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Scope: A high salt (HS) diet is detrimental to cognitive function, in addition to having a
role in cardiovascular disorders. However, the method by which an HS diet impairs cognitive
functions such as learning and memory remains open.
Methods and results: In this study, we found that mice on a 7 week HS diet demonstrated dis-
turbed short-term memory in an object-place recognition task, and both 4 week and 7 week HS
treatments impaired long-term memory, as evidenced in a fear conditioning test. Mechanisti-
cally, the HS diet inhibited memory-related long-term potentiation (LTP) in the hippocampus,
while also increasing the levels of reactive oxygen species (ROS) in hippocampal cells and
downregulating the expression of synapsin I, synaptophysin, and brain-derived neurotrophic
factor in specific encephalic region.
Conclusion: This suggests that oxidative stress or synaptic protein/neurotrophin deregulation
was involved in the HS diet-induced memory impairment. Thus, the present study provides
novel insights into the mechanisms of memory impairment caused by excessive dietary salt,
and underlined the importance of controlling to salt absorb quantity.
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1 Introduction

Salt (sodium chloride) is a major source of sodium in human
nutrition. In general, the dietary intake of sodium chloride
around the world has increased considerably over the last few
decades [1,2]. In many countries, daily salt intake has consid-
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erably exceeded the recommended guidelines [3] and is often
underestimated by both hypertensive and normotensive sub-
jects [4]. Increased dietary salt intake is positively associated
with the risk of many diseases, such as hypertension [5],
hypertension-related cardiovascular complications [6], and
other health problems [7]. Additionally, a high salt (HS) diet
has also been found to correlate with impaired cognitive func-
tioning [8] and changes in emotional state [9], although the
underlying mechanisms remain largely unknown.

It is well documented that excessive dietary salt intake
has adverse physiological consequences [10], with numer-
ous studies on experimental animals having demonstrated
that increased oxidative stress is associated with HS-induced
endothelial dysfunction [11], anxiety [12], and metabolic dis-
turbance [13]. Most of these adverse consequences share a
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common pathological condition: the generation of reactive
oxygen species (ROS) and a decrease in antioxidative capacity.
Another consequence of oxidative stress is cognitive impair-
ment. Chugh et al. [9] demonstrated that excess salt-induced
anxiety-like behavior and memory impairment are associated
with a redox imbalance in the brain of aging rats. The high-
energy demands of synapses, together with their high produc-
tion of ROS, place them at risk during conditions of increased
stress in neurodegenerative disorders such as Alzheimer’s
and Parkinson’s diseases [14, 15].

Synapses are capable of undergoing stable and long-
lasting changes in synaptic strength referred to as long-term
potentiation (LTP), changes that play a central role in nearly
all models of learning and memory. Synaptic plasticity is
induced at appropriate synapses during memory formation,
and is highly suggestive of an information storage device
in the brain [16, 17]. A recent study found that oxidative
stress can interact with brain-derived neurotrophic factor
(BDNF) to modulate synaptic plasticity and cognitive func-
tion. The oxidative damage was associated with decreased
expression of synaptic markers, such as BDNF, synapsin
I (SYS), synaptophysin (SYP), calcium-calmodulin depen-
dent protein kinases II (CamK-II), CamK-IV and Calcineurin
A [18–23]. Other signaling mechanisms involved in synap-
tic plasticity, including the extracellular signal-regulated ki-
nase (ERK) pathway, could also be affected by oxidative
stress [24]. Whereas emerging evidence indicates that diet-
induced cognitive impairment seems to be a consequence
of enhanced oxidative stress [8], the significance of the sys-
temic environment in brain function needs to be explored
by determining how diet-induced systemic oxidative stress
can influence synaptic transmission in the brain. The hip-
pocampus plays a prominent role in the consolidation of
declarative memories [25], and we therefore assessed the
effects of excessive salt consumption on brain function,
oxidation resistance, and synaptic plasticity in the mouse
hippocampus.

