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The Metabolic Syndrome (MS) is a set of alterations that increase the risk of developing type 2 diabetes
mellitus (DM2). There is evidence that obesity and the development of metabolic syndrome lead to
alterations in cognitive processes. In this work it was proposed to determine if generating the metabolic
syndrome produces changes in the electric unitary spontaneous activity in the hippocampus as a
possible sustain of the learning alterations. In Wistar rat with a hypercaloric diet, metabolic syndrome
was provoked, and this was confirmed with the determination of body and metabolic parameters as a
measure of intraperitoneal fat, glucose, triglycerides, and cholesterol. Electrophysiological records were
made in the hippocampus and it was determined that rats treated with a hypercaloric diet show a
significant decrease in such activity. Thus, it is shown that rats that were caused metabolic syndrome,
alter their hippocampal electrophysiological activity.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Metabolic Syndrome (MS) is a set of alterations that in-
crease the risk of developing type 2 diabetes mellitus (DM2), car-
diovascular diseases and some types of cancer, which are the main
causes of death in patients with this syndrome. Among the
important alterations of this syndrome are: obesity, hypertension,
dyslipidemia and hyperinsulinemia associated with insulin resis-
tance [1e5].

Insulin is the principal hormone regulating the glucose meta-
bolism in the peripheral tissues and some brain areas as the hy-
pothalamus and the hippocampus, the rest of the brain seems to be
an insulin-insensitive tissue. Areas like hippocampus expresses
high levels of insulin-sensitive glucose transporter GLUT 4 [6,7].

Evidences have found in patients with different metabolic al-
terations, varying from obesity to T2DM, that the risk for several
cognitive incapacities is increased [8]. In diabetic patients, who
have lost the ability to regulate proper glucose management have
been found cognitive deficits [9], particularly in the elderly popu-
lation [10,11]. Obesity in midlife was found to be associated with an
increased risk of dementia and Alzheimer Disease in aging [12,13].
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The hippocampus has been recognized as a structure that par-
ticipates, in a determinant way, in some types of learning and
memory. Some data suggest that hippocampal cognitive perfor-
mance is dependent on an adequate supply of glucose, and that
providing of additional glucose to the hippocampus, can enhance
memory performance [14]. In Alzheimer’s disease patients, seems
that insulin may enhance performance on hippocampus-mediated
tasks [15]. So, it seems that a good handling of glucose plays a very
important role in the cerebral activity [16].

The objective of the present study was to determine if the high
consumption of sugars in the diet causes changes or alterations in
the spontaneous electrical activity of the hippocampus in the CA1
region in an animal model like the Wistar rat during the estab-
lishment of the MS.
2. Method

2.1. Ethical considerations in handling animals

The animal care was carried out according to the protocol
published in "NIH guide for the care and use of laboratory animals"
and the Official Mexican Standard (NOM-062-ZOO ¼ 1999).

Forty Wistar male rats of 2 months old and an initial weight
between 180-200 g were used. Rats were caged in groups of three
and maintained under standard laboratory conditions; under light-
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The graph shows the weekly average of the solids consumption in the control
group and with treatment during the 6 months of the experiment. The treatment
group significantly reduced their solid food intake with respect to the control group
p < 0.001 control. The dotted line on the graph indicates week 14, week in which the
number of rats was reduced to n ¼ 21.
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dark cycles (12:12 h) and temperature controlled 23 ± 2 �C. They
had free access to water and food (Purina Rat Chow 5001) during
the 24 h a day. The animals were randomly divided, the control
group and the experimental group. To the experimental animals
the tap water was switched by a solution of 20% sucrose. This
treatment was continued for six months.

2.2. Measurement of food and fluids intake and from metabolic
parameters

In both groups, the consumption of solid food and liquid (water
or solution with 20% sucrose) were quantified to give an average
per group per week. The rats from both groups were weighed
weekly.

Abdominal circumference of each rat was measured prior to
electrophysiological recording. The animals were sacrificed, and
the intraperitoneal fat and the brain were extracted for later
analysis.

