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Evidence suggests that transient receptor potential (TRP) ion channels dysfunction significantly contributes to
the physiopathology of metabolic and neurological disorders. Dysregulation in functions and expression in
genes encoding the TRP channels cause several inherited diseases in humans (the so-called ‘TRP chan-
nelopathies’), which affect the cardiovascular, renal, skeletal, and nervous systems. This study aimed to evalu-
ate the expression of ion channels in the forebrain of rats with diet-induced obesity (DIO). DIO rats were stud-
ied after 17 weeks under a hypercaloric diet (high-fat diet, HFD) and were compared to the control rats with a
standard diet (CHOW). To determine the systemic effects of HFD exposure, we examined food intake, fat mass
content, fasting glycemia, insulin levels, cholesterol, and triglycerides. qRT-PCR, Western blot, and immuno-
chemistry analysis were performed in the frontal cortex (FC) and hippocampus (HIP).  After 17 weeks of HFD,
DIO rats increased their body weight significantly compared to the CHOW rats. In DIO rats, TRPC1 and
TRPC6 were upregulated in the HIP, while they were downregulated in the FC. In the case of TRPM2 expres-
sion, instead was increased both in the HIP and in the FC. These could be related to the increase of proteins and
nucleic acid oxidation. TRPV1 and TRPV2 gene expression showed no differences both in the FC and HIP.  In
general, qRT-PCR analysis were confirmed by western blot analysis. Immunohistochemical procedures high-
lighted the expression of the channels in the cell body of neurons and axons, particularly for the TRPC1 and
TRPC6.  The alterations of TRP channel expression could be related to the activation of glial cells or the neu-
rodegenerative process presented in the brain of the DIO rat highlighted with post synaptic protein (PSD 95)
alterations. The availability of suitable animal models may be useful for studying possible pharmacological
treatments to counter obesity-induced brain injury. The identified changes in DIO rats may represent the first
insight to characterize the neuronal alterations occurring in obesity. Further investigations are necessary to char-
acterize the role of TRP channels in the regulation of synaptic plasticity and obesity-related cognitive decline.   
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Introduction
Obesity can harm the brain and compromise performance on

intelligence tests.1 High-fat diet (HFD)-induced obesity revealed
modifications in hippocampal structure, learning and memory
deficits, and impaired executive function. HFD also leads to a
reduction in markers of neurogenesis, synaptic plasticity, and neu-
ronal growth.2 Early-stage obesity produces a decrease in dendritic
spine density on pyramidal neurons, as well as a decrease in synap-
tic protein levels in the prefrontal cortex (PFC) and perirhinal cor-
tex (PRC), but not the hippocampus (HIP).3

Ion channels are involved in obesity and neurodegenerative
diseases and regulate various physiological processes, such as
electrical conduction in the neuronal cells and the release of neu-
rotransmitters.4 Ion channels are known to govern three prominent
roles in regulating membrane physiology that is setting up the
membrane potential of cells, where the movement of ions across
the membrane constitutes a potential gradient that determines rest-
ing potentials of the membrane and generates action potentials.
These ion channels are involved with neurotransmitter release,
hormonal secretion, muscular contraction, and altered gene expres-
sion by a modulation of the constitute electric signal flow, which
triggers intracellular signaling cascades.5

Transient receptor potential channels (TRPs) act as intracellu-
lar ion channels, mainly as Ca2+ release channels, regulating the
function of cellular organelles such as endosomes and lysosomes.6
They are highly expressed in the HIP and can modulate brain
development, neuronal excitability, hippocampal persistent activi-
ty, synaptic plasticity, including the pre- and post-synaptic process-
es or neurogenesis. In addition, they are involved in the basic hip-
pocampal function, such as different memory and learning pro-
cesses.7 TRP ions channels family is involved in sensory
(pheromone signaling, taste transduction, nociception, and temper-
ature sensation) and homeostatic functions (such as Ca2+ and Mg2+

reabsorption and osmoregulation), as well as muscle contraction
and vasomotor control. Their dysfunction contributes to the etiol-
ogy of several diseases.6,8

The mammalian TRP channel family core consists of subfam-
ilies of classical TRP channels, which are cation receptor-related
TRP channels (TRPC1-TRPC7), vanilloid receptor-related TRP
channels (TRPV1-TRPV6), melastatin-related TRP channels
(TRPM1-TRPM8), polycystin-related TRP channels (TRPP1-
TRPP2) and mucolipin subfamily TRP cation channel (TRPML1-
TRPML3).9