2 Materials and methods

2.1 Animals

Male C57BL/6J mice (6–8-week-old, weighing 18–22 g) were
purchased from the Experimental Animal Center of Xi’an
Jiaotong University (permit No. 16013) (Shaanxi, China) and
housed four or five per cage in a temperature-controlled
(22 ± 2�C) room with a 12:12 h light dark cycle (lights on
08:00–20:00), humidity of 50–60%, and food and water avail-
able ad libitum. Mice were randomly assigned to control or
HS groups. The HS groups included HS intake for 4 weeks
(HS-4wk) and HS intake for 7 weeks (HS-7wk), with both be-
ing fed chow with 8% NaCl. Mice in the control group were
fed chow containing 0.4% NaCl. The mean arterial pressure
(MAP) was measured using tail-cuff plethysmography with a
computerized system.

2.2 Tissue and blood sample preparation

After a HS diet for either 4 or 7 weeks, mice were tested with
an object-place recognition task (OPR) and a fear condition-
ing (FC) memory test, before being sacrificed by decapitation.
The brain was then immediately removed and washed with
ice-cold normal saline, and the hippocampus was dissected.
Tissues were then stored at −80�C for further analyses. Mean-
while, blood was rapidly collected and the serum was sep-
arated by centrifugation. Serum biochemistry parameters
including blood glucose, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), triglycerides (TG), and to-
tal cholesterol (TC) were measured using commercial kits
(Nanjing Jiancheng Bio, Nanjing, China).

2.3 Anxiety behavior tests

Anxiety-like behavior was evaluated using the open-field test
following previously described procedures [26], with at least
10 mice per group. In this open-field test, the percentage of
time spent in the center of the open-field area and the total
distance traveled were examined.

2.4 Learning and memory function test

The OPR test to evaluate short-term memory was conducted
according to previously published details [27]. On the day of
training, the mice were firstly exposed to a context habitu-
ation period without objects in the arena. During the next
three sessions, mice were placed in the training arena with
two objects. The objects used were both wooden bricks (2 × 2
× 8 cm). Each session lasted for 10 min with an inter-session
interval of 3 min, during which the mice were returned to
their home cages. The arenas were cleaned before each ses-
sion, and the objects were wiped with 30% ethanol before
each mouse. The tests were performed at 3 min after the last
training session. Mice were placed in the original training
arena for 10 min with one object displaced to a new location
and the other object unmoved. A digital camera recorded ac-
tivity during training and testing for subsequent scoring of
the time spent exploring objects. Exploration of the objects
was defined as the amount of time a mouse spent oriented
towards an object with its nose within 1 cm of it. The pref-
erence index for the object displaced to a new location was
calculated as the percentage of object exploration time dedi-
cated to this object over the total exploration time in the last
training session or the testing session.

Long-term memory was evaluated using the FC task ac-
cording to previously published reports [28] with minor mod-
ifications. On training day, mice were placed in the FC cham-
ber located in the center of a sound attenuating cubicle. A
background odor was provided by cleaning the conditioning
chamber with 10% ethanol. Mice were allowed to explore the
context for 3 min before being subjected to three tone-foot
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Figure 1. Anxiety-like behav-
ior and time courses of body
weight, food intake, and wa-
ter intake under high salt (HS)
treatment. Mice were fed a
HS or normal diet, and dif-
ferent parameters were moni-
tored weekly. (A) Body weight;
(B) food intake; (C) water in-
take. (D) Total distance trav-
eled in an open-field test, (E)
percentage of time spent in
the center arena. Data are pre-
sented as mean ± SEM, n � 8
mice/group, **p < 0.01 versus
control group.

shock pairings. The 85 dB 2 kHz tone lasted for 1 min with
foot shocks of 0.75 mA administered for 2 s, with the shocks
co-terminating with the tone. Mice remained in the train-
ing chamber for another 30 s before being returned to their
home cages. The total training session was 10 min, and was
divided into four intervals by three foot shocks. In the con-
text test, mice were placed back into the original conditioning
chamber for 5 min without a tone. The behavior of the mice
was recorded with Freezeframe software (Coulbourn Instru-
ments, Holliston, MA, USA) and analyzed with Freezeview
software (Actimetrics, Wilmette, IL, USA). Motionless bouts
lasting more than 1 s were considered as freezing behavior.
The percentage of freezing was calculated as the ratio of freeze
time to observed time.