2.3. Determination of metabolic parameters (metabolic syndrome
installation)

For the determination of glucose, triglycerides and cholesterol,
the animals in both groups, experimental and control, were kept
fasted for 12 h, then under general anesthesia with pentobarbital
(50 mg/kg IP) was made a puncture in the end of the tail and drops
of blood (peripheral) were collected to measure the different
metabolic parameters. All measurements were performed in both
groups at 3 and 6 months of treatment. The metabolic parameters
were measured with Accutrend strips: glucose, triglycerides and
cholesterol. All determinations were made following the protocol
suggested by the manufacturer.

2.4. Blood pressure measurement

One CODA equipment, connected to a computer for viewing and
storing the value of the systolic and diastolic pressure of the animal
was used for determining blood pressure. Before the experiment,
the animals were placed one by one on a tube of clear acrylic for
2 min, so that they adapt to space and reduce stress.

Experimental test consisted of placing to the rat in the acrylic
tube to immobilize it, this tube has a hole where the tail of the rat
out, a small ring was placed in the upper third of the tail and this
was automatically insufflated, in 60s, the blood pressure was ob-
tained in the computer. The test was performed three times for
each animal.

2.5. Extracellular recording

Recordings were made in both control and experimental rats at
3 and 6 months of treatment. For recording, the urethane-
anesthetized animal (1.6 mg/kg IP) was placed on a stereotaxic
apparatus and following the coordinates of the Pellegrino’s atlas
[17], a chloridized silver electrode into a glass pipette filled with
NaCl 4M and a dye was introduced to the CA1 hippocampal area.
Finding a cell with spontaneous activity in the area of interest, it
was recorded for 15 min for its stabilization and then the recording
was continued for 40 min more for each cell. Several cells were
recorded in each rat. The electrical signal was monitored through
an oscilloscope and an audiomonitor. Through a discrimination
window the number of spikes generated by the neuron for each 10s
was obtained, and frequency histograms were made to determine
the firing rate of each cell. The registration area was marked with
fast green. The animal was sacrificed under deep anesthesia and the
brain was removed for the recording site confirmation.
3. Results

The results presented are 42 animals at three months and 21
animals at 6 months of treatment.

3.1. Solid consumption

The ingestion of solids in the two groups was very similar during
the first three weeks but a separation in such ingestion is observed.
From this point, it was gradually increasing in the control group.
When the average of the solids consumed per group was made
during the 6 months of study, resulted in 74 ± 3.99 g/day/rat in the
control group while in rats with treatment the average was
51.27 ± 1.48 g/day/rat, p < 0.001 (Fig. 1).

3.2. Liquids consumption

The average fluid consumption in both groups was very similar
in the first two weeks, however, a substantial and continuous in-
crease in the experimental group was observed from the third
week. When the average of the fluid consumed per group was
made during the 6 months of study, in the control rats it was
148.91 ± 5.3 mL/day/rat, while in the rats with treatment it was
212.41 ± 8.2 mL/day/rat, with significant differences between
treatment and control at p < 0.001 (Fig. 2).

3.3. Body weight

The average body weight in both groups was very similar
throughout the experiment. Statistical analysis showed that there
are no significant differences between the two groups (Fig. 3).

3.4. Intraperitoneal fat and diameter

The waist diameter in both groups was similar at three and six
months of treatment, even though the experimental group showed
a larger diameter, there were no significative differences between
the groups (Fig. 4A and B), while the Intraperitoneal fat was
significantly increased in the group with hypercaloric diet in the
two analyzed moments, p < 0.05 (Fig. 5A and B).



Fig. 2. The weekly average of fluid consumption in the control group and with
treatment during the 6 months of study. The treatment group increased their con-
sumption of sugar water and there were significant differences with respect to the
control p < 0.001. The dotted line in the graph shows week 14, in which the number of
rats was reduced to n ¼ 21.

Fig. 3. The graph shows the weekly average of the body weight of rats of the control
group and of the experimental group, during the six months analyzed. The dotted line
points to week 14, week in which the number of rats was reduced to n ¼ 21.

Fig. 4. A, B. The bars represent the waist diameter without changes in the two periods
reported.
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3.5. Glucose

In seven animals of both groups, control and experimental,
fasting plasma glucose values were obtained. In control rats to the
three months the mean value was 82.25 ± 6.9 mg/dL while in the
experimental group the mean value found was 114.75 ± 12.95 mg/
dL. At six months of treatment, the plasma glucose mean value in
the control animals was 88.28 ± 3.16 mg/dL while in the experi-
mental animals the value found was 134.14 ± 4.51 mg/dL. In the
periods analyzed the experimental animals showed a significant
increase in glucose p < 0.05 (Fig. 6A and B).

