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Abstract. Aging leads to the diminished pulsatile secre‑
tion of hypothalamic gonadotropin‑releasing hormone 
(GnRH). Kisspeptin (Kp), the upstream regulator of the 
hypothalamic‑pituitary‑gonadal (HPG) axis, regulates GnRH 
synthesis and release through its cognate receptor, G‑protein 
coupled receptor  54  (GPR54). In turn, GnRH regulates 
GPR54 expression. GnRH administration into the third 
ventricle has been shown to induce neurogenesis in different 
brain regions in old age. However, aging‑associated changes 
in hypothalamic and extra‑hypothalamic GPR54 expression 
were unclear. Therefore, the expression levels of GPR54 were 
evaluated in various brain regions of adult (age, 3‑4 months) 
and old (age, 20‑24 months) male Wistar rats in the present 
study. In the hypothalamus, mRNA and protein levels of Kp 
and GPR54 were identified to be significantly decreased in 
old age. Furthermore, GnRH1 expression in the hypothalamus 
was analyzed to observe the functional consequence of a 
reduced Kp‑GPR54 system in the hypothalamus. It was found 
that hypothalamic GnRH1 levels were significantly decreased 
in old age. As GnRH regulates GPR54 levels, GPR54 was 
examined in extra‑hypothalamic regions. GPR54 levels were 
found to be significantly decreased in the hippocampus and 
medulla and pons in old‑age rats when compared to adult rats. 
Notably, GPR54 expression was observed in the frontal lobe, 
cortex, midbrain and cerebellum of adult and old‑age rats; 
however, the difference between the two groups was not statis‑
tically significant. To the best of our knowledge, this is the first 
study that provides the quantitative distribution of GPR54 in 
different brain regions during aging. Thus, the reduced levels 
of Kp and its receptor, GPR54 in the hypothalamus could be 

cumulatively responsible for reduced levels of GnRH observed 
in old age.

Introduction

Aging is a complex process and is associated with several 
alterations, including a decline in the activity of the 
hypothalamic‑pituitary‑gonadal (HPG) axis, hormonal abnor‑
malities, cognitive impairments and depression (1). Aging is 
accompanied by a decrease in pulsatile luteinizing hormone 
(LH) secretion due to a decline in the pulsatile secretion of 
gonadotropin‑releasing hormone (GnRH)/LH (2‑4). A recent 
study describes that aging could be accompanied by decreased 
expression of arcuate (ARC) nucleus kisspeptin (Kp) along 
with neurokinin B and dynorphins (5). However, neuronal 
projections expressing Kp from the hypothalamic anteroven‑
tral periventricular nucleus (AVPV) play a pivotal role in the 
regulation of GnRH along with Kp expressed in the ARC 
nucleus (6). Kps are a family of peptide products known to 
stimulate GnRH secretion and play an important role in 
fertility and reproduction by regulating the HPG axis. Kp acts 
through G‑protein coupled receptor 54 (GPR54) and numerous 
studies reported the presence and functions of Kp or GPR54 
in various types of tissue and organs (7‑9). In the brain, the 
Kp‑GPR54 system functions predominantly to control the 
reproductive process (10). In the hypothalamus, the increased 
GPR54 signaling initiates puberty, whereas its loss of function 
delays pubertal onset (11,12). 

In addition to its major function as an upstream regulator 
of the HPG axis, the Kp‑GPR54 system also triggers several 
other signaling pathways. The role of the Kp‑GPR54 system 
in reproductive and non‑reproductive functions was indi‑
cated in a previous study (13). Numerous studies reported 
that Kp induces phospholipase C enzyme activity through 
GPR54 (14,15). Additionally, it has been shown that mutation 
of GPR54 elicits prolonged activation of the ERK signaling 
pathway in response to Kp (16). Furthermore, loss of function 
of GPR54 is known to be associated with hypogonadotropic 
hypogonadism (17). Therefore, the loss or gain of function of 
the GPR54 receptor determines the specificity and importance 
of appropriate signaling of the Kp‑GPR54 system (13).

