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ABSTRACT
Introduction: Recent studies have shown that pulsed electromagnetic field (EMF) has therapeutic
potential for dementia, but the associated neurobiological effects are unclear. This study aimed to
determine the effects of pulsed EMF on Streptozotocin (STZ)-induced dementia rats.
Methods: Forty Sprague-Dawley rats were randomly allocated to one of the four groups: (i)
control, (ii) normal saline injection (sham group), (iii) STZ injection (STZ group) and (iv) STZ
injection with pulsed EMF exposure (PEMF, 10 mT at 20 Hz) (STZ + MF group). Morris water
maze was used to assess the learning and memory abilities. Insulin growth factors 1 and 2 (IGF-1
and IGF-2) gene expression were determined by quantitative PCR.
Results: The results showed that the mean escape latency in STZ-induced dementia rats was
reduced by 66% under the exposure of pulsed EMF. Compared with the STZ group, the swimming
distance and the time for first crossing the platform decreased by 55 and 41.6% in STZ + MF
group, respectively. Furthermore, the IGF-2 gene expression significantly increased compared to
that of the STZ group.
Conclusions: Our findings indicate that the pulsed EMF exposure can improve the ability of
learning and memory in STZ-induced dementia rats and this effect may be related to the process
of IGF signal transduction, suggesting a potential role for the pulsed EMF for the amelioration of
cognition impairment.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease. Its main features are impaired memory,
loss of recognition, and personality and behavior
changes. AD is caused by a variety of causes, and
both genetic and environmental factors contribute to
its pathogenesis. AD-related dementia has brought
a huge medical expenses. Related medical care cost
was about $818 billion in 2015 and will reach 2 trillion
in 2030 (Kandimalla et al., 2017).

Growing evidence supports the concept that AD is
a metabolic disease. Due to insulin and insulin-like
growth factor (IGF) resistance, AD patients cannot
efficiently utilize glucose for energy production and
lead to metabolic abnormalities (Baker et al., 2011; de
la Monte, 2014; Krikorian et al., 2010; Luchsinger,
2010). In recent years, brain-specific abnormalities in
insulin and IGF signaling were considered as a major
trigger in the etiopathogenesis of AD. Brain insulin and

IGF participated in many life activities such as growth,
differentiation and synapse formation. Impaired insulin
signaling may cause energy metabolism failure, excito-
toxicity and neuroinflammation. Especially insulin sig-
naling dysfunction lead to increasing of Aβ formation
and tau phosphorylation which has been implicated as
a risk factor (Rani et al., 2016).

There are emerging evidence to support the biologi-
cal effects of pulsed electromagnetic fields (PEMF) in
the treatment of various neurological disorders includ-
ing dementia (Liu et al., 2008; X. Liu et al., 2015).
Behavioral studies have shown that electromagnetic
field (EMF) could affect human cognitive function
and animal behavior (Arendash et al., 2010; Corbacio
et al., 2011). He et al. investigated the effects of
a chronic exposure to magnetic field on rats. The
results showed a reduction in escape latency and sug-
gested magnetic field exposure can improve long-term
memory in rats (He et al., 2011). Other studies reported
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that exposure to EMF with 1 mT intensity for 2 h over
9 days significantly saved the short-term memory and
suggested that EMF ameliorated cognition memory in
rats (Vazquez-Garcia et al., 2004).

Despite the reported positive effect of PEMF on
dementia rats, some studies reported controversial
findings. Several reports showed that PEMF pro-
duced no effects on learning and memory abilities
in rats (Lai et al., 2016), and other results indicated
that magnetic field can damage the cognition func-
tion in rats (Narayanan et al., 2015; Xiong et al.,
2013). These inconsistencies may be attributed to
the differences of PEMF parameters (such as inten-
sity and duration of the applied EMF, etc.) applied
in different studies. Given that an electric signal is
a process of neuronal signal transduction pathway,
a magnetic field can induce an electric field which
in turn may drive a current in the conductive body
and cause a biological effect effectively only above
a certain strength (Li et al., 2014a; Sienkiewicz,
1998). Nevertheless, the mechanisms underlying
these properties still remain to be explained.