They regulate diverse neuronal and glial functions including
developmental and homeostatic functions of the brain. Recent
studies show that dysregulation of the TRP channel functions is
involved in various pathological events of neurological and psy-
chiatric disorders.10

TRPV1 was first found to be expressed in the pain-sensitive
neurons of the dorsal root ganglion and trigeminal ganglion neu-
rons. TRPV1 was also identified in the multiple non-neuronal cell
types as well as in the terminals of spinal and peripheral nerves.11

TRPV1 activation promotes microglial migration and cell death by
causing mitochondrial damage mediated by Ca2+ influx.12

TRPV2 is said to be expressed in cultured hippocampus neu-
rons and colocalizes with TRPV1 in the rat cortex, suggesting that
this receptor family has more functional variety.13 Moreover
TRPV2 may have a role in regulating neuronal activity in response
to changes in lipid metabolism.14 The TRPC subfamily contains
seven members: TRPC1-TRPC7. All TRPC channels form Ca2+-
permeable nonselective cation channels and are highly expressed
in diverse regions of the brain. They generally work as receptor-
operated cation channels and have been implicated in various cel-
lular functions including neuronal firing, synapse transmission,

gene expression, migration, neurite elongation, and growth cone
guidance.15

TRPC1 is an important way for Ca2+ entry influx in platelets,
smooth muscle cells, and B-lymphocytes.16-19 Furthermore, TRPC1
regulates the slow excitatory postsynaptic potential, which is trig-
gered by the neuronal metabotropic glutamate receptor mGluR1.20

TRPC1 is involved in brain-derived neurotrophic factor (BDNF)-
and netrin-1-induced axon guidance.21 It is activated by leptins and
mediates the depolarizing effects of leptins in hypothalamic proo-
piomelanocortin neurons.22 Furthermore, knockdown of TRPC1
reduced the degree of neuronal progenitor cell proliferation by cell
cycle arrest.23 The expression of TRPC6 is highest in the lung and
brain.24 Furthermore, TRPC6 is important for neuronal survival25

and synaptogenesis in neural development.26 In particular TRPC6
is required for BDNF-induced axon guidance and neuron survival
by activating Ca2+ signaling.27 Overexpression of TRPC6 slowed
neuritogenesis and increases the number of spines in hippocampus
neurons, resulting in improved spatial memory and learning.
TRPC6 thus contributes to behavioral and synaptic plasticity.28

TRPM2 is a Ca2+ permeable cationic channel expressed in the
brain, in particular in microglial cells and different peripheral cell
types.29 It is an oxidative stress-sensitive channel.30 In brain oxida-
tive stress may activate and upregulate TRPM2 to cause a neuroin-
flammatory response.31

TRP channels have been shown to play an important role in
obesity and neurodegenerative diseases. In fact, they are regulated
by different metabolic processes such as adipogenesis, inflamma-
tion, lipid composition, food intake, body weight, insulin secretion,
and blood pressure, which are implicated in the development of
obesity.32

Based on the evidence that TRP channels regulate hormone
release, energy expenditure, and neurotransmitter release in con-
trol and obese and/or diabetic conditions,33 we aimed to evaluate
the expression of ion channels in the forebrain of diet-induced
obese (DIO) rats. DIO rats provide a useful animal model that
shares several features with human obesity. An HFD represents the
etiology of obesity in modern societies. Dietary supplementation
of natural ligands of TRP channels has been shown to have poten-
tial beneficial effects in obese and diabetic conditions.33 Therefore,
DIO models are convenient for increasing our understanding of the
effects of diet and the development of subsequent obesity on ner-
vous system alterations.

Materials and Methods

Animal handling and tissue processing
The brains used for this study were the same of the male Wistar

rats sacrificed as described in the previous paper by Micioni Di
Bonaventura et al.34 The animals of 5 weeks of age (Charles River
Inc., Wilmington, MA, USA; n=20; 250-275 g body weight) were
divided into two groups: DIO rats (n=12) and control rats (CHOW)
(n=8).34