The Kp‑GPR54 system has been extensively investigated 
in the hypothalamus. Certain studies suggest that GPR54 is 
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expressed in the hippocampus and amygdala (8,9). However, 
its expression in other brain regions, such as the medulla, 
pons, cerebellum, midbrain, frontal lobe and cortex requires 
further investigation. Moreover, age‑induced alterations, if 
any, could elucidate the potential role of Kp‑GPR54 in other 
regions of the brain besides the hypothalamus. In aging, 
GnRH administration has been shown to promote neuro‑
genesis in the hypothalamus, hippocampus and other brain 
regions. Additionally, GnRH travels to other brain regions to 
affect the aging process (18). Furthermore, GnRH regulates 
GPR54 levels (19). Therefore, the aim of the present study was 
to evaluate the expression of GPR54 in different brain regions, 
including the hypothalamus, hippocampus, medulla, pons, 
cerebellum, midbrain, frontal lobe and cortex in adult (age, 
3‑4 months) and old (age, 20‑24 months) male Wistar rats. 

Materials and methods

Animals. Male Wistar rats representing two different 
age groups, adult (age, 3‑4  months; n=8) and old (age, 
20‑24 months; n=8) were procured from the Indian Council 
of Medical Research Institute, National Institute of Nutrition 
(Hyderabad, India) for use in the present study. The rats were 
housed at room temperature (23‑24˚C), in 12‑h light/dark 
cycle and relative humidity of 55‑60%. Food and water were  
provided ad libitum and cage changes were at random inter‑
vals. The study was approved by the Institutional Animal 
Ethics Committee (IAEC) of the University of Hyderabad 
(approval no. UH/IAEC/NBVS/2019‑I/03). All procedures 
were performed according to IAEC guidelines 

The rats were anesthetized with 290 mg/kg body weight 
avertin via intraperitoneal injection and sacrificed by decapita‑
tion. The brains were removed by dissection and the various 
regions, including the hypothalamus, hippocampus, cortex, 
midbrain, frontal lobe, medulla and pons and cerebellum were 
isolated (20,21). All tissue samples were stored at ‑80˚C until 
analysis.

RNA isolation and reverse transcription. Total RNA was 
isolated from the hypothalamus and other regions of the brain 
using TRIzol® (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. Total RNA was dissolved 
in nuclease‑free water and quantified using a NanoDrop™ 
Spectrophotometer (Thermo Fisher Scientific, Inc.). cDNA 
was synthesized using an iScript cDNA Synthesis Kit (Bio‑Rad 
Laboratories, Inc.). 

Quantitative (q)PCR. qPCR was performed using the SYBR™ 
Green (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
detection method to assess GPR54, Kiss1 and GnRH1 mRNA 
expression levels. qPCR was performed using 40 ng cDNA from 
each sample (Adult, n=4; Old, n=4). By using the first‑strand 
cDNA template from each sample, the target and reference 
genes were amplified separately. The primer sequences for 
GPR54, Kiss1, GnRH1 and GAPDH were as follows: GPR54 
forward, 5'‑GCG​GCC​ACA​GAT​GTC​ACT​TT‑3' and reverse, 
5'‑AGG​TGG​GCA​GCG​GAT​AGA‑3'; Kiss1 forward, 5'‑GCT​
GCT​GCT​TCT​CCT​CTG​TGT‑3' and reverse, 5'‑CTG​TTG​
GCC​TGT​GGG​TTCA‑3'; GnRH1 forward, 5'‑GCA​GAA​CCC​
CAG​AAC​TTC​GA‑3' and reverse, 5'‑CAA​CGC​CAA​GGA​GCT​

