue and rNST subfield, 
F(4,88) = 3.67, p < 0.01, was significant. Post hoc com- 
parisons over the course of the study are shown in Fig-
ure 4. 

4. Discusion 

Our data indicate a clear FLI in the rat rNST as early as 
P5, suggesting that the neuronal connections between 
rNST neurons and taste receptors may not be complete 
but are operating at P5. In this regard the FLI of this 
gustatory area appears to be very similar to the FLI de- 
tected in the newborn olfactory bulb which possibly un- 
derlies basic newborn functions such as food intake, 
mother recognition, and the establishment of early asso- 
ciative learning with taste stimuli of the nest environment 
as a mechanism to gain survival experience [2,29]. This 
possibility is supported by previous electrophysiological, 
morphological, and behavioral observations of gustatory 
responses in NST area [18-21,30-36] suggesting that they 
are part of ancient, complex brainstem mechanisms mo- 
dulating cardio-respiratory rhythms and food-intake in 
several species [37]. 

Quinine elicits intense FLI primarily in the medial 
subfield. Following oral quinine exposure found that new- 
born pups exhibited intense mouth opening and reduced 
lip licking and face-pulling [38]. Thus, quinine stimula-
tion activates not only a small neuronal subpopulation of 
the rNST associated with the taste sensation, but also a 
neuronal subset related to oromotor responses [39]. Si- 
milar studies performed in the adult rat indicated that 
quinine evoked FLI segregated within the medial sub- 
fields of the rNST [17,24,25,39,40].  

The current results also indicate that FLI elicited by 
taste stimuli are primarily related to the oral gustatory 
receptors rather than to the digestive tract visceral recap- 
tors activated after ingestion. Yamamoto and Sawa, 2000 
[41] recently reported that the intragastric infusion of 1 
mM quinine induced FLI in the visceral cNST area at a 
site where the intraoral infusion of quinine fails to induce 
FLI. Although quinine oral stimulation may directly ac- 
tivate gastrointestinal receptors and their afferents, we 
recognize that the FLI at the most caudal level of the 
rNST examined here may represent a combination of 
visceral and gustatory effects, since these regions receive 
significant input from the IX and X cranial nerves [40]. 
Nevertheless, this suggestion requires further investiga- 

tion in order to understand how different gustatory recap- 
tion areas combine their ascending information to inte- 
grate the sensory and hedonic aspects of the gustatory 
signals. 

Another possible explanation for the quinine effects 
seen here is the contribution of the tactile stimulation 
provoked by the liquid volume introduced into the oral 
cavity during the stimulation that was perhaps superim- 
posed on the gustatory stimulus. Giving support to this 
possibility are the anatomical convergence of the IX and 
X cranial afferents in the rNST, the increased rNST neu- 
ronal electrical discharges following the oral mechanical 
stimulation, and the observation here of slight FLI in the 
rNST elicited by water stimulation [15,16,25,42-44]. 
However, the role of the tactile influence of liquid on the 
oral receptors is apparently negligible. Our data show 
that sucrose generally elicits less FLI than quinine but 
more than NaCl and W at all ages; the FLI gradually de- 
clines along the rostro-caudal levels of the rNST except 
on day P5, but increases with age along the medial-la- 
teral subfields. This profile of sucrose is in line with the 
higher preference of the newborn for sucrose, compared 
to NaCl and Water, suggesting that in the rNST, the 
threshold for neuronal activation by sucrose is reduced 
during the pre-weaning period [45]. The FLI elicited by 
NaCl in the rNST at various ages was similar to that elic-
ited in the W subjects. The NaCl concentration used was 
similar to that in amniotic fluid, an important component 
of the fetal environment [46]. Thus, the W and NaCl cues 
used here to elicit FLI in the rNST might cause a low- 
intensity activation of gustatory receptors. 

The fos immunohistochemistry technique has some 
limitations, one of which is that stimulus-induced c-fos 
expression occurs only in those neurons that generate a 
sufficient amount of neuronal activity. Accordingly, very 
high stimulus intensities must typically be used to a- 
chieve measurable FLI. Moreover, in some brain regions, 
neurons remain fos-immunonegative regardless of the 
strength or duration of the stimulus [45]. The reason for 
this is still unclear, but may be related to biochemical 
messengers that regulate neuronal c-fos activation [47] or 
to the preferential expression of transcription factors o- 
ther than c-fos [48-50]. It is possible that cells were acti-
vated by other tastants here used that escaped FLI detec-
tion. 

In the rNST these FLI distribution are taste specific, 
and the spatial location apparently changes during post- 
natal development. The findings presented here suggest 
that these subfields of the rNST may play an important 
role throughout the first two weeks of life, but the details 
of their development are unknown. The synaptogenesis 
of sensory afferents that originate in the taste buds, the 
projections to the reticular formation, gustatory cortex, 
amygdala, and other areas, as well as the metabolic ma- 
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turation of the brainstem, and the levels of inhibitory and 
stimulatory neuromodulators and neurotransmitters may 
contribute to the postnatal maturation and function of the 
rNST. Age is another important factor that modulates 
postnatal changes in the number of gustatory-induced 
FLI-positive neurons from P5 to P15, a time when the 
gustatory receptors are still maturing. These results are in 
agreement with previous studies performed in other brain 
structures that continue to develop during early postnatal 
life [51,52]. 

Taken together, the findings reported here suggest that 
the gustatory-specific patterns of activity in the rNST are 
established during the perinatal period and do not un- 
dergo substantial remodeling during the neonatal period. 
However, further studies are necessary in order to under- 
stand the plastic properties of this brainstem substrate 
that is fundamental for newborn survival. 

5. Conclusion 

In conclusion, difference in the FLI expression between 
sucrose and quinine was demonstrated and the middle 
and lateral regions respectively showed higher FLI ex- 
pression than water or NaCl in rats as early as 5 days of 
age and change during early development. The results 
provide morphological evidence for perceptional and 
discrimination of taste signaling in the NST. 
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