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Abstract 

Age-related memory decline has been associated with changes in the medial prefrontal 

cortex (mPFC) function. In order to explore the role of mPFC in taste recognition 

memory, we have assessed mPFC c-Fos immunoreactivity in adult (5-month-old) and 

aged (24-month-old) male Wistar rats during the first (Novel), second (Familiar I), and 

sixth (Familiar II) exposure to a cider vinegar solution. Adult brains showed higher c-

Fos expression in the ventral but not the dorsal region of mPFC during the second taste 

exposure. Interestingly, old brains exhibited an altered activity pattern selectively in the 

dorsal peduncular cortex (DP) which can be associated with a delayed attenuation of 

vinegar neophobia in this group. These results support the involvement of this area in 

the formation of safe taste memory. Further research is needed for understanding the 

role of DP in taste recognition memory and the impact of aging on it. 
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Age-related cognitive decline is evident in a variety of memory impairments that 

involve the prefrontal cortex, a vulnerable brain region [1]. Among them, recognition 

memory has been proposed as the purest measure of age-related memory deficit in 

humans [2]. The ability to recognize previously encountered stimuli as familiar can be 

studied in rodents through different sensory modalities. Aged mice [3] and rats [1,4] 

exhibit impairments in visual recognition memory tests. These impairments have been 

associated with altered brain activation in areas such as the perirhinal cortex and the 

hippocampus [3], as well as a reduced volume of the striatum, the hippocampus, and the 

medial prefrontal cortex (mPFC) [1]. Meanwhile, taste recognition memory is relatively 

well preserved during aging. Taste neophobia which consists in the reduced intake of 

novel tastes is evident in aged rats [5,6]. The attenuation of taste neophobia (AN) upon 

repeated taste exposures without consequences is delayed in aged rats [7,8]. This age-

related delay in AN has been associated with altered activity patterns in the perirhinal 

cortex [7], the piriform cortex [9] and the nucleus accumbens [10] using c-Fos 

expression as an index of neural activity. While aged rats exhibit higher activity than 

adult rats in the perirhinal cortex [7] and the nucleus accumbens [10] shell during 

drinking a familiar vinegar solution after six exposures, an age-related overall increased 

activity in the piriform cortex not related to flavor familiarity has been reported [9].   

Previous evidence has pointed out the interaction between the nucleus accumbens and 

mPFC during taste familiarization in adult rats. It has been shown that depletion of 

mPFC dopamine (DA) by 6-OHDA lesions prevented the reduced accumbens DA 

response to a familiar palatable chocolate taste solution thus maintaining the DA 

response to taste novelty [11]. As far as we know, to date this was the only study 

suggesting the potential involvement of mPFC in taste familiarization. Nonetheless, 
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there is plenty of evidence showing the implication of mPFC in other taste memory 

tasks such as conditioned taste aversion (CTA) [12–15] and flavor preference learning 

[16,17]. Furthermore, mPFC seems to have a particular role in the extinction of learned 

responses including CTA [15,18,19]. In fact, this has been proven through 

immunohistochemical c-Fos determination, showing that extinction of a learned taste 

aversion is associated with increased mPFC activity [20]. Given that CTA extinction 

involves a shift of the taste’s hedonic value from aversive to safe, it can be hypothesized 

a similar involvement of mPFC in the hedonic shift taken place during AN.  

A plethora of studies in different species, including rodents, have reported that the 

prefrontal cortex is especially vulnerable to the effects of aging [21]. Therefore, it seems 

valuable to extend our previous work on AN-related brain activity [7,9,10] to the 

mPFC. The rat’s mPFC is a heterogeneous brain region that can be subdivided into 

different subdomains according to a variety of criteria (Fig 1a). Based on 

cytoarchitectonic features, mPFC can be divided into anterior cingulate (ACC), 

prelimbic (PrL), infralimbic (IL), and dorsal peduncular (DP) cortices [22,23]. 

According to anatomical criteria and connectivity with other brain areas, it has been 

suggested a subdivision into a dorsal component (dmPFC) that includes ACC and the 

dorsal region of PrL, versus a ventral component (vmPFC) that includes the ventral 

region of PrL, IL, and DP [24]. This latter component seems to be involved in flexible 

shifting to new strategies in spatial learning [24], which is in accordance with the 

reported involvement of IL in CTA extinction [15,19]. 