2.5 Electrophysiology

The field excitatory postsynaptic potentials (fEPSPs) from
CA3-CA1 synapses were recorded using previously described
procedures [29], and in Supporting Information Materials and
Methods 1. Briefly, test fEPSPs were evoked with single-pulse
stimulations at 0.33 Hz. Input/output (I/O) curves were gen-
erated by gradually increasing the stimulus intensities (input)
and recording the fEPSPs generated (output). The stimulus
intensity required to evoke half of the maximum fEPSP was

selected as the baseline measurement. After recording a sta-
ble baseline fEPSP for at least 30 min, LTP was induced with
high-frequency stimulation (HFS).

2.6 Measurement of enzyme activities and ROS

Hippocampus samples were homogenized and extracted in
HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid)
solution (20 mM, pH 7.4). The protein concentrations
of the extract were measured using a bicinchoninic acid
colorimetric assay (Thermo Fisher). ROS production was
measured using 2’,7’-dichlorodihydrofluorescein diacetate
(20 �M H2DCFDA, Sigma, D6883) [30]. Superoxide dismu-
tase (SOD, A001), catalase (CAT, A007), H2O2 (A064), glu-
tathione peroxidase (GPx, A005), glutathione S-transferases
(GST, A004), and glutathione reductase (GR, A062) were de-
termined using commercial kits (Nanjing Jiancheng Bio,
Nanjing, China) according to the manufacturer’s instruc-
tions. Fluorescence intensity and absorbance were recorded
using TECAN infinite M200 at 30�C and normalized to pro-
tein content. Hexokinase (HK) activity [31] was measured in
40 mM HEPES, 1 mM EDTA, 1 mM MgCl2, 2.5 mM ATP,
0.7 U glucose-6-phosphate dehydrogenase, and 0.1 mM
NADP+ by addition of 8–24 �g of protein. Citrate synthase
(CS) activity [32] was measured in 50 mM Tris (pH 7.5),
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Table 1. Concentrations of glucose, AST, ALT, TC, and TG in mice
fed normal and high salt diets

Concentration Control HS-4wk HS-7wk

MAP (mmHg) 92 ± 3 92 ± 4 95 ± 4
Glucose (mM) 27.76 ± 3.83 20.24 ± 2.48** 22.70 ± 2.96*

AST (U/L) 16.93 ± 4.63 26.47 ± 3.04 23.37 ± 3.28
ALT (U/L) 6.00 ± 2.68 11.20 ± 1.52 13.02 ± 4.93
TC (mmol/L) 2.12 ± 0.41 2.13 ± 0.13 1.94 ± 0.25
TG (mmol/L) 0.72 ± 0.18 0.70 ± 0.12 0.66 ± 0.06

n � 6 mice/group; *p < 0.05, **p < 0.01 versus control group.

100 mM KCl, 1 mM EDTA, 83.3 �M acetyle-CoA, 167.5 �M
DTNB (5,5’-Dithiobis-[2-nitrobenzoic acid]), and 0.67 mM ox-
aloacetate, and was started by addition of 8–24 �g of protein
extract.

2.7 Western blot analyses

Protein levels were measured using western blot analysis,
with �-actin used to ensure equal loading of the samples, ac-
cording to previously published details [33], and in Support-
ing Information Material and Methods 1. Primary antibody
dilutions used were as follows; SYS, SYP, BDNF, CamK-II,
CamK-IV, Calcineurin A (Abcam, USA), ERK1/2, p-ERK1/2
(Cell Signaling Technology, MA, USA), and �-actin (Santa
Cruz).

2.8 Immunohistochemistry

Free-floating sections were stained with a series of antibod-
ies, namely rabbit polyclonal anti-SYS (1:200) (Abcam, USA),
rabbit polyclonal anti-SYP (1:200) (Abcam, USA) and rabbit
monoclonal anti-BDNF (1:200) (Abcam, USA). All antibod-
ies are routinely used by several laboratories. Immunohisto-
chemistry for the hippocampus were performed as described
previously and in Supporting Information Material and
Methods 1.