3.6. Triglycerides

In control and experimental animals, plasma triglyceride values
in peripheral blood were obtained. The value for the control ani-
mals at three months was 135.42 ± 15.69 mg/dL, and to the six
months it was 99.71 ± 7.49 mg/dL. In treated animals the values
were 190.28 ± 6.37 mg/dL and 191.8 ± 22.25 mg/dL at three and six
months respectively. They were significantly different from the
control group, p < 0.05 (Fig. 7A and B).
3.7. Cholesterol

In both groups controls and treatment, plasma cholesterol
values were obtained at three months. In the control group it mean
value was 177.00 ± 2.92 mg/dL while at the six months these were
180.57± 1.73mg/dL. In the experimental group themean datawere
170.85 ± 1.73 mg/dL and 162.00 ± 10.69 mg/dL at three and six
months respectively. No significant differences were found (Fig. 8A
and B).
3.8. Blood pressure

In both groups of animals, the mean values obtained from both
systolic and diastolic pressure were very similar to the three
months of the experiment. Control group: systolic pressure
115.67 ± 7.6 mm/Hg, diastolic 84.17 ± 7.5 mm/Hg. Experimental
group: systolic pressure 114.8± 4.5 and diastolic pressure 78.6± 3.5
mm/Hg (Fig. 9A and B).

At six months of treatment, in the experimental group therewas



Fig. 5. A, B. Intraperitoneal fat increases significantly in the experimental group both
three months and six months after treatment.

Fig. 6. A, B. Plasma glucose values with fasting of 12 h, in control and experimental
rats with 20% of sugar, are shown at 3 and 6 months of treatment. In both periods a
significant increase of the glucose was observed, in the treatment group with respect
to the control. p < 0.05.
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a significant increase in systolic pressure (158.8 ± 5.5 mm/Hg) and
diastolic pressure(115.4 ± 4.8 mm/Hg), while in the control group
was systolic pressure (135.4 ± 5.9) and diastolic pressure
(94.1 ± 5.7), p < 0.05 (Fig. 10A and B).

3.9. Spontaneous unitary activity

The spontaneous unitary activity of the hippocampus in CA1
area was recorded in 18 neurons of each group.

At three months of treatment there was no difference in the
frequency of neuronal firing between groups. A frequency of
12.45 ± 1.95/10s was found in the control group, while in the
experimental group it was 11.76 ± 1.07/10s. At six months of
treatment there were a significant decrease between the trigger
frequency that the experimental group showed with respect to the
control. So, the control group had 22.7 ± 1.0 and treatment group
had 17.2 ± 2.1, p < 0.05.

Fig. 11 shows the frequency histograms of the spontaneous unit
activity of a neuron of the hippocampal area CA 1. The histogram A
corresponds to the recording of a neuron of the control group, while
the histogram B to a neuron of the group with treatment at the 3
months of the study. HistogramC is a neuron of the control group and
D is a histogramof a neuron of the groupwith treatment at 6months.
In both periods a decrease of the firing frequency in the neurons of
animals with treatment with respect to the control is shown.
4. Discussion

Metabolic syndrome (MS) and associated comorbidity are
continuously increasing worldwide at an alarming rate. This syn-
drome is defined as a constellation of interrelated corporal changes
and metabolic irregularities, including abdominal obesity, hyper-
tension, hyperglycemia, insulin resistance, leptin resistance and
hypercortisolemia [18].

The existing evidence shows that patients with metabolic syn-
drome often experience a higher prevalence of affective symptoms
and cognitive dysfunctions than the general population [19].
Neuropsychiatric disorders resulting from metabolic changes in-
fluence the deterioration of the quality of life of patients with MS
and the results in additional costs to health systems around the
world.

In addition, the metabolic syndrome begins to be related to
cognitive alterations that can be associated with cerebrovascular
events resulting from alterations in blood pressure, which in turn
can cause vascular lesions in the nervous system and in other or-
gans of the economy.