DIO rats were fed with high fat (45%) diet ad libitum (D12451,
Research Diets, Inc., New Brunswick, NJ, USA; 4.73 kcal/g) and
after 5 weeks (12 weeks of age), the obese phenotype starts to be
developed. DIO rats were fed for further 12 weeks (24 weeks of
age). The CHOW rats were fed with the standard diet (4RF18,
Mucedola, Settimo Milanese, MI, Italy; 2.6 kcal/g). All procedures
were carried out following the Institutional Guidelines and com-
plied with the Italian Ministry of Health (Prot. n. 1610/2013) and
associated guidelines from the European Communities Council
Directive. The protocol was approved by the Ethics Committee of
the University of Camerino (n. 7/2012, June 6th, 2012). After 17
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weeks of HFD, rats were anesthetized with carbon dioxide and sac-
rificed. The brains were taken based on the anatomical depots. A
portion of the brain was frozen in liquid nitrogen and stored at
−80°C for gene expression and biochemical analysis. For paraffin
embedding, the right cerebral hemisphere was fixed in 4%
paraformaldehyde solution 0.1 M PBS, pH 7.4 for 48 h. After, the
samples were gradually dehydrated in ethanol and then embedded
in paraffin wax. Brain sections (10 µm thick) were cut using a
microtome, collected on slides, and processed for morphological
staining and immunohistochemistry (IHC).

Gene expression
Total RNA was extracted from the frontal cortex (FC) and HIP

with the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), using
the QiaCube (Qiagen), and reverse transcribed using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). cDNA prod-
ucts were used as a template for polymerase chain reaction
Quantitative Real-Time PCR (qRT-PCR) performed using the IQ5
Multicolor Real-time PCR detection system (Bio-Rad), the RT²
SYBR Green qPCR Mastermix (Qiagen). QuantiTect Primer
Assays were specified in Table 1. Specific control primer:
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). All sam-
ples were assayed in triplicates on the same plate. The qRT-PCR
parameters were 10 min at 95°C followed by 45 cycles of 95°C for
15 s and 60°C for 40 s. Measurement of GAPDH levels was used
to normalize mRNA contents, and target gene levels were calculat-
ed by the 2-ΔΔCt method.

Western blot analysis
Samples (0.1±0.02 g) were homogenized in a Mixer Mill

MM300 with lysis buffer containing protease inhibitor cocktail
(Sigma Aldrich, Milan, Italy). After two centrifugations at 13,000
rpm (10 min at 4°C), aliquots of the supernatant were used for protein
assay against a standard of bovine serum albumin (BSA) using a
Bradford protein assay according to the manufacturer’s protocol. An
equal amount of proteins (40 µg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to the
nitrocellulose membrane. Transblotted membranes were incubated
with polyclonal antibodies, as detailed in Table 2. The specificity of
the immune reaction was assessed using antibodies pre-adsorbed
with peptides used for generating them. Blots were then washed in
PBS + 0.5% of TritonX-100 (PBS-T) and incubated with the
horseradish-peroxidase-linked secondary antibody IGg (Bethyl Lbs.,
Montgomery, TX, USA) a dilution of 1:5000 for 120 min at room
temperature. Positive bands were visualized by an enhanced chemi-
luminescence system (LiteAblot® Turbo, Cat. N. EMP012001;
Euroclone, Pero, MI, Italy). To normalize protein loadings, mem-
branes were stripped and incubated with a mouse monoclonal anti-
beta-actin antibody IGg2b (Monoclonal, Mouse Cat. N A2228,
Sigma Aldrich) at a dilution of 1:3000 in PBS-T overnight at 4°C.
Band intensities were measured by densitometric analysis with Image
Lab software of ChemiDoc XRS (Bio-Rad Labs, Segrate, MI, Italy).

Immunohistochemistry
A microtome was used to make slices of the left hemisphere of

the brain from each rat. Optimal antibody concentration was estab-
lished in a series of preliminary experiments. Slides were incubat-
ed overnight at 4°C with primary antibodies (Table 2). Non-specif-
ic binding of IgGs was prevented by incubating them with BSA 3%
in PBS-T for 1 h. The product of the immune reaction was then
revealed by incubating slides for 30 min at 25°C with the specific
biotinylated secondary IgGs (IgG h+l biotinylated; Bethyl) of anti-
goat, anti-mouse, and anti-rabbit diluted 1:200 in PBS-T. The
immune reaction was then revealed with diaminobenzidine (0.05%
3-3'-diaminobenzidine dissolved in 0.1% H2O2) as a substrate.
Slides were then washed, counterstained with hematoxylin, mount-
ed on coverslips, and viewed under a light microscope. The inten-
sity of immunostaining was assessed microdensitometrically by
NIS Element Software as previously described,34 selecting, by a
specific option of the program, the area of immunoreactive neu-
rons, and considering an arbitrary value of “0” as the intensity of
staining in the negative control and a value of “256”, as maximum
value of density of immunoreaction. 