CAA​GT‑3'; GAPDH forward, 5'‑TAT​CAC​TCT​ACC​CAC​GGC​
AAG‑3' and reverse, 5'‑ATACTCAGCACCAGCATCACC‑3'. 
Amplification was performed using an Applied Biosystems 
Power SYBR‑Green PCR Master Mix (2X; Thermo Fisher 
Scientific, Inc.) and Applied Biosystems™ 7500 Real‑Time 
PCR System (Thermo Fisher Scientific, Inc.). The reaction 
set‑up for PCR was as follows: 1 µl 10‑pmol forward primer, 
1 µl 10‑pmol reverse primer, 10 µl Power SYBR‑Green PCR 
Master Mix (2X) and 8 µl (40 ng) cDNA in a total reaction 
volume of 20 µl. The standard thermocycling conditions were 
as follows: Initial denaturation at 95˚C for 10 min, followed 
by 40 cycles of denaturation at 95˚C for 15 sec and 60˚C for 
1 min. Single amplification of the product and absence of 
primer‑dimer formation was confirmed by dissociation curves. 
Cycle threshold (Cq) values were taken from the exponential 
phase of PCR amplification. The expression levels of target 
genes, GPR54, Kiss1 and GnRH1 were normalized to GAPDH 
expression (ΔCq=target gene Cq‑GAPDH Cq) and the relative 
quantity of target mRNA expression in each sample was equal 
to 2‑ΔΔCq (22).

Western blotting. Tissue samples were Dounce homogenized 
in lysis buffer (50  mM Tris‑HCl, pH  8.0, 150  mM NaCl, 
1% Nonidet P‑40 and 0.5% sodium deoxycholate) supple‑
mented with protease inhibitors to a final concentration of 
10% homogenate. Lysates were sonicated and centrifuged 
at 10,000 x g for 5 min at 4˚C, clear supernatants were collected 
and the protein concentration was estimated using the Bradford 
Method (23). Each sample (50 µg protein/lane) was separated 
by 12% SDS‑PAGE (24) and electrophoretically transferred 
onto a nitrocellulose membrane. Blocking was performed with 
5% non‑fat milk for 1 h at room temperature and washed with 
PBS with 0.05% tween 20 (PBST) three times each 5 min. The 
membrane was probed with the following primary antibodies: 
Anti‑GPR54 (dilution, 1:1,000; cat. no. GTX100374; GeneTex, 
Inc.) and anti‑Kp (dilution 1:1,000; cat.  no.  GTX337642; 
GeneTex, Inc.) antibodies for 12 h at 4˚C, washed three times 
at 5 min each with PBS followed by anti‑rabbit horseradish 
peroxidase‑conjugated secondary antibody for 2 h at room 
temperature (dilution, 1:2,000; cat. no. SC2357; Santa Cruz 
Biotechnology, Inc.). The blots were washed with PBS and 
developed using ECL™ Prime (Cytiva) and an imaging system 
(Chemidoc; Bio‑Rad Laboratories, Inc.). Densitometry was 
performed using ImageJ 1.49v Software (National Institutes 
of Health).

Statistical analysis. Data were analyzed using unpaired 
Student's t‑test for comparison between the two groups. Results 
are expressed as the mean ± standard error of the mean and 
P<0.05 was considered to indicate a statistically significant 
difference. SigmaPlot 11.0 software (Systat Software, Inc.) was 
used for statistical analysis.

Results 

Aging‑associated decreases in GPR54, Kiss1 and GnRH1 
mRNA levels are observed in the hypothalamus. Neuronal 
projections expressing Kp from the hypothalamic AVPV 
region play a pivotal role in the regulation of GnRH along with 
Kp expressed in the ARC nucleus (6). Age‑dependent decline 
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in Kp expression levels has been observed in the hypothalamic 
ARC nucleus of the brain (5). However, it remains unclear 
whether AVPV Kp levels also alter with aging. Furthermore, 
it is essential to determine the steady‑state levels of the Kp 
target receptor, GPR54, to understand the Kp‑GPR54 medi‑
ated signaling mechanism.