In order to explore the effects of aging on mPFC activity during taste neophobia and its 

attenuation, we assessed c-Fos protein expression as an index of neural activity in adult 

and aged rats during the first (Novel), the second (Familiar I), and the sixth (Familiar II) 

exposure to a vinegar solution. This technique has been extensively used for mapping 
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the brain areas activated during the exposure to novel and familiar tastes because c-fos 

is an immediate early gene expressed transiently and rapidly when neurons are active 

thus reflecting recent activity more precisely than other markers of neural activity.  We 

compared c-Fos expression using two different classifications for mPFC regions: a 

dorso-ventral division including the two components dmPFC and vmPFC; and a second 

more conventional division including ACC, PrL, IF, DP (Fig. 1a).  

As it has been previously reported [9], 21 adult (5-month-old) and 24 aged (24-month-

old) male Wistar rats were housed individually and maintained on a 12 h light/dark 

cycle (light from 08:00 to 20:00h). Food was available ad libitum but they were 

subjected to a water deprivation schedule with two daily drinking sessions (15 minutes 

during the morning and 20 minutes during the afternoon). After stabilizing the water 

drinking baseline, the animals had access to a non-palatable cider vinegar solution (3%) 

during the morning drinking sessions for six consecutive days. It has previously 

reported no differences in acid taste preferences between adult and aged [25]. Intake 

(ml) was recorded by weighing the drinking tubes before and after each drinking 

session. According to the experimental day in which they were euthanized to perform 

immunohistochemistry of the protein c-Fos, the rats were assigned to the following 

groups: adult (n = 7) and aged (n = 8) rats euthanized on day 1 (Novel group); adult (n = 

7) and aged (n = 8) rats euthanized on day 2 (Familiar I); and adult (n = 7) and aged (n = 

8) rats euthanized on day 6 (Familiar II). Euthanasia took place 90 minutes after the 

corresponding drinking session. The experimental procedure was approved by the 

University of Granada Ethics Committee for Animal Research and Junta de Andalucía 

(17-02-15-195).  

The immunohistochemical procedure has been described elsewhere [7,9,10]. In brief, 

under deep anaesthesia the rats were transcardially perfused with 0.9% saline followed 



6 
 

by 4% paraformaldehyde, the brains were removed and coronal sections approximately 

between +3.24 mm and +2.76 mm relative to bregma were cut at 20 µm using a cryostat 

(Leica CM1900). Tissue sections were then rinsed in phosphate-buffered saline (PBS 

0.01M, pH 7.4), incubated in 3% goat serum and 0.4% Triton X-100 in PBS for 30 min. 

The slices were transferred to a c-Fos primary antibody (Biotinylated goat anti-rabbit 

IgG, 1:500; Calbiochem) for 120 min at room temperature. Primary and secondary 

antibody solutions were mixed in a solution of 2% normal goat serum, 0.4% Triton X-

100, and PBS. The sections were rinsed again and processed using the ABC kit (Vector 

Laboratories, Burlingame, CA). The reaction was visualized using the peroxidase 

substrate kit (DAB) (Vector Laboratories, Burlingame, CA). Finally, they were rinsed, 

mounted on gelatine-subbed slides, rehydrated with ethanol and xylenes and finally they 

were cover-slipped. 

 In order to quantify c-Fos positive cells, 14 digital images per hemisphere from two 

different sections were captured in each brain using a light microscope (Olympus 

BX41) at 40x magnification following a rostro-caudal division. As shown in Figure 1a, 

the total number of images taken in each subdivision and hemisphere was: ACC: 6, PrL: 

10, IL: 6 and DP: 6. When considering the dorso-ventral division, this means that we 

took 12 images in dmPFC and 16 in vmPFC. The number of Fos-positive cells was 

counted automatically using the Image J software (National Institute of Mental Health). 

For each image’s threshold objects having specific area (25-135) and circularity (0.25-

1.00) values matching those of c-Fos positive nuclei were automatically counted by the 

software. Beforehand, in order to equalize all images and cancel out the background 

noise, they were converted into 8-bit type image and the background was lightened 

(50.0 pixels). Mean values were calculated for each brain area.  
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The behavioural results corresponding to the Familiar II groups are available elsewhere 

[9]. In brief, both adult and aged groups exhibited vinegar but the aged groups showed a 

delayed AN requiring one more vinegar exposure in order to reach the same amount of 

vinegar intake than that of Day 6. There were no differences between adult and aged 

groups in water intake during the baseline or in vinegar consumption during the 

drinking sessions prior to euthanasia: novel [F(1, 13) = .36; p = .55],  familiar I [F(1, 

13) = .4.21; p = .06] and familiar II [F(1, 13) = .043; p = .83] (Table 1).  