Oxidative stress evaluation
Oxidative stress markers were evaluated in brain areas

homogenates. The proteins oxidation status was investigated using
the OxyBlot Protein Oxidation Detection Kit (Merck Millipore,
Burlington, MA, USA; Cat.  N. S7150).35,36 Briefly, 20 µg of pro-
teins were separated in 10% by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis and transferred to the nitrocellulose
membrane. Transblotted membranes were incubated with specific
primary and secondary antibodies diluted in 1% BSA in PBS-T.
Positive bands were visualized by an enhanced chemilumines-
cence system (LiteAblot® Turbo, Cat. N. EMP012001; Euroclone)
and the intensity of bands revealed by densitometry analysis with
Image Lab software of ChemiDoc XRS (BioRad, Italy). In sec-
tions of brains monoclonal antibody specific for 8-oxo-2′-
deoxyguanosine (8-oxo-dG), was used according to the manufac-
turer’s protocol (Table 2). After the incubation with the goat anti-
mouse secondary antibody (Alexa Fluor 488), the sections were
viewed using an Olympus BX51 Fluorescence Microscope

Table 1. Probe and primer used for qRT-PCR.

cDNA probe/prime              Assay ID                          Company

TRPV1                                              QT00180782                                    Qiagen
TRPV2                                              QT00187698                                    Qiagen
TRPC1                                             QT00190715                                    Qiagen
TRPC6                                             QT00195804                                    Qiagen
TRPM2                                             QT00444311                                    Qiagen
GAPDH                                            QT00199633                                    Qiagen

Table 2. Primary antibodies using for Western blotting (WB) and immunohistochemistry (IHC).

Primary antibody           Clone        Host animal                                          Company                                     WB dilution         IHC dilution

TRPV 1                                    Polyclonal                 Goat                                   Santa Cruz Biotek, USA Cat.  N. SC-12498                             1:500                              1:25
TRPC 1                                    Polyclonal               Rabbit                                    Alomone Labs, Israel Cat.  N. ACC-010                               1:200                             1:100
TRPC 6                                  Monoclonal              Rabbit                                     Alomone Labs, Israel Cat. N. ACC-017                                1:200                             1:100
TRPM 2                                 Monoclonal              Rabbit                                     Alomone Labs, Israel Cat. N. ACC-043                                1:200                              1:50
SYN                                        Monoclonal             Mouse                     Chemicon Millipore,USA Clone SY38 Cat. N. MAB5258.                 1:500                             1:100
PSD 95                                   Monoclonal             Mouse                           Sigma Aldrich, Italy Clone 7E3-IB8, Cat. N. P-246                      1:200                                  
8-oxo-dG                              Monoclonal             Mouse                     Trevigen, Gaithersburg, MD, USA Cat. N. 4354-MC-050                                                       1:200
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(Olympus Corporation, Europa SE & CO. KG, Germany).
Percentage of area of immunoreaction was measured with the
Nikon NIS Element software. 

Data analysis
The averages of different parameters investigated were calcu-

lated from single animal data, and group means ± SEM were then
derived from mean single animal values. The significance of the
differences between the averages was analyzed by Student’s t-test
using Prism software. The significance level was set for p<0.05 to
evaluate the difference between the studied groups.

Results

General parameters
As showed in the previously published study,34 body weight

was increased in DIO rats in comparison to CHOW rats. After 17
weeks, the bodyweight of DIO rats (682.8±17.1 g) was significant-
ly higher in comparison to CHOW rats (557±10.7 g; p<0.01 vs
DIO rats). The obese phenotype, as showed in previous study,34

induced alterations of different physiological and blood parame-

ters. Systolic blood pressure was higher in DIO rats (140.3±8.1
mmHg) after 17 weeks of HFD compared to age-matched CHOW
rats (110.9±6.1 mmHg p<0.05 vs DIO). Both glycemia (126.8±6.1
mg/dl) and insulin levels (1.06±0.05 µg/L) in the DIO rats were
statistically higher compared to CHOW rats (respectively 91.6±5.1
mg/dl and 0.73±0.05 µg/L p<0.05 vs DIO rats). The HFD did not
significantly affect total cholesterol and triglycerides levels.34

Gene expression changes of TRP channels
qRT-PCR revealed gene expression levels of considered TRP

channels that are known from the literature to be involved in cogni-
tive decline. Results of the qRT-PCR analysis for the gene expres-
sion of the TRPV1, TRPV2, TRPC1, TRPC6, and TRPM2 in the FC
and HIP were summarized in Figure 1A-E. TRP channels expression
levels of DIO rats were altered in comparison to that of CHOW rats
used as controls. Results showed that the gene expression of  TRPV1
was slightly upregulated in both the FC and HIP of DIO rats com-
pared to CHOW rats (Figure 1A), and on the other hand, TRPV2
gene expression slightly downregulated in both brain areas of DIO
rats compared to CHOW (Figure 1B). Compared to CHOW rats
gene expression, in the FC of DIO rats, TRPC1 and TRPC6 were
downregulated while TRPM2 was upregulated. As regards the HIP
of DIO rats, TRPC1, TRPC6 and TRPM2 were upregulated com-
pared to the CHOW (Figure 1 C-E).