Thus, hypertension is considered as a risk factor to develop brain
and cognitive alterations [20]. Hypertension is one of the factors
associated with MS. Recently, evidence has emerged that MS is



Fig. 7. A, B. The averages of triglyceride levels in control and treated with 20% sugar
rats at 3 and 6 months are shown. In both periods a significant increase of the tri-
glycerides in the treatment group was observed with respect to the control. p < 0.05.

Fig. 8. A, B. The averages of cholesterol levels in control and with treatment rats at 3
and 6 months. There are no significant differences.
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associated with the appearance of silent brain lesions, indepen-
dently of other risk factors, for ischemic stroke; moreover, there is a
directly proportional correlation between the number of compo-
nents of the MS and the prevalence of silent cerebral lesions [21].
On the other hand, MS has been associated with cerebral and sys-
temic atherosclerosis that can also lead to a cerebrovascular event
and cognitive deterioration [22].

In this work the animals studied had a high consumption of
sugar water, since the beginning of the experiment. Despite the
variability observed in this response, in the first weeks, water with
sugar is an appetizing "food" for rats, consumption gradually
increased, and it was evident from the 20th week. In rodents there
is an addiction to sugar consumption, showing signs of tolerance
and abstinence [23]. It has been established that sugar in the rat can
produce an addiction that is perhaps more important than addic-
tion to cocaine and heroin [24]. This avid consumption of sugar can
result from the release of dopamine in the accumbens nucleus in a
similar way to what some drugs of abuse do [23].

Fig. 1 shows that the control animals ingested almost twice as
much food as the experimental animals, this result suggests that
probably the calories obtained from the sugar water are enough to
maintain the body weight of the experimental animals, as shown in
Fig. 3. This graphic clearly shows that body weight increased over
time but remained very similar in the two groups at the two ages
analyzed. The experimental animals exhibited a marked reduction
in the consumption of solid food (5001, Rodent diet). It has been
suggested, for this strain of rats, that there is a reduction of food
consumption when they are exposed to hypercaloric diets [25].
Since the 80’s, it was established [26] that the daily food con-
sumption of the adult rat is usually very stable throughout its life. In
rats exposed to high-calorie diets, there is a decrease in the con-
sumption of food as it was showed in rats that had to press a lever
to obtain food, the number of times they pressed the lever was
reduced when the food was hypercaloric suggesting that the
amount of calories can be regulated by the body itself [27], which
could be the case in this work.

In several experiments it has been shown that in rodents
exposed to high carbohydrate diets, the body weight maybe in-
creases but apparently it does in animals frommiddle age [28], it is
noteworthy that the animals here reported were still growing as
indicated in Fig. 3.



Fig. 9. A, B. The values of diastolic and systolic pressure at three months of treatment
are shown, there were no differences between the groups.

Fig. 10. A, B. At 6 months in the control and treatment groups are shown. There was a
significant increase in both pressures in the treatment group versus control p < 0.05.
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Although, the body weight did not change significantly, in the
experimental animals, alterations were found in some of the body
parameters that were measured as is the case of intraperitoneal fat,
this increased significantly from the third month of treatment.
There are data [28], which show that rats subjected to high sucrose
diet develop visceral adiposity but not weight gain, in those rats,
capillary necrosis in striated muscle was found so as hepatic
mitochondrial alterations. Even in human has been showed an in-
crease in adiposity and no increase in body weight [29]. It is likely
that, in this work, the rats have decreased their muscle mass by
necrosis, even when it is not confirmed. It is possible that if some
muscles were weighed in these animals, they would weigh less
than in the controls. It is proposed to make these measures in an
upcoming work.

The abdominal measurements were not different and, in this
work, do not seem to be determinants of the fat that is in the or-
ganism as it is in the case of the human, in which seems to be a
better correlation between abdominal diameter and lipid alter-
ations [30].

The results obtained from the measurement of plasma glucose
show that it increased significantly in the experimental animals, in
the two periods analyzed (Fig. 6 A, B). The increase indicates that
there may already be an insulin resistance since the three month of
treatment which prevents glucose from entering to target organs
and therefore increases in plasma.
Even though the value of insulin in these animals is unknown, it

is suggested that it can be elevated, as in humans, due to the in-
crease in the plasmatic glucose, the adipocytes and the substances
released by them (e.g. resistin).