Streptozotocin (STZ) was often used to induce dia-
betes in animal models and it can also cause brain
damage. Intracerebroventricular (ICV) administration
of STZ in rats was found to cause progressive impair-
ment of cognition ability and neuropathological
changes similar to sporadic AD patients. So, it was
considered to be an appropriate experimental model
for AD (Duelli et al., 1994; Lannert and Hoyer, 1998).

Previous studies have suggested an association
between levels of IGF and cognitive function. As
a major regulator of Aβ physiology, IGF-1 can control
Aβ clearance from brain via modulation of the levels of
carrier proteins of transthyretin and apolipoprotein,
regulate Aβ degradation through the control insulin
degrading enzyme (IDE) availability, and affect cellular
uptake and lysosomal degradation of Aβ via regulation
of the lipoprotein receptor protein family of multicargo
transporter proteins (Werner and LeRoith, 2014).
Simultaneously, IGF-1 has a major role in regulating
tau phosphorylation in brain (Cheng et al., 2005).
Although the pulsed electromagnetic stimulation has
therapeutic potential for dementia, the associated neu-
robiological mechanisms are yet unclear. To investigate
the positive effects of PEMF on the improvements of
dementia syndrome, we conducted the PEMF exposure
to determine the effects on cognition in STZ-induced
dementia rats by Morris water maze tests. Moreover,
the responsive IGF changes with exposure to the EMF
were also determined to investigate the mechanism
involved in the cognition therapy alternative on
dementia.

Materials and methods

Animals

Forty adultmale Sprague-Dawley rats (10-week-old, 250 g
to 300 g) were used in this study. Five rats were housed in
each cage. The rats were randomly allocated into one of
the following four groups (n = 10 per group): control
group, normal saline injection group (sham group), STZ-
injected rat (STZ group) and STZ-injected rat with PEMF
exposure (STZ + MF group). During experiments, ani-
mals were free to eat and drink. The room was kept at
a constant temperature (23 ± 1°C) with a 12 h:12 h light–
dark cycle (08:00–20:00). Experiments were conducted
according to the regulations of the Beijing Laboratory
Animal Use and Care Committee and the assessment
was made in a double blind way.

Induction of experimental model of dementia

Dementia was induced by using bilateral ICV injection
of STZ. Firstly, animals were anaesthetized with 2%
pentobarbital (35 mg/kg). Then, rats were placed into
a stereotactic apparatus and received ICV injection of
STZ (3 mg/kg in 0.9% saline) solution according to the
Rat Brain in Stereotaxic Coordinates. The concentra-
tion was adjusted to receive 5 μL per rat in a single
injection. The solutions were freshly prepared just
before the injection to avoid decomposition of the
compound. Sham group received bilateral ICV injec-
tion of 0.9% saline (5 μL/site in a single injection).

Pulsed electromagnetic field exposure system

The pulsed electromagnetic filed exposure apparatus was
developed by our laboratory (Pan et al., 2017). The appa-
ratus consists of a special electrical source and a solenoid
coil (Figure 1). The length of the solenoid is 450 mm and
the diameter of the solenoid is 200 mm. Copper wire with
a diameter of 1.68 mm was used and the coil has 2000
turns. Considering the effects that coil heating may have
on the experiments, the entire skeleton structure is
divided into two layers, with the outer layer wound by
the coil and the inner layer holding the experimental
container for animals. The apparatus can generate
a PEMF with the peak value of intensity from 0 to
10 mT and the frequency from 0 to 100 Hz. The dose of
10mT is chosen based on the previous studies (Choi et al.,
2016; He et al., 2011) and our preliminary experiments.
The variation in the mean magnetic field intensity is less
than 0.5%/h and the pulse width of the magnetic field is 0
to 4 ms. The experiments were carried out entirely in
a temperature-controlled environment with proper
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ventilation as to eliminate the potential system heating.
The exposure was performed in the 10 mT of the mag-
netic field 2 h/d for 10 days and 10 animals were exposed
simultaneously to the magnetic field at one time.