To investigate the age‑associated changes of GPR54, 
Kiss1 and GnRH in the hypothalamus, the hypothalamic 
brain region from adult and old‑aged rats was isolated in 
the present study. qPCR was performed from total cDNA 
to estimate the relative mRNA levels of GPR54, Kiss1 and 
GnRH. Notably, a significant decrease was observed in the 
mRNA levels of GPR54, Kiss1 and GnRH in old‑age rats 
when compared with adult rats (Fig. 1; P<0.05). These results 
indicate the important role of GPR54, Kiss1 and GnRH1 in 
the aging process.

Aging‑associated decreases in GPR54 and Kp protein levels 
are observed in the hypothalamus. As an aging‑associated 
decrease was observed in GPR54 and Kiss1 mRNA levels 
in the hypothalamus, the present study investigated whether 
GPR54 and Kp protein levels were also altered during 
the aging process. To examine this, western blotting was 
conducted to analyze the protein levels of GPR54 and Kp. A 
decrease in GPR54 and Kp protein levels was observed in the 
hypothalamus of the old‑age rats when compared with that of 
the adult rats (Fig. 2; P<0.05). These results indicate the strong 
association between GPR54 and Kp levels at the mRNA and 
protein levels.

Aging‑associated alterations in GPR54 expression are 
observed in the extra‑hypothalamic brain region. The 
Kp‑GPR54 system has been evaluated extensively in the 
hypothalamus. However, few studies reported the expression 
of GPR54 in the amygdala and hippocampus. Furthermore, 
it has been shown that the Kp‑GPR54 system modulates 
real‑time synaptic transmission in the hippocampus, likely 
through signaling pathways and their associated trophic 
factors and tyrosine kinase receptors (25). This indicates that 
the Kp‑GPR54 system has a selective function in other brain 
regions besides the hypothalamus.

Aging is characterized by diminished neurogenesis and 
GnRH administration is known to reverse this age‑induced 

effect in the hypothalamus and hippocampus. Furthermore, 
GnRH administration appeared to exert similar effects in other 
brain regions (18), which indicates that GnRH travels within 
the brain to promote neurogenesis. Additionally, GnRH is also 
known to regulate GPR54 levels (19). In the present study, 
an age‑dependent reduction of GnRH levels was observed 
in the hypothalamus region. However, whether expression of 
GPR54 regulates the aging process in extra‑hypothalamic 
regions requires further investigation. To date, to the best of 
our knowledge, no studies have documented the expression of 
GPR54 in other regions of the brain. 

To evaluate whether GPR54 is expressed in other regions 
of the brain, extra‑hypothalamic brain regions, such as the 
hippocampus, frontal lobe, cortex, midbrain, cerebellum, 
medulla and pons were isolated and the mRNA and protein 
levels of GPR54 were evaluated. 

In the hippocampus, GPR54 mRNA was observed in adult 
and old‑age rats; however, the difference between adult and 
old‑age rats was not statistically significant (Fig. 3). Indeed, 
the protein levels of GPR54 were significantly decreased in 
old‑age rats when compared with adult rats (Fig. 4A; P<0.05). 
In the medulla and pons, the relative mRNA expression of 
GPR54 was significantly increased in old‑age rats when 
compared with that in adult rats (Fig. 3; P<0.05). By contrast, 
the protein levels were decreased in old‑age rats compared 
with that in adult rats (Fig. 4B; P<0.05). In the frontal lobe, 
the relative mRNA expression of GPR54 was significantly 
increased in old‑age rats when compared with that in adult 
rats (Fig. 3; P<0.05). Although GPR54 protein expression was 
observed in the adult and old‑age rat groups, the difference 
between adult and old age rats was not statistically significant 
(Fig. 5).