The mean (±SEM) number of c-Fos positive cells of both adult and aged rats under the 

three taste familiarity conditions (Novel, Familiar I, and Familiar II) is shown in Figure 

2. Independent 2x3 bifactorial ANOVA (age x familiarity) analyses were performed for 

each area using two different classifications: dmPFC and vmPFC (Figure 2a); and ACC, 

PrL, IF, DP (Figure 2b).  

Regarding dmPFC and vmPFC, after analyzing the homogeneity of variance (Levene 6, 

5607 = 0.582, p = .74), two-way ANOVAs indicated a significant interaction age x 

familiarity in vmPFC [F(2,34)=4.850; p<.05, 
2 
= .22] but not in dmPFC. Analysis of 

the interaction revealed a significant effect of familiarity [F(2,17)=34.144; p<.01, 
2 

= 

.82] in adult rats. Post-hoc Bonferroni tests showed a higher number of c-Fos positive 

cells in the Familiar I group than in the Novel (p< 0.01) and the Familiar II (p < 0.01), 

while these latter two groups did not differ in c-Fos positive cells. A one-way ANOVA 

of the factor familiarity in aged groups did not reach. However, old rats exhibited higher 

c-Fos immunoreactivity than adult rats during drinking the novel vinegar solution for 

the first time (p < .05). 

For to the more conventional division of mPFC in ACC, PrL, IL, and DP, after 

analyzing the homogeneity of variance (Levene F (50, 1924) = 1.924, p = .12), we 
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performed independent 2 x 3 (age x familiarity) ANOVAs for each area.  No significant 

effects of the main factor or interaction were found in ACC. In PrL the analysis yielded 

only a significant effect of the main factor familiarity [F(2,34)=5.158; p<0.05, 
2 
= .22]. 

Bonferroni post-hoc test revealed a higher number of c-Fos positive cells in the Familiar 

I group in comparison with the Novel (p<0.05) but not the Familiar II group. Similar 

results were found in IL, where only the main factor familiarity was found significant 

[F(2,34)=5.377; p<0.01, 
2 
= .24]. Nonetheless, in this case the Bonferroni test showed 

a higher number of c-Fos positive cells in the Familiar I group than both in the Novel (p 

< 0.05) and Familiar II (p < 0.05) groups. Regarding DP, in addition to a significant 

main effect of familiarity [F(2,34)=6.064; p< 0.01, 
2 
= .33], the interaction age x 

familiarity was also found significant [F(2,34)=6.064; p<0.01, 
2 
= .26]. Analysis of the 

interaction revealed significant main effects of the familiarity factor in both adult 

[F(2,15)=8.524; p<0.01, 
2 
= .53] and aged rats [F(2,19)=6.306; p<0.01, 

2 
= .39]. But 

interestingly enough, the Bonferroni-corrected test revealed a different pattern of c-Fos 

expression for each age group. Adult rats showed a similar pattern to the one found in 

other mPFC subdivisions, exhibiting a higher number of c-Fos positive cells in the 

Familiar I group than both the Novel (p<0.01) and the Familiar II (p<0.05) groups. 

However, aged rats exhibited a higher number of c-Fos positive cells in the Novel group 

than in the Familiar II (p<0.01), and a tendency to a higher number of c-Fos positive 

cells in the Familiar I group in comparison with the familiar II (p=.06). Comparisons 

between aged and adult groups yielded significant differences in all the familiarity 

conditions. Aged rats exhibited higher c-Fos expression than adult rats in the Novel 

condition (p=0.05) but lower in Familiar I (p=0.05) and Familiar II (p=0.05) conditions, 

thus indicating a different pattern of activity in DP for old and adult rats. 



9 
 

Our results demonstrate for the first time changes in mPFC activity associated with taste 

recognition memory which are altered by aging. These changes cannot be attributed to 

age-related differences in taste volume consumption or other non-specific motivational 

changes because no differences between adult and aged groups were found in water or 

vinegar intake. The use of two different classifications of mPFC subdivision allows us 

to draw accurate conclusions about the role of different mPFC regions. Using a dorso-

ventral division, our data indicate that ventral but not dorsal mPFC increases c-Fos 

expression during the second taste exposure in comparison with the first and the sixth 

exposures in adult rats. This supports the potential involvement of vmPFC in the 

formation of safe taste memory but not in the neophobic response nor in taste memory 

long-term maintenance. This finding is confirmed and extended by a more precise 

analysis using the second classification in which we included PrL and IL, as the most 

frequent regions used in memory studies, and we add ACC and DP. The results 

confirmed the same activity pattern in PrL, IL and DP. A similar activity pattern in adult 