A schematic timetable for experiment design is out-
lined as that after a week of breeding, the animals
received an ICV injection with STZ or saline. On
the second day of injection, the animals were exposed
with PEMF for 10 consecutive days. Afterward, Morris
water maze was performed with animals for 6 consecu-
tive days. Molecular test was conducted immediately
after the MWM test.

Morris water maze (MWM) tests

MWM was used to assess the learning and memory abil-
ities. The experiment apparatus and the method were
described in our previous study (Li et al., 2014b). The
MWM test was performed after the PEMF exposure. All
rats were allowed for four trials in the next 5 days. A trial
was terminated when the rat climbed onto the platform or
120 s of time had elapsed. Each rat was allowed to stay on
the platform for 15 s between two trials. The escape latency
and swimming distance were recorded. A probe test was
performed on the sixth day. During this test, the platform
was removed and swimming paths were recorded for 30 s.
The probe test included only one trial. The following
indices were recorded: (1) initial time of crossing the plat-
form; (2) the number of times a rat crossed the platform;
and (3) time percentage in each quadrant.

Expression profiles of IGF-1 and IGF-2 established
by qPCR

The Quantitative polymerase chain reaction (qPCR)
was modified according to the method established by
our laboratory (Xu et al., 2016). Briefly, the cDNAs of
rats were used as templates to investigate the gene
expression of IGF-1 and IGF-2 in different groups.
The rats were decapitated immediately after the
MWM test. The hippocampus were dissected and
immediately frozen at −80°C for further operations.
Total mRNA was extracted by TRIzol reagent
(Invitrogen, USA) and the quality of samples was deter-
mined. The cDNA templates were synthesized with
2 μg of total RNA using Oligo dT of the FastQuant
RT kit (Tiangen Biotech, Beijing, China), then 4 μL
cDNA dilution and 0.2 μmol/L primers were used in
1 × Fast SYBR Green Master Mix (Applied Biosystems)
with StepOne Real-Time PCR System (Applied
Biosystems). β-actin was chosen as the house-keeping
gene. Quantification of the genes expression was ana-
lyzed according to the△△CT method. RNA samples
were analyzed independently three times.

Data analysis

The data were expressed as means ± SEM. All statistical
analyses were performed by using SPSS 20.0 (SPSS Inc.,
Chicago, IL, USA). A level of p < 0.05 was considered
significant.

Figure 1. Diagram of the exposure system.
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The data of MWM were analyzed according to our
previous study (Li et al., 2014b). The data of escape
latency and swimming distance were analyzed with
two-way analysis of variance (ANOVA) of repeated
measures. Differences in the number of times crossing
the platform were analyzed using the rank sum test.
The data on the initial time of crossing the platform
and the percent time in the quadrants were analyzed
using a two-tail Student’s t-test, respectively. The qPCR
experiments were repeated more than three times, each
time with independently extracted total RNA. The rela-
tive transcript levels of IGF-1 and IGF-2 in different
groups was analyzed with one-way ANOVA followed
by Tukey’s test to determine differences.

Results

Spatial cognition changes in the Morris water maze
(MWM) test

In the spatial acquisition test, the results on escape
latency and swimming distance were coherent. In
the MWM experiments, the mean escape latency
was calculated for each rat in each of the 5 training
days by two-way ANOVA with repeated statistical
analysis. The results showed mean escape latencies
in the STZ group were longer than those in the
control (p < 0.001). The mean escape latency of
the STZ + MF group significantly decreased com-
pared with that of the STZ group (p = 0.003). No
differences between the control group and the sham
group (p = 0.655) (Figure 2) were observed. Similar
results were obtained for swimming distance
(Figure 3).