2.9 Data analysis

Data are reported as the mean ± SD of at least three in-
dependent experiments. Significant differences between two
groups were determined by Student’s t-tests. Significant dif-
ferences between three or more groups were determined by
a one-way ANOVA followed by Tukey’s post hoc tests. Means
were considered to be statistically different according to a
value of p < 0.05. Wherever appropriate, Pearson’s correla-
tion analysis was conducted to investigate correlations be-
tween the groups, with SPSS 20.0 (IBM Corp., Armonk, NY,
USA) used for this purpose.

3 Results

3.1 High salt diet fails to elicit apparent physical

disorders or anxiety

Mice were fed a HS diet and monitored for body weight
and food and water consumption. Compared with the con-
trol group on a normal diet, the HS diet caused a significant
reduction in body weight (p < 0.01; Fig. 1A), but increased
food and water intake (p < 0.01; Fig. 1B, 1C). Blood biochem-
ical examination revealed that the HS diet elicited a marked
increase in blood glucose level (Table 1). Although slightly
elevated ALT/AST and TC/TG concentrations were observed
in HS-fed mice, these alterations were not statistically sig-
nificant in comparison with control mice, suggesting only
a limited immediate influence of HS diet on the physical
condition of the mice.

We next examined the anxiety levels of mice using the
open-field test. The total distance traveled in a 10 min obser-
vation was similar across the three groups (Fig. 1D), with the
mice subjected to a HS diet spending a comparable amount
of time in the center area to that spent by the control mice
(Fig. 1E), indicating that a 4 or 7 week HS diet was insufficient
to induce anxiety in the mice.

3.2 High salt diet impairs short- and long-term

memory

We assessed the effect of a HS diet on the short-term mem-
ory of the animals using an OPR paradigm [27, 34] (Fig. 2A).
In the familiarity stage (training), the total explorative time
(both of the objects) for all groups decreased with an increas-
ing number of sessions, which was indicative of a decreased
exploratory interest for familiar objects. Furthermore, the HS-
4wk mice exhibited a stronger desire to explore objects than
those in the control and HS-7wk groups (Fig. 2B). In the test
stage 3 min after the last training session, mice were rein-
troduced to the same condition experienced in the training
arena, with the exception that one of the two objects had been
moved to a new location. The preference index increased sig-
nificantly in both control and HS-4wk groups, whereas the
HS-7wk mice did not show a difference of performance in
test stage from that measured during the last training ses-
sion (0.47 versus 0.51, p = 0.25, n = 11), suggesting that a
7 week HS diet impaired the short-term memory of the mice
(Fig. 2C).

The influence of the HS diet on long-term memory was
next investigated using a FC memory task. In this task, the
percentage of freezing time is considered to be indicative of
the fear response. The freezing time increased similarly in
the different groups of mice over the course of the four train-
ing stages divided by three foot shocks, suggesting a mini-
mal immediate effect of HS diet treatment on fear response
(Fig. 3B). Twenty-four hours later, the animals were returned
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Figure 2. HS mice have impaired short-term memory for ob-
ject location. (A) Diagram illustrating the experimental design
for object-place recognition. (B) Bar graphs showing the total
exploration times for the three groups. (C) Graphs showing the
percentage preference for the displaced object after 3 min. Dotted
line denotes 50% preference index. Bars are mean ± SEM, n � 8
mice, *p < 0.05, **p < 0.01, ***p < 0.001.

to the training box with no foot shock. In this stage of the ex-
periment, the freezing during conditioning was significantly
weaker in the HS mice than in the control mice (HS-4wk:
27.5%, p = 0.013; HS-7wk: 25.3%, p = 0.0014; control
mice: 41.3%; Fig. 3C). Therefore, the HS diet was considered
to cause a serious impairment to the long-term memory in
mice.