rats has been previously reported in the nucleus accumbens shell [10] which is 

consistent with the proposed mPFC-accumbens shell interaction relevant for 

familiarization [11]. As these authors propose it is conceivable that vmPFC codes for 

the generic motivational value of the taste which in the present experiment is increased 

during AN. However, it seems that the vmPFC role is limited to the process of changing 

the motivational value of the taste since the activity decays when the taste is already 

familiar and safe. The fact that vmPFC acts modulating accumbens shell activity is 

supported by the similar activity pattern in both brain areas. Our results are also in 

accordance with a previous report of increased PrL and IL c-Fos expression associated 

with CTA extinction [20], thus supporting a general role of the ventral regions of mPFC 

in flexible behavioural shifting [24]. However, we would like to stress that, as far as we 
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know, ours is the first study reporting a similar activity pattern specifically in DP. Given 

that DP maintains bilateral connections with the nucleus of the solitary tract and 

ipsilateral connections with the parabrachial nucleus as well as interaction with the 

insular cortex, all of them being areas that integrate taste and visceral inputs 

contributing to the taste hedonic value, the above proposed role of vmPFC in the 

modulation of the hedonic shifting of the taste as it becomes familiar can be attributed 

to DP. Moreover, DP seems to be the most vulnerable mPFC region to the aging impact 

on AN. While there seems to be a non-significant tendency to reduced PrL and IL 

activity in the Familiar II older group, a clear different pattern appears in all DP older 

groups. In comparison with adult groups, older rats exhibit increased DP activity 

associated with taste novelty. This activity decays as the taste becomes familiar and 

dramatically decreases when the familiarization process is consolidated. This changing 

activity pattern does not seem to be attributable to age-related sensory deficits since it 

changes depending on taste familiarity. Moreover, there is no previous evidence of 

aging-related taste processing impairments affecting the conventional stimuli used in 

standard taste learning tasks (Gámiz and Gallo, 2011). This pattern is opposite to that 

found in the perirhinal cortex of aged rats. Aged rats exhibit lower c-Fos expression 

than adult rats during the first exposure to vinegar but higher during the sixth exposure 

[7]. This might suggest a reciprocal inhibitory relationship between both brain areas in 

taste neophobia and AN so that the decreased perirhinal cortex activity induced by 

aging would increase DP activity and viceversa. The DP activity pattern of aged rats is 

also opposite to that exhibited by aged rats in the nucleus accumbens shell, thus 

supporting reciprocal modulation between both areas. Even though DP shares 

neuroanatomical characteristics with both PrL and IL [24], research on drug seeking 

behavior suggests that DP might be functionally distinct [26].  
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In all, our results support the involvement of vmPFC in the formation of the safe taste 

memory during the first stages of AN, thus supporting the value of the dorso-ventral 

division of mPFC. However, a further distinction between ACC, PrL, IL and DP areas 

unveiled a selective aging impact on DP. This opens new questions on the role of DP in 

taste memory and prompts research on its interaction with a proposed network 

mediating neophobia and its attenuation that includes perirhinal cortex, amygdala, 

insular cortex and accumbens nucleus. 
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Figure legends 

 

Figure 1.  A) Location of the microphotographs (100 microns, 40X) covering the 

regions of the mPFC assessed. The images were numbered following a dorso-ventral 

and medio-lateral axis. B) Representative microphotographs showing c-Fos positive 

cells in the anterior cingulate cortex (ACC), prelimbic cortex (PrL), infralimbic cortex 

(IL) and dorsal peduncular cortex (DP) of adult and aged rats belonging to the three 

familiarity groups (Novel, Familiar I and Familiar II). 

 

Figure 2.  Mean (±SEM) number of c-Fos positive cells in the mPFC regions according 

to a) dorsal versus ventral subdivision b) anterior cingulate cortex (ACC), prelimbic 

cortex (PrL), infralimbic cortex (IL) and dorsal peduncular cortex (DP). * vs. Familiar I 

group; # adult vs. aged groups.  

 

 

 

 

 

 



Table 1.    

 Mean (± SEM) vinegar consumption (ml.) of the different adult and aged groups. 

 

 
Novel Familiar I Familiar II 

  

Adult 6.32 (± 0.53) 9.64 (± 0.87) 11.73 (± 0.78) 

Aged 5.65 (± 0.8) 7.01 (± 0.8) 11.51 (± 0.79) 

    

 






	Exposito et al. BBR,2020
	Table. 1
	Fig. 1
	Fig. 2