[page 93]

Figure 1. Gene expression analysis by qRT-PCR  in the frontal cortex (FC) and hippocampus (HIP). A) TRPV1; B) TRPV2; C) TRPC1;
D) TRPC6; E) TRPM2. CHOW, rats fed with standard diet; DIO, rats fed with high-fat diet. Data are expressed as folds comparing
DIO with CHOW rats used as control. Data are the mean ± SEM. *p<0.05 vs CHOW rats.
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Western blot and immunohistochemistry
Exposure of membranes of FC and HIP to anti-TRPV1 anti-

body caused the development of approximately 80 kDa (Figure
2A). Comparative densitometric analysis of different bands in
brain portions of experimental groups, normalized to the respective
reference protein intensity of immune reaction (Figure 2 A,B),
revealed an increased expression in DIO animals of TRPV1 in the
HIP compared to age-matched controls (Figure 2 A,B), these data
were in accordance with IHC (Figure 2 C,D). Exposure of mem-
branes to anti-TRPC1 and TRPC6 antibodies developed a 100 kDa
band and 95 kDa band, respectively (Figures 3A and 4A). In this
case, the presence of the proteins in the FC appears lower than in
the HIP. A decrease in the expression and immunoreaction of
TRPC1 was evident in the DIO rats compared to the CHOW con-
trol in the FC, but not in HIP (Figure 3 A-D). On the contrary, the
expression as well as immunoreaction intensity of TRPC6 did not
show significant modification in the FC in DIO rats compared to
CHOW rats (Figure 4 A-D). As shown in figure 3, TRPC1 was pre-
sent on the membrane of pyramidal neurons of the 5th (V) layer of
the FC (Figure 3C) and pyramidal neurons of the CA1 subfield of
the HIP (Figure 3C); while TRPC6 was present on the membrane
of pyramidal neurons of the 6th (VI) layer of the FC (Figure 4C)
and pyramidal neurons of the CA3 subfield of the HIP (Figure 4C).

For TRPM2, a band of 110kDa was revealed in the FC and HIP
of the different experimental groups (Figure 5A). The intensities of
the band, normalized for the corresponding references, increased
in both FC and HIP of DIO rats compared to CHOW rats (Figure
5B). IHC analysis demonstrated that TRPM2 was expressed on the
membrane of pyramidal neurons of the FC and pyramidal neurons
in CA1 (Figure 5C) and CA3 subfields of HIP (data not showed).
Particularly, densitometric analysis confirmed that TRPM2 expres-
sion in brain areas of DIO rats was higher than the controls (Figure
5D). To evaluate the possible effects of obesity and the involve-
ment of ion channels on the synaptic components, we studied the
expression of synaptic cleft proteins. Exposure of membranes of
FC and HIP to anti-Synaptophysin (SYN, pre-synaptic compo-
nents) antibody caused the development of a bands at 38 and 36
kDa (Figure 6A). Comparative densitometric analysis of different
bands with the same molecular weight in different brain portions
of CHOW and DIO rats of 17 weeks of high-caloric diet, normal-
ized to the respective references protein intensity of immune reac-
tion revealed an increased expression of SYN in DIO groups com-
pared to the CHOW in HIP (Figure 6A), also in accordance with
IHC (Figure 6C). The exposure of membranes to anti-PSD 95
(post-synaptic component) antibody caused the development of a
band at 95kDa (Figure 6B). Comparative densitometric analysis of

Figure 2. Protein expression of TRPV1. Immunochemical analysis (A) in the frontal cortex (FC) and in the hippocampus (HIP) of rats
fed with standard diet (CHOW) and high-fat diet (DIO). The densitometric analysis of bands (B) is expressed as a ratio between the
optical density of protein and reference protein (β-actin) where the value of the CHOW is set at 1. Immunohistochemical analysis (C)
in the 6th layer of frontal cortex (VI) and in the CA1 subfield of hippocampus. P, pyramidal neurons. Calibration bar: 25 µm. The den-
sitometric analysis of positive area (D) is expressed as an arbitrary optical density unit (ODU). Data are the mean ± SEM. *p<0.05 vs
CHOW rats.
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different bands revealed a decreased expression of the protein in
the DIO group compared to the CHOW, both in the FC and HIP
(Figure 6B).