GPR54 mRNA levels were significantly increased in the 
cortex of old‑age rats when compared to that in adult rats (Fig. 3; 
P<0.05); however, the same tendency was not observed in 
GPR54 protein expression levels where the difference between 
adult and old‑age rats was not statistically significant (Fig. 5). 
In the midbrain, similar findings to the frontal lobe and cortex 
were observed, that is to say, a significant increase in GPR54 
mRNA levels was observed in old‑age rats when compared 
with adult rats (Fig. 3; P<0.05) and no significant difference 
in GPR54 protein levels was observed between the two groups 
(Fig. 5). Although GPR54 mRNA and protein expression was 

Figure 1. Hypothalamic expression of Kiss1, GPR54 and GnRH1 reduces in old age. mRNA expression of hypothalamic (A) Kiss1, (B) GPR54 and (C) GnRH1 
in adult (age, 3‑4 months) and old‑age (age, 20‑24 months) rats (n=4). Relative mRNA expression is normalized to internal reference gene GAPDH. Each value is 
presented as the means ± SEM. *P<0.05. Kiss1, KiSS‑1 metastasis suppressor; GPR54, G protein‑coupled receptor‑54; GnRH1, gonadotropin releasing hormone 1.
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observed in adult and old‑age rats in the cerebellum, the differ‑
ence was not statistically significant (Figs. 3 and 5).

Discussion

Kp was initially recognized as a metastasis suppressor (26). 
Subsequently, a strong association between the Kp‑GPR54 
system and the HPG axis was identified in the control of repro‑
duction. Kp mediates pulsatile secretion of gonadotropins, LH 
and follicle stimulating hormone, via GnRH (6). During old 
age, such pulsatile LH secretion is reduced due to the dete‑
rioration of the GnRH/LH pulse generator (3,4). A previous 
study indicated that this is accompanied by a decrease in 
the expression of Kp, dynorphin and neurokinin B during 
the aging process (5). The role of the Kp‑GPR54 system has 
been extensively investigated in the hypothalamus. Although 
certain studies state that GPR54 is also expressed in the 
hippocampus and amygdala (8,9), its association with aging 
has not been elucidated. Notably, in a recent study, the func‑
tional importance of the Kp‑GPR54 system was evaluated in 
rat brain hippocampus and neuronal cell lines (27). Therefore, 
it is considered important to evaluate GPR54 expression in 
extra‑hypothalamic regions. Furthermore, to the best of our 
knowledge, there are no studies on GPR54 expression and its 
association with aging in extra‑hypothalamic brain regions, 
such as the midbrain, frontal lobe, cortex, cerebellum, medulla 
and pons. 

Aging leads to the loss of various physiological functions 
and ultimately decreases life span (1). In addition to its role 
in regulating sex hormones, GnRH was known to restore 
aging‑impaired neurogenesis (18). Previously, it was demon‑
strated that GnRH treatment induces neurogenesis in the 
hypothalamus, hippocampus and other brain regions (18). Kps 

are the upstream regulator of GnRH and controlled regula‑
tion of the Kp‑GPR54 system could be important for aging. 
Notably, Kp expression was controlled by oestradiol, while 
GPR54 expression was regulated by GnRH (19). Thus, in line 
with existing literature, the present study aimed to examine 
the expression of Kp, GPR54 and GnRH in different brain 
regions of rats to elucidate the molecular changes that occur 
during aging. To the best of our knowledge, this is the first 
study describing the expression of GPR54 and its association 
with aging in various brain regions.

To evaluate the age‑associated changes of Kp, GPR54 and 
GnRH in the hypothalamus, the hypothalamus of adult and 
old‑age rats was examined in the present study. Numerous 
studies have described the presence and pivotal role of Kp 
and GPR54 in the hypothalamus  (28‑31). Furthermore, in 
several species, including humans, peripheral administration 
of Kp is known to stimulate GnRH release in the hypothal‑
amus (1,29,32‑38). All of these studies demonstrate that the 
Kp‑GPR54 system plays an important role in pubertal matu‑
ration, reproduction and GnRH release. In the present study, 
hypothalamic GPR54 mRNA expression was demonstrated to 
be significantly reduced in old‑age rats when compared with 
adult rats. Accordingly, hypothalamic GPR54 protein levels 
were also significantly decreased in the old‑age rats. Similarly, 
hypothalamic Kp mRNA and protein levels were observed to 
be decreased in old‑age rats when compared with adult rats. 
A previous study has shown that Kp regulates GnRH mRNA 
expression (35). Various lines of evidence indicate that GnRH 
levels are decreased in old age (1,36,37). Furthermore, hypotha‑
lamic GnRH1 mRNA levels were identified to be significantly 
decreased in old‑age rats when compared to adult rats in the 
present study. GnRH protein levels were not evaluated, as it is 
a well‑established fact that aging diminishes GnRH secretion 