3.3 High salt diet disturbed hippocampal synaptic

plasticity

The current-fEPSPs relationships in the I/O curves were ex-
amined immediately following the HS treatment. As delin-
eated in Fig. 4A, the I/O curves exhibited a slight leftward
shift in the HS-7wk group, with the minimum output demon-
strating a significant increase in comparison with the normal
diet group. We examined the level of post-tetanic potentiation
produced immediately following the HFS measurement, and
the data showed that the LTP of the fEPSP amplitude was in-
duced by HFS in the control and HS-4wk groups (Fig. 4B and
4C). By contrast, the normalized amplitude of the fEPSP was
only slightly increased in the HS-7wk group after HFS mea-
surement, and this amplitude was less than that in the control
group (control: 132.9%, HS-4wk: 165.2%, HS-7wk: 109.5%).
Our results thereby demonstrated that a HS diet was respon-
sible for eliciting disturbances in hippocampal LTP.

3.4 High salt diet induces oxidative stress and

metabolic reprogramming in the hippocampus

To further address the mechanisms of HS-induced mem-
ory damage, we assessed the degree of oxidative stress by

Figure 3. HS mice have impaired
long-term memory for contextual
fear conditioning. (A) Diagram illus-
trating the experimental design for
fear condition memory. (B) Percent-
age of freezing time during the ac-
quisition training. (C) Percentage of
freezing time during the contextual
memory testing. Bars are mean ±
SEM, n � 10, *p < 0.05, **p < 0.01
versus control group.
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Figure 4. Effects of high salt on synaptic plasticity. Input/output (I/O) and long-term potentiation (LTP) changes were measured in mice fed
normal chow or a high salt diet. (A) I/O relationships after applying increasing stimulation to the stratum radiatum of the CA1 region in the
hippocampus and recording the output. (B) LTP was induced at baseline intensity using high-frequency stimulation. The amplitude of the
field excitatory postsynaptic potential (fEPSP) was measured, and the results were normalized to the average value measured during the
20 min baseline period. (C) Recording continued for at least 90 min following high-frequency stimulation (HFS), and the last 10 min was
used to calculate the LTP and plot the histogram. Data are presented as mean ± SD, n � 8 mice/group, *p < 0.05, ***p < 0.001.

measuring ROS in the hippocampus. HS diet mice exhibited
a higher level of ROS than control mice (Fig. 5). The antiox-
idant capacities, including the activities of CAT and SOD,
were significantly reduced relative to those in control mice,
whereas the levels of GST, GPx, and GR enzyme activities
remained unchanged in all groups. Thus, our results demon-
strated that the HS mice had higher oxidative stress due to
either increased ROS production or decreased ROS scaveng-
ing capability. Furthermore, we also investigated the energy
metabolism in hippocampal cells. Compared with control and
HS-4wk mice, HS-7wk mice showed an obvious downregu-
lation of hexokinase, a key enzyme in glycolysis. Concomi-
tantly, a dramatic increase in the level of CS, a rate-limiting
enzyme for the tricarboxylic acid cycle, was observed in HS-
7wk mice. These findings suggest that a HS diet can trigger
the metabolic reprogramming of hippocampal cells.

3.5 High salt diet suppresses synaptic protein

expression

We examined the expression of the synaptic proteins and neu-
rotrophins that probably underlie the aforementioned elec-
trophysiological characters. As shown in Fig. 6, densitometry
of western blotting analysis confirmed that the mice fed on
a HS diet for 7 weeks exhibited a substantial decrease in
SYS and SYP expression (32 and 40%, respectively) relative
to the normal diet mice (Fig. 6A). Similarly, the expression

of CamK-II and CamK-IV was reduced, whereas the level of
calmodulin-stimulated protein phosphatase, Calcineurin A,
was slightly increased in HS diet mice compared with the
control group (Fig. 6B). By contrast, we failed to detect a sig-
nificant change in the levels of BDNF after treatment with a
HS diet (Fig. 6A). Inhibition of phosphorylation of ERK1/2
occurred concurrently with the downregulation of SYS and
SYP, which suggests attenuated activation of the Ras/MAPK
pathway (Fig. 6A). Pearson’s correlation showed a negative
relationship between SYS or SYP expression and time on
the HS diet (r = −0.777, p = 0.003; r = −0.696, p = 0.012,
respectively). Thus, the HS diet suppressed proteins and in-
tracellular signaling involved in synaptic plasticity.