Oxidative stress analysis
The results of OxyBlot analysis showed an increase of oxi-

dized proteins concentration in the DIO animals compared to the
control one, both in FC and HIP (Figure 7 A,B). The 8-oxo-dG was
used as a biomarker of oxidative damage in the nucleic acids. The
pictures show representative images of 8-oxo-dG in the neurons of
5th layer of FC and in the pyramidal neurons of CA1 subfield of
HIP (Figure 7C), both in the nuclei and cytoplasm. The
immunofluorescence showed that 8-oxo-dG-positive area was
increased in the DIO compared to CHOW both in the FC and HIP
(Figure 7D).

Discussion
Accumulating evidence indicates that obesity adversely affects

the central nervous system (CNS) and in particular cognitive func-
tion.1,37 Our data support the hypothesis that DIO represents an
interesting animal model for investigating brain damage due to

obesity. Diet-induced obesity in rats provides a useful animal
model sharing several common features with human obesity,38

including a polygenic mode in inheritance. Many studies have
shown in different strains of rodents that, after exposure to a HFD,
some animals become obese (DIO) while others remain lean
(DR).38-40 Before the onset of obesity, outbred DIO-prone rats man-
ifest several abnormalities of nervous system function, which
might predispose them to develop obesity when offered a 31%
HFD.34 Previously, we reported blood-brain barrier (BBB) alter-
ations, neuronal loss, astrogliosis, and microglial cells activation in
the FC and the HIP of DIO rats compared to the CHOW.34 Here, we
assessed the HFD modulation of the expression of TRP channels
both in the FC and in the HIP. Studies have indicated that TRP
channels, ubiquitously expressed throughout the brain,10 play a key
role in the regulation of physiological functions, as well as in
pathological ones, including cardiovascular, neurological,
metabolic, or neoplastic disorders.6-8,41,42 Moreover, mutations in
genes encoding TRP channels are the cause of several inherited
diseases in humans (the so-called ‘TRP channelopathies’) that
affect the cardiovascular, renal, skeletal, and nervous systems.43

Since TRP channels can be opened and activated in response to
various stimuli, their hyperactivation can induce neuronal loss and
excitotoxicity, which are closely associated with neurodegenera-
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Figure 3. Protein expression of TRPC1. Immunochemical analysis (A) in the frontal cortex (FC) and in the hippocampus (HIP) of rats
fed with standard diet (CHOW) and high-fat diet (DIO). The densitometric analysis of bands (B) is expressed as a ratio between the
optical density of protein and reference protein (β-actin) where the value of the CHOW is set at 1. Immunohistochemical analysis (C)
in the 5th layer of frontal cortex (V) and in the CA1 subfield of hippocampus. P, pyramidal neurons. Calibration bar: 25 µm. The den-
sitometric analysis of positive area (D) is expressed as an arbitrary optical density unit (ODU). Data are the mean ±SEM. *p<0.05 vs
CHOW rats.
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tive diseases. On the contrary, Ca2+ homeostasis is crucial to the
normal physiological functions of neurons, such as growth, differ-
entiation, and survival.42

A modulation in the TRPV expression was found in the hip-
pocampus of obese rats compared to CHOW. TRPV channel acti-
vation, especially TRPV1, plays a role in the regulation of neu-
ronal activity and synaptic plasticity as triggering long-term
depression at excitatory synapses on hippocampal interneurons,
influencing excitatory transmission and protecting spatial learning
from the effects of acute stress.10 In this regard, TRPV1 agonists
reduce the effects of stress on synaptic plasticity and spatial learn-
ing. In astrocytes, several isoforms of TRPV channels are
expressed preferentially at the thick cellular processes of astro-
cytes rather than fine cellular processes and cell bodies. In partic-
ular TRPV1 is involved in signaling pathways responsible for the
detection of blood-borne molecules in the sensory circumventricu-
lar organs.44 Its activation in astrocytes and microglia regulates
migration, cytoskeleton remodeling, cytokine production, and
chemotactic activity.45 There is little information on the expression
and the function of TRPV2 in the rodent brain; it is potentially
involved in thermal nociception and hyperalgesia.46