Figure 2. Hypothalamic expression of kisspeptin and GPR54 protein levels reduce in old age. Reduced expression levels of kisspeptin in the hypothalamus of adult 
(age, 3‑4 months) and old‑age (age, 20‑24 months) rats (n=3 to 4), as presented by (A‑a) western blotting and (A‑b) densitometry. Reduced expression levels of GPR54 
in the hypothalamus of adult and old‑age rats (n=3 to 4), as presented by (B‑a) western blotting and (B‑b) densitometry. GAPDH served as the loading control. n=3 
in case of kisspeptin immunoblotting and n=4 in case of GPR54. Values are presented as means ± SEM. *P<0.05. GPR54, G protein‑coupled receptor‑54.
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in rodents and mammals (1,36,37). Decreased hypothalamic 
Kp levels may be responsible for reduced levels of hypotha‑
lamic GnRH1. In the present study, it was hypothesized that 
decreased expression of GPR54 in the hypothalamus during 
aging may be due to decreased GnRH expression. However, 
further studies are required to elucidate the functional impor‑
tance of the Kp‑GPR54 system in aging.

Initially, Lee et al  (9) identified GPR54 mRNA expres‑
sion across rat brain regions through Northern blot analysis 
and in situ hybridization techniques. The authors observed 
that GPR54 mRNA was predominant in limbic brain regions, 
including the hypothalamus, hippocampus and periaqueductal 
grey regions. However, a limitation of the study was the lack 

of a detailed quantitative description of GPR54 protein expres‑
sion  (9). GnRH neurons co‑expressing GPR54 have been 
confirmed by in situ hybridization and feedback regulation 
of gonadotropin secretion by the Kp‑GPR54 system was also 
demonstrated (39). However, in situ hybridization of GPR54 
mRNA was identified to be similar among juvenile and adult 
mice  (40). By contrast, GnRH neurons expressing GPR54 
were found to increase from the postnatal period to adulthood 
in mice (41). 

As GnRH induces neurogenesis in hypothalamic and 
extra‑hypothalamic regions during aging and as it regulates 
GPR54 expression, the present study investigated GPR54 
expression in extra‑hypothalamic regions, including the frontal 

Figure 3. Age‑induced alterations in mRNA expression of GPR54 in extra‑hypothalamic brain regions of adult (age, 3‑4 months) and old‑age (age, 
20‑24 months) rats (n=4). Relative mRNA expression was normalized to internal reference gene GAPDH. Values are presented as means ± SEM. *P<0.05. 
GPR54, G protein‑coupled receptor‑54.
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Figure 5. Age‑induced alterations in GPR54 levels in the frontal lobe, cortex, midbrain and cerebellum of adult (age, 3‑4 months) and old‑age (age, 20‑24 months) 
rats (n=4). GAPDH served as a loading control. (A) Western blotting and densitometry of GPR54 in the frontal lobe. (B) Western blotting and densitometry of 
GPR54 in the cortex. (C) Western blotting and densitometry of GPR54 in the midbrain. (D) Western blotting and densitometry of GPR54 in the cerebellum. 
Values are presented as means ± SEM.. GPR54, G protein‑coupled receptor‑54.