To confirm the influence of HS on protein expres-
sion, we also performed immunohistochemical evaluations
(Fig. 7). Similar to the previous results, the expression of
SYS and SYP in the HS groups decreased significantly in a
time-dependent manner. In particular, these proteins were
highly expressed in the CA1 area of the control mice, but
not in the HS diet-treated mice. However, the results were
not exactly the same as those from the western blot analysis.
Immunohistochemical analyses of BDNF protein performed
after 4 or 7 weeks of feeding a HS diet showed slight de-
clines (not significant) in comparison with controls fed a nor-
mal diet. Although western blotting revealed comparable total
amounts of BDNF in the hippocampi of control and HS diet-
treated mice, immunohistochemical staining suggested that
CA1 was the high expression area in control mice, whereas
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Figure 5. Markers of oxidative stress in mice fed normal or high salt diets. Concentrations of ROS (A), and H2O2 (B), and the enzyme
activities of CAT (C), SOD (D), GST (E), GPx (F), GR (G), HK (H), and CS (I), were measured as described in the Materials and methods. Bars
are mean ± SEM, n = 4–6, *p < 0.05, **p < 0.01.

BDNF was localized mainly around the dentate gyrus nearby
in the HS groups. These observations indicate that a HS diet
may affect the expression of synaptic proteins and the source
or production of neurotrophins.

4 Discussion

Excessive dietary salt intake is considered a risk factor for
hypertension and other diseases [5, 35]. It has been demon-
strated that, in salt-sensitive rats, the association of hyper-
tension with poor cognitive performance is presumably due
to sodium intake and blood pressure [36–38]. Sodium in-
take is associated with high blood pressurein both animals
and human [39, 40], which increases the risk of developing
cardiovascular disease. However, we failed to observed a sig-
nificant increase in blood pressure upon HS diet treatment
of C57Bl/6J mice (Table 1), which is consistent with previous
reports using the same strain of mice [8, 41]. In addition, we
found that the body weight, food and water intake, and blood
glucose were significantly altered by HS diet. Our observa-
tion in combination with previous studies suggest a broad

physiological and behavioral influence of HS diet on rodents,
although these animals may develop mechanisms to circum-
vent blood pressure increase by high dietary salt [42, 43].

In the present study, we also evaluated the effects of a HS
diet on short- and long-term memory using different exper-
imental paradigms. In the OPR, an equal time spent at the
two objects by HS-7wk mice indicated impairment to short-
term memory. Conversely, the performances of control and
HS-4wk mice were similar, which is consistent with a re-
cently published study showing that short-term memory in
adult rats (tested using a radial arm water maze test) was not
impaired after a short time on a HS diet (4 weeks) [9]. In
the FC task, we found that the freezing time in the condi-
tion was significantly lower after 4 weeks on a HS diet than
it was on a normal diet. Additionally, we did not observe
any difference in the time that the HS-4wk and HS-7wk mice
spent in the context, suggesting that the impairments in long-
term memory were comparable in both groups. Therefore, it
appears as though long-term memory is more susceptible
to HS than short-term memory. Liu et al. [8] reported that
12 weeks on a HS diet (7% NaCl) impaired the retention of
spatial memory in mice, but they did not find that 4 or 7 weeks
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Figure 6. Protein levels in the hippocampus shown by western blotting. Bar graphs in panels are ratios of SYS, SYP, BDNF to �-actin (A),
p-ERK to t-ERK (A), and CamK-II, CamK-IV and Calcineurin A (B). The right panels are representative blots for SYS, SYP, p-ERK, t-ERK, BDNF,
CamK-II, CamK-IV, and Calcineurin A as well as the protein loading control �-actin. Bars are mean ± SEM, n = 3–4 mice, *p < 0.05.

of HS diet resulted in hypertension or cognitive dysfunction.
We conjecture that, in comparison with the present study,
the longer treatment times they required to detect memory
changes were because of the lower salt concentration and a
longer learning time. Nonetheless, the effects on learning
and memory are selective and not generalized, given that im-
paired performance is not observed in the passive avoidance
task and object recognition memory [36, 37].