During the probe trial, the rats in all groups showed
a similar trend. Statistical analysis of the probe trial
revealed that the rats of the STZ group spent more
time to cross the platform for the first time
(p = 0.008) and the number of times crossing the plat-
form in the STZ group were significantly decreased
(p = 0.017). Compared with the STZ group, the time
of crossing platform for the first time in the STZ + MF
group was significantly decreased (p = 0.039), while the
number of times crossing the platform were signifi-
cantly increased (p = 0.04) (Figure 4a, Figure 4c).
With regards to percentage time in the target quadrant,
the STZ group displayed a low percentage in the target
quadrant. The mean percentage of searching time in
the target quadrant in the STZ + MF group increased

Figure 3. Total distance during training phase. * p < 0.05, compared with the control group. # p < 0.05, compared with the STZ group.

Figure 2. Escape latency during training phase. *p < 0.05, com-
pared with the control group. # p < 0.05 compared with the
STZ group.
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somewhat that of the STZ group, although no statistical
differences were observed (Figure 4b).

IGF genes expression

The expressions of IGF genes, including IGF-1 and
IGF-2, were determined with the quantitative PCR
assay. The results of one-way ANOVA showed that
IGF-2 gene expression significantly decreased in the
STZ group and significantly increased in the STZ +
MF group (p = 0.038). IGF-1 gene expression was also
increased in the STZ + MF group compared with that
in the STZ group, with no significant differences
observed (Figure 5).

Discussion

STZ model produces the similar changes in brain as
observed in AD patients (Bhardwaj et al., 2016). Our
data showed that the STZ-injected rats have longer
mean escape latencies and a longer swimming dis-
tance in the spatial acquisition test compared with
those in the control group. The data in the probe
trial also revealed an impaired cognition ability of the
STZ-injection rats. Based on the STZ models, we
detected the cognition function of four groups of
rats by MWM tests. In order to avoid the influence
of the external environment, we strictly control the

experimental conditions. In our experiments, the
STZ-injection rats exposed with PEMF showed
a shorter escape latency and swimming distance com-
pared with the STZ injection rat, suggesting the
improved cognitive function in STZ-induced demen-
tia rat by the PEMF.

Figure 4. Effect of PEMF on the rats during the probe trial. (a): Time that a rat first crossed the platform. The time first crossing
platform of the STZ group was significantly longer than that of the control group (p < 0.01). The time first crossing platform of the
STZ + MF group was significant shorter than that of the STZ group (p < 0.05). (b): Time percentage in the target quadrant. The mean
percentage of searching time in the target quadrant in the STZ group was significantly decreased, but there were no statistical
differences. (c): The number of times the platform was crossed for every rat during the experiment. ** p < 0.05, compared with the
control group. # p < 0.05, compared with the STZ group. Data were analyzed by a rank sum test.

Figure 5. Relative expression levels of IGF gene via quantitative
real-time PCR. The hippocampus were used in the experiment.
Real-time PCR assays were performed to detect the mRNA
expression levels of IGF-1 and IGF-2 related to β-actin. Data
are presented as mean ± SEM. ** p < 0.01 versus control group;
## p < 0.01 versus the STZ group.
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The improved learning and memory may be attrib-
uted to a variety of mechanisms. The extremely low-
frequency EMFs were found to increase the expression
of Neurogranin (Ng) in offspring hippocampus,
enhance the synaptic growth and remodeling (Li
et al., 2014a), promote the proliferation and neuronal
differentiation of hippocampal neural stem cells (NSCs)
that functionally integrate in the dentate gyrus and
enhance newborn neuron survival, which were asso-
ciated with enhanced spatial learning and memory
(Podda et al., 2014). With regard to the PEMF and
cognition in AD, Jeong et al. used Tg-5 × FAD mice
as a model of AD-like amyloid β (Aβ) pathology to
study the effect of magnetic field. Data showed that
chronic magnetic field exposure significantly reduced
accumulation of Aβ plaques, suppressed Aβ production
and inhibited neuroinflammatory cells in the mice
(Jeong et al., 2015). Hu et al. used transgenic mice
(3 × Tg) as an AD model to investigate the influence
of ELF-MF exposure on AD. The results showed that
EMF exposure could ameliorate cognitive deficits and
increase synaptic proteins in 3 × Tg transgenic mice.
The data also showed that EMF exposure could inhibit
apoptosis, decrease oxidative stress and attenuate tau
phosphorylation in the hippocampus of mice (Hu et al.,
2016). These may be mechanism of EMF protective
effects.