Interestingly, our results showed an upregulation of the TRPC1

and TRPC6 gene in DIO rats in the HIP, while it was downregulat-
ed in FC. The same phenomena were reported by Erac et al.47 in
aged rat aorta where TRPC6 over expression was related to TRPC1
downregulation. Thus, we speculate the presence of a feedback
loop mechanism between them. In addition, hippocampal dysregu-
lation of TRPC6 expression is linked to different neural disorders
such as Alzheimer's disease (AD),48 stroke,49 and epilepsy.50 Thus,
maintaining an adequate level of TRPC6 expression is important
for neuronal functions. Overexpression of TRPC6 in cultured hip-
pocampal neurons increased the density of the dendritic spine,
while downregulation of TRPC6 with siRNA reduced the spine
density.51,52 TRPC6 transgenic mice exhibited improved spatial
learning and memory, suggesting a crucial role of TRPC6 in learn-
ing and memory tasks through regulation of synaptic plasticity.52

However, it remains unclear how TRPC6 expression in the neurons
is controlled.53 No data are available regarding the effect of TRPC1
in FC and HIP. However, this type of channel in the striatum
repressed neuronal cell death by reducing TRPC5 functionality in
Huntington’s disease,54 while in Parkinson’s disease (PD), in the
substantia nigra, decreased neurotoxicity and increased survival of
dopaminergic neurons.55,56 Expression of the different proteins,
which are involved in neurotransmission, at the synapses are con-

Figure 4. Protein expression of TRPC6. Immunochemical analysis (A) in the frontal cortex (FC) and in the hippocampus (HIP) of rats
fed with standard diet (CHOW) and high-fat diet (DIO). The densitometric analysis of bands (B) is expressed as a ratio between the
optical density of protein and reference protein (β-actin) where the value of the CHOW is set at 1. Immunohistochemical analysis (C)
for TRPC6 in the 6th layer of frontal cortex (VI) and CA3 subfield of hippocampus. P, pyramidal neurons. Calibration bar: 25 µm. The
densitometric analysis of positive area (D) is expressed as an arbitrary optical density unit (ODU). Data are the mean ± SEM, *p<0.05
vs CHOW rats.
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sidered as the markers of neural plasticity. SYN is a presynaptic
membrane protein essential for neurotransmission in hippocampal
neurons.57 Even if, it was reported that obesity diminishes synaptic
markers3 and induces a loss of synaptic protein expression after
three months of HFD,58 here we found in DIO animals an impair-
ment only of postsynaptic PSD 95 expression, but not of the presy-
naptic SYN. 

Concerning TRPM2, it was highly expressed in HIP and FC of
HFD-fed rats as showed by immunohistochemical and western
blot analysis. TRPM2 is highly expressed in the brain, and even if
its physiologic role is not well known, it is involved in insulin
secretion. TRPM2 functions as a cellular redox (oxidative stress)
sensor and has been implicated in the pathogenesis of  bipolar dis-
order, diabetes, as well as cardiovascular and neurodegenerative
disorders such as amyotrophic lateral sclerosis.59 Genetic studies
found that single nucleotide polymorphisms (SNPs) in TRPM2
and TRPM7 genes were associated with two related neurodegener-
ative disorders, Guam amyotrophic lateral sclerosis (ALS-G) and
parkinsonism-dementia, respectively.60 TRPM2 channel responds
to oxidative stress,61 pro-inflammatory mediators such as tumor
necrosis factors alpha (TNFα) and increased amyloid beta-peptide
(Aβ)-mediated in the HIP, thus it has been implicated in AD.62-64

The important role of TRPM2 isoforms in cell proliferation and
oxidant-induced cell death has been well established, using diver-
gent cell systems and techniques including overexpression, chan-
nel depletion or inhibition, and calcium chelation.65 In our results,
the modulation of TRPM2 and other TRP channels was correlated
to the increase of the oxidative stress in brain areas. In fact, both
proteins oxidation and oxidative damage of nucleic acids were ele-
vated in FC and HIP of DIO rats, compared to CHOW. Moreover,
this evidence confirms the association of obesity with the increase
of oxidative stress and inflammation in the brain, as shown in an
animal model of genetic obesity.66