Learning and memory are complex events that depend on
electrochemical processes. While it remains to be fully under-
stood how a HS diet modulates cognitive behaviors, we estab-
lished that a disturbance to synaptic plasticity may play a role
in HS diet-triggered memory impairment. Even though there
was no significant difference in the measured I/O responses
between control and HS groups, the HS-7wk group expressed
a substantially reduced LTP in the CA1 region of the hip-
pocampus in comparison with the control group, which is
indicative of the strength of synaptic plasticity. In an attempt
to decipher the molecular basis of HS-induced impairment of

synaptic plasticity, we found that SYS, SYP, CamK-II, CamK-
IV and phosphorylated ERK1/2 are downregulated by HS
treatment. These molecules are thought to play a pivotal role
in the ability to regulate synaptic plasticity via modulation of
LTP [44]. ERK mediates the phosphorylation of the cAMP-
response element-binding protein (CREB), which is essential
for several forms of learning and memory, and is induced
by BDNF [45]. Both SYS and SYP are associated with neuro-
transmitter release, and are responsible for the formation and
anchoring of synaptic vesicles, as well as contributing to fast
and efficient neurotransmission [46]. A proportional relation-
ship between the ability to remember and the synaptic vesicle
proteins SYS and SYP was observed in many previous stud-
ies [47–49]. Recent studies on rats also show that a systemic
increase in plasma Na+ can stimulate some neurosecretory
cells to release BDNF [50], and that BDNF is associated with
the abolishment of GABAergic signaling inhibition due to a
chronic HS intake, thereby suggesting that dietary salt can
affect neurotrophin-induced plasticity [39].
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Figure 7. Immunohistochemistry of coronal sections of the hip-
pocampus. (A, D) SYS, (B, E) SYP, (C, F), BDNF. The graphs com-
pare the normalized mean intensity for the immunohistochem-
istry with DAPI intensity measured by Image J software (D–F).

It is also documented that oxidative damage to the hip-
pocampus contributes to HS-induced cognitive dysfunction
[8]. Marked decreases in the levels of synapse associated pro-
teins are also observed to result from oxidative damage to
pre-synaptic membranes and synaptic vesicles [51]. In accord
with this, we found that a HS diet resulted in an accumulation
of ROS in hippocampal cells accompanied by a decreased an-
tioxidant capacity. Conversely, antioxidant supplementation
can improve antioxidant capacity and reverse cognitive de-
cline completely [52]. High-salt intake increases superoxide
(O2

−) formation by increasing NAPDH oxidase activity [53].
Moreover, enhanced oxidative stress may underlie the for-
mation of impaired Ca2+-mediated signaling and reduced
Na+/K+ATPase expression, which lead to perturbed synap-
tic plasticity underlying cognitive impairment [54]. Increasing
evidence indicates that oxidative stress synergizes with BDNF
insufficiency in the hippocampus to induce behavioral dys-
function via neuronal death and neurogenesis impairment
[55, 56]. While we detected an apparently altered distribution
of BDNF upon HS treatment, further studies are needed to
determine whether BDNF is involved in HS-induced memory
impairment. Epidemiological studies also found that hyper-

tension contributes to the impairment of cognitive function
and the development of dementia [57, 58]. Finally, the de-
crease in the level of the glycolysis key enzyme, hexokinase,
and the concomitant upregulation of the tricarboxylic acid cy-
cle rate-limiting enzyme, citrate synthase, suggest a metabolic
reprograming induced by HS diet, which has implications in
determining the different levels of oxidative stress between
normal and HS diet mice or ATP production previously re-
ported to affect synaptic plasticity [59].

In summary, the present study demonstrates that a HS
diet in mice could impair both short- and long-term memory,
probably due to disturbed synaptic plasticity in the hippocam-
pus. The candidate mechanisms responsible for these neuro-
logical disorders may include oxidative stress and suppressed
expression of synaptic proteins or neurotrophins. Consider-
ing that a HS diet is a key risk factor for hypertension, it would
be interesting to determine whether increased blood pressure
in the brain plays an indispensable role in HS-triggered mem-
ory impairment. Although the exact mechanisms of action
are still not certain, the present study provides novel insights
into the mechanisms underlying the detrimental effects of
excessive dietary salt on learning and memory.
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