As to STZ-induced AD model, the mechanism of
magnetic field is still unclear. Mert et al. found the
pulsed magnetic field can potentially ameliorate the
painful symptoms of diabetes, such as hyperalgesia
and allodynia by preventing the hyperglycemia (Mert
et al., 2010). Similar results were also found by Laszlo
(Laszlo et al., 2011). In addition to reducing blood
glucose, the magnetic field can increase BBB perme-
ability (Gulturk et al., 2010) and renal expression of
connective tissue growth factor (CTGF) (Li et al., 2016),
decrease renal expression of vascular endothelial
growth factor (VEGF-A) and induce a slighter demye-
lination and axon enlargement and less vascular
endothelial growth factor (VEGF) immunostaining of
sciatic nerve (Lei et al., 2013).

On the other hand, the IGF-2 was found to be asso-
ciated with normal age-related cognitive decline and clin-
ical pathology in dementia (Green et al., 2014). Rivera
et al. demonstrated significantly reduced levels of IGF-1
and IGF-2 genes and their corresponding receptors
in AD brains (Rivera et al., 2005). Furthermore, increased
IGF levels may be beneficial for treating the AD (Lupien
et al., 2003; Pascual-Lucas et al., 2014). Insulin and IGF
could reduce tau phosphorylation via inhibition of GSK-3
and alter the processing of amyloid precursor protein
(APP) resulting in the generation of more Aβ. In addition

to this, insulin and IGF could also regulate mitochondrial
dysfunction and decrease oxidative stress (Ribe and
Lovestone, 2016). Based on the above evidence, IGF
may be suggested to participate in the effects of the
PEMF on memory function. Our results showed that
IGF-2 gene expression significantly decreased in the STZ-
injection rats. After PEMF exposure, IGF-2 gene expres-
sion significantly increased. Also IGF-1 gene expression
was increased in the STZ-injection rats with PEMF expo-
sure though no significant differences observed. These
results indicated that IGF especially IGF-2 may be
responsible for a potential therapeutic use of PEMF in
STZ-induced dementia rats. Song et al. also reported that
pulsed magnetic field might increase IGF-1 level in the
CSF of patients with brain injury (Song et al., 2010). This
result was consistent with our results. About mechanism
of the pulsed magnetic field increasing IGF, it is unclear
now and further research must be carefully studied.

Conclusion

Our results presented here showed that the mean escape
latency in STZ-induced dementia rats was reduced by
66% under the exposure of pulsed magnetic field with
intensity of 10 mT and frequency of 20 Hz. Compared
with the STZ group, the swimming distance and the time
for first crossing the platform decreased by 55 and 41.6%
in STZ + PEMF group, respectively. Accordingly, the
IGF-2 gene expression increased by 10 times, with the
PEMF exposure. The findings indicate that the PEMF
can improve the ability of learning and memory in STZ-
induced dementia rats and this effect may be related to
the process of insulin-like growth factor signal transduc-
tion, suggesting a potential role of the PEMF in the
amelioration of cognition impairment.
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