In experimental animals, triglyceride levels were significantly
elevated which can be the starting of a prediabetic state as in
several studies it has been suggested [31]. The excess of adipose
tissue, as observed in the amount of abdominal fat in the animals
reported here, releases an increased amount of fatty acids that
directly affects the insulin and glucose signals and induces gluco-
neogenesis in the liver. Additionally, the secretion of resistin is
surely increased, which prevents the use of glucose, resulting in
high plasmatic levels of glucose.

Cholesterol did not change significantly in animals with a high
glucose diet. The afore mentioned metabolic parameters, being
elevated in treated animals, can generate vascular alterations [32],
that can be reflected in brain changes. Glucose may be causing
glucotoxicity in neurons and reduces their death time in the cell. In
addition, changes in triglycerides suggest alterations in lipid
metabolism that can cause an increase in atheromatous plaque or
changes in the vascular endothelium itself [33] leading to a
reduction in the diameter of the vessels and therefore, an increase
in peripheral resistance that results in an increase in blood pressure
both in the systolic and in the diastolic, which is what is observed in



Fig. 11. Shows the frequency histograms of the spontaneous unit activity from a neuron in the CA 1 area of the hippocampus. Histogram A corresponds to the registration of a
neuron in the control group, while histogram B corresponds to a neuron in the group with treatment both at 3 months of the study. Histogram C is a neuron of the control group and
D is a histogram of a neuron of the group treated both at 6 months. In both periods a decrease in the firing frequency is shown in the neurons of animals with treatment with respect
to the control.
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the results of this study, particularly in the 6-month-old animals
(Fig. 10A and B). In addition, it should be noted that the increase in
systolic blood pressure can result from the activation of the auto-
nomic nervous system, increased activity of the renin-angiotensin
system (sodium increase), oxidative stress, increase in fatty acids,
insulin and leptin.

Animals treated with a diet high in glucose develop metabolic
abnormalities identified by hypertriglyceridemia, hyperglycemia
and hypertension in addition to showing an increase in abdominal
fat. All these parameters were increased in our experimental rats
which indicate that they have developed a metabolic syndrome.

There is evidence that the metabolic syndrome may be associ-
ated with a cognitive decline, particularly in advanced ages, espe-
cially in subjects with high levels of inflammation. It has been
described that Alzheimer’s disease is associatedwith inflammation,
which is why it has been considered as diabetes mellitus type 3
[34].

It has been observed that there are risks of developing cognitive
alterations in patients with type 2 diabetes. In this condition, a
"diabetic encephalopathy” [35] can develop which is characterized
by electrophysiological, structural, and neurochemical changes that
lead to cognitive deterioration, which can include deficiencies in
memory. These cognitive variations may result from an alteration
in the hippocampal modulation by insulin resistance, which elicits
a reduction in the regional metabolism of glucose, which would
lead to alterations in spatial memory [36]. In addition, cognitive
alterations associated with obesity have also been reported in
children [37,38].

The frequency recorded in the neurons of the hippocampus
indicates that in the control animals it increases after six months
when it is compared to the three months animals. This increase
could be due to a higher neuronal excitability generated by changes
a greater number of synaptic connections. However, in experi-
mental animals there is a significant decrease in the frequency of
neuronal firing at six months of treatment compared to controls, it
has been suggested that glucose at concentrations similar to those
reached after a food can produce a decrease of the level of firing of
dopaminergic neurons, in this work plasma glucose remains high
which could result in a similar change. The electrical changes
observed here indicate that this part of the hippocampus can be
participating in the regulating circuit of hunger and satiety [39].

In pigs [40] it was reported that there is a reduction in brain
activitymeasured by the amount of blood flow in animals that were
induced obesity, some regions that decrease their activity are
related to limbic areas. The animals studied here showed a reduc-
tion of the neuronal frequency, which could result from the
decrease in activity. Is there a neurodegeneration? The brain is
getting old?

The results shown here indicate that the use of 20% glucose in
the daily diet of the Wistar rat significantly modifies metabolic and
body parameters leading to a prediabetic state to the animal.

The induction of metabolic syndrome produces alterations in
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the electrophysiological activity of the hippocampus which in turn
can induce cognitive alterations.
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