Figure 4. GPR54 protein levels in the hippocampus and medulla and pons were reduced in old‑age rats (age, 20‑24 months) when compared with adult (age, 
3‑4 months) rats (n=4). (A‑a) Western blotting and (A‑b) densitometry demonstrating reduced GPR54 protein levels in the hippocampus of old‑age rats. 
(B‑a) Western blotting and (B‑b) densitometry demonstrating reduced GPR54 protein levels in the medulla and pons regions of old‑age rats. GAPDH served 
as the loading control. Values are presented as means ± SEM. *P<0.05. GPR54, G protein‑coupled receptor‑54.
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lobe, cortex, midbrain, cerebellum, hippocampus, medulla and 
pons. In the hippocampus, GPR54 protein levels were signifi‑
cantly decreased in old‑age rats when compared with that in 
adult rats. However, the difference in GPR54 mRNA expres‑
sion between those groups was not identified to be statistically 
significant. A previous study identified that age‑impaired 
neurogenesis in the hippocampus was prevented by GnRH 
treatment (18). In the present study, it was hypothesized that 
decreased GPR54 expression in the hippocampus could be 
attributed to the decreased synthesis of GnRH in the hypo‑
thalamus. In the medulla and pons, GPR54 mRNA levels were 
significantly increased in old‑age rats when compared to that 
of adult rats. In contrast to the mRNA levels, GPR54 protein 
levels were decreased in the old‑age rats when compared to 
the adult rats. The decrease in GPR54 protein expression could 
be due to GnRH control, as GnRH is known to travel to other 
brain regions, not just the hypothalamus and hippocampus (19). 
In the frontal lobe, the GPR54 mRNA levels were significantly 
increased in old‑age rats when compared to that of adult rats. 
However, the difference in GPR54 protein expression between 
old age rats and adult rats was not statistically significant. 
Similar results were observed in the cortex and midbrain. 

Various factors are known to affect mRNA and protein 
expression in aging. For example, perturbed translational 
control  (42,43). It is evident that aging is accompanied by 
a loss of translational control that leads to the shutdown of 
protein synthesis of specific mRNAs (42,43). In general, it 
preserves the protein homeostasis that prevents the produc‑
tion of excessive quantities of undesirable proteins for normal 
cellular function (42,43). Regulation of protein synthesis is a 
common determinant of longevity (42,43). Therefore, reducing 
translational factors that reduce mRNA translation could 
be an adaptive response to increase longevity or it could be 
associated with an age‑associated decline in cellular func‑
tions (42,43). In the present study, GPR54 mRNA and protein 
expression in the cerebellum were not observed to be signifi‑
cantly different between old‑age and adult rats. The present 
study hypothesized that this could be due to a deficiency in 
translation of GPR54 in these particular regions, however, 
further studies are required to confirm this hypothesis. 

There are only a small number of studies regarding the 
function of GPR54 across extra‑hypothalamic brain regions, 
therefore this is less well understood. In one study, the presence 
of the Kp‑GPR54 system in the dentate gyrus of the hippo‑
campus has been shown to modulate the synaptic excitability 
via the MAP kinase pathway (25,44). Another study described 
the presence of GPR54 in all three layers of the dentate gyrus 
and in the CA3 pyramidal cell layer region, indicating the role 
of GPR54 in the proper functioning of the hippocampus (41). 
In our recent study, Kp was demonstrated to preserve mito‑
chondrial function by inducing autophagy/mitophagy in the 
hippocampus of aging rat brains and neuronal cell lines (27). 
The mechanistic details of Kp‑induced autophagy/mitophagy 
were also demonstrated. The silencing of GPR54 was shown 
to diminish the effects of Kp‑induced autophagy/mitophagy. 
Thus, as Kp protects mitochondrial health in the hippocampus 
of rat brains, it could also be used as a therapeutic target in 
hippocampus‑associated impairments, such as memory, cogni‑
tive aging and other diseases associated with mitochondrial 
dysfunction. 

The present study supports previous findings on GPR54 
expression outside the hypothalamic regions. In addition, the 
altered expression of GPR54 among adults and old‑age rats 
suggests a role of GPR54 in the aging process, although whether 
it is a cause or effect remains unknown. Thus, further investiga‑
tions are required to investigate the functional significance of 
GPR54 in different brain regions with respect to aging.
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