Evidence supports a key role for the TRPM2-mediated Ca2+

signaling in mediating microglial cell activation, generation of
proinflammatory mediators, and neuroinflammation, which are of
relevance to CNS diseases.63 This is following the significant
increase of ionized calcium-binding adaptor molecule 1 (Iba1),
which we previously reported both in FC and in the HIP of DIO
rats.34 It has been demonstrated that members of TRP canonical,
TRP melastatin, and TRP vanilloid subfamilies of TRP channels
are highly expressed and regulate diverse neuronal and glial func-
tions including developmental, and homeostatic functions.15,67 In
addition, recent studies show that dysregulation of the TRP chan-
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Figure 5. Protein expression of TRPM2. Immunochemical analysis (A) in the frontal cortex (FC) and in the hippocampus (HIP) of rats
fed with standard diet (CHOW) and high-fat diet (DIO). The densitometric analysis of bands (B) is expressed as a ratio between the
optical density of protein and reference protein (β-actin) where the value of the CHOW is set at 1. Immunohistochemical analysis (C)
in the 6th layer of frontal cortex (VI) and in the CA1 subfield of hippocampus. P, pyramidal neurons. Calibration bar: 25 µm. The den-
sitometric analysis of positive area (D) is expressed as an arbitrary optical density unit (ODU). Data are the mean ± SEM. *p<0.05 vs
CHOW rats.
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nel expression and functions contributes to pathological events of
neurological and psychiatric disorders.10 The nervous system cellu-
lar environment is modulated by the activity of microglia that can
induce neuroprotective and neurotoxic effects. Especially in
response to pathological conditions, microglia produce free radi-
cals and pro-inflammatory cytokines molecules that can contribute
to axon demyelination and neuron death. For this reason, the acti-
vation of microglia functions promotes not only defense/repair
mechanisms but also improves brain injuries as in neurodegenera-
tive disorders.68 Since the TRP channels contribute to cell osmotic
regulation, cytokine production, proliferation, activation, cell
death, and oxidative stress responses, it is now well accepted that
they play an important role in the regulation of microglia
activities.69

The TRPC members, expressed in neurons and glial cells, such
as astrocytes, microglia, and oligodendrocytes,70 are involved, via
neuronal receptor stimulation by neurotrophic factors or neuropep-
tides in neuronal firing, synapse transmission, gene expression,
migration, neurite elongation, and growth cone guidance. Thus,

they play a pivotal role in promoting neuronal survival. Overall,
TRPC is involved in synaptic and behavioral plasticity, as spatial
learning and memory functions, by influencing the number of
spines in hippocampal neurons.51 It has been also demonstrated
that they are involved in motor control and coordination.71 It has
been demonstrated that TRPC channels are essential in the preven-
tion of neuronal injury after cerebral ischemia so that the reduction
in their expression is associated with stroke and cerebral vessel
occlusion. In addition, they can be activated by the peptidic hor-
mone leptin causing depolarizing effects in hypothalamic proopi-
omelanocortin neurons and promoting spine formation in hip-
pocampal neurons.72 TRPM receptors are redox-sensitive Ca2+ per-
meable channels involved in the protection of neurons from cell
death after oxidative stress.44 They contribute to hippocampal
synaptic plasticity73 and neuronal development, as evidenced by
the fact that TRPM2 inhibition increased while TRPM2 overex-
pression decreased axonal growth. Moreover, oxidative stress
increases the expression of the TRPM2 channel, enhancing the
Ca2+ influx leading to a neuroinflammatory response in human
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Figure 6. Protein expression of synaptic proteins. Immunochemical analysis of pre-synaptic protein synaptophysin (A) and post-synap-
tic protein PSD 95 (B) in the frontal cortex (FC) and in the hippocampus (HIP) of rats fed with standard diet (CHOW) and high-fat
diet (DIO). The densitometric analysis of bands is expressed as a ratio between the optical density of protein and reference protein (β-
actin) where the value of the CHOW is set at 1. Immunohistochemical analysis (C) for the synaptophysin in the 5th layer of frontal cor-
tex (V) and in the CA1 subfield of hippocampus; P, pyramidal neurons. Calibration bar: 25 µm. Data are the mean ± SEM. *p<0.05 vs
CHOW rats.
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astrocytes74 and stimulating reactive oxidative species (ROS)-
induced neuronal death. The activation of TRPM channels, mainly
TRPM2, has been also associated with oxidative stress-induced
ischemic brain damage.75 In cultured microglia, recent findings
showed that TRPM members promote nitric oxide production and
migration of microglia in an inflammatory state.

The identification of TRP changes and the alterations of synap-
tic proteins in DIO rats may represent the first insight to character-
ize and explain the neuronal and glial changes occurring in obesity.
The availability of suitable animal models may be useful for inves-
tigating pharmacological treatments countering obesity-induced
brain injury. Further investigations are necessary to identify the
role of TRP channels in the regulation of synaptic plasticity in cog-
nitive decline related to obesity.
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