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Abstract

Objective To analyze the effects of long-term microwave exposure on hippocampal structure and
function in the rat.

Methods Experiments were performed on 184 male Wistar rats (three exposure groups and a sham
group). Microwaves were applied daily for 6 min over 1 month at average power densities of 2.5, 5, and
10 mW/cm’. Learning and memory abilities were assessed by Morris water maze. High performance
liquid chromatography was used to detect neurotransmitter concentrations in the hippocampus.
Hippocampal structures were observed by histopathological analysis.

Results Following long-term microwave exposure there was a significant decrease in learning and
memory activity in the 7 d, 14 d, and 1 m in all three microwave exposure groups. Neurotransmitter
concentrations of four amino acids (glutamate, aspartic acid, glycine, and gamma-aminobutyric acid) in
hippocampus were increased in the 2.5 and 5 mW/cm® groups and decreased in the 10 mW/cm® group.
There was evidence of neuronal degeneration and enlarged perivascular spaces in the hippocampus in
the microwave exposure groups. Further, mitochondria became swollen and cristae were disordered.
The rough endoplasmic reticulum exhibited sacculated distension and there was a decrease in the
quantity of synaptic vesicles.

Conclusion These data suggest that the hippocampus can be injured by long-term microwave exposure,
which might result in impairment of cognitive function due to neurotransmitter disruption.
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INTRODUCTION

used in various industrial, communications,

medical, and domestic applications. However,
there is evidence that microwaves may produce
adverse biological effects in the nervous system™,
even at low levels of radiation power™™. The
hippocampus is suggested to be especially vulnerable
to microwave radiation, which may result in memory

In the modern era, microwaves are widely

and learning deficits. Nevertheless, the long-term
effects of microwaves on cognitive function remain
controversial®®. The neurotransmitters glutamate
(Glu), aspartic acid (Asp), glycine (Gly), and gamma-
aminobutyric acid (GABA) play critical roles in processes
such as associative activity (learning and memory)
B9 sleep-wake cycle™, reaction time in behavioral
response'™?, induction of pain™, and brain plasticity™,
and are also implicated in various central nervous system
(CNS) diseases. In the present study, we examined
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the effects of long-term microwave exposure on
hippocampus structure and neurotransmitter content,
as well as cognitive function and behavior in rats.

MATERIALS AND METHODS
Experimental Groups and Exposure

One hundred and eighty four male Wistar rats
(180+20 g) were obtained from the Laboratory
Animal Center (Beijing, China), and were maintained
at 22+2 °C with a 12 h light-dark cycle. Food and
water were freely available. All protocols were
approved by the Institutional Animal Care and Use
Committee. Rats were divided randomly into four
groups with three exposure groups and a sham
group, as follows: (1) Long-term exposure groups
(n=138): animals were exposed to microwaves with
the average power density of 2.5, 5, or 10 mW/cm?
for 6 min daily up to 1 month. The average calculated
SAR was 1.05, 2.1, and 4.2 W/kg, respectively.
Animals in the exposure groups were subjected to
the microwave exposure in individual polypropylene
cages. (2) Sham control group (n=46): animals were
handled and processed in parallel to the exposure
groups, but without microwave exposure.

Morris Water Maze Behavioral Task

There were 10 rats in each group used for
behavioral tests. Assessment of behavior was
performedon1d,2d,3d,4d,7d,14d,1m,2m, and
6 m after exposure. Behavioral alterations in different
psychophysiological parameters were assessed using
behavioral testing equipment, as previously reported™”.
Apparatus The water maze task was performed in
a circular pool (150 cm in diameter) filled with water
maintained at 230.5 °C in a suitably equipped room
with constant temperature, humidity, and brightness.
The surface of a clear ferric movable escape platform
(12x15 cm) was submerged 1.5 cm below the water
surface at a specific location for the entire session.
The pool was surrounded by thick curtains to avoid
extra maze visual cues for the rats.

Training and Testing Procedures Rats were trained
to find a submerged escape platform, located in
a fixed position relative to the extra maze visual
cues, during four consecutive daily sessions. Each
session consisted of four trials. Four different starting
positions, equally spaced around the perimeter of
the pool, were used in a fixed order. Each animal was
released in the water and positioned to face the wall
of the pool. Each trial had a maximum duration of
60 s. During the training sessions, the rats that did
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not find the platform within 60 s were placed on the
platform for 20 s, while during the memory sessions
these rats were continued to the next trial.
Recording of Behavior The behavior in the Morris
water maze (MWM) experiments during the training
and memory-testing procedures was digitally
recorded using the SLY-MWM system (Beijing Sunny
Instrument Co. Ltd., Beijing, China), and average
escape latency (AEL) was used as the final index.

High Performance Liquid Chromatography (HPLC)

Instrumentation HPLC experiments were conducted
on a model 1050 pump (Hewlett-Packard Components
Group, Palo Alto, USA). The injection volume was 20
pL. The column was an Agilent Hypersil (20 cmx2.1
mm) (Agilent Technologies, Santa Clara, USA).
Reagent Preparation The mobile phase was 0.1
mol/L phosphate buffer solution (pH 6.8) containing
30% methanol, which was delivered at a flow rate of
0.4 mL/min. Water and methanol were HPLC grade
(Fisons Corporation-Medical, Fairfax, USA). The
mobile phase was filtered through a 0.45 um Millipore
filter and degassed for 15 min. All experiments were
performed at room temperature and the pH value
was calibrated with a pH meter (Sartorius AG, Denver,
Germany). Aspartic acid (Asp), Glutamic acid (Glu),
glycine (Gly), and gamma-aminobutyric acid (GABA)
were analytical grade (Sigma-Aldrich Co., St. Louis,
USA). The derivatizing agent was based on a previously
reported method™®. O-phthalaldehyde (OPA) (22 mg)
was dissolved in 0.5 mL of sodium sulfite (1 mol/L),
which was then supplemented with 0.5 mL of absolute
ethanol and 0.9 mL of sodium tetraborate buffer
(0.1 mol/L) adjusted to pH 10.4 with 5 mol/L sodium
hydroxide. We found that the most suitable source
of OPA was from Sigma, as the OPA from alternative
sources contained impurities that contaminated
the samples. The reagent was prepared daily and
remained stable throughout the working day if kept
in a darkened vial. All chemicals were obtained from
Sigma, unless otherwise stated.

Sample Processing and Application To investigate
changes in amino acids in the hippocampus, regional
samples were hand homogenized in 1 000 pL of ice-
cold phosphate buffered solution (PBS) and then
centrifuged at 4 °C for 8 min at 1 000 rpm. The
supernatant was removed, and 10% salicylsulfonic
acid was added at the same volume as the precipitate,
and the samples were rehomogenized and incubated
on ice for 15 min, then centrifuged at 4 °C for 10 min
at 12 000 rpm. Twenty microlitres of supernatant
were then added to 100 pL of OPA reagent, and 20 pL
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of this solution was transferred into HPLC vials.
Hematoxylin and Eosin (H&E) Staining

At6h,7d,14d,1m, 2 m, and 6 m after microwave
exposure, rats (n=144) were anesthetized (sodium
pentobarbital, 50 mg/kg IP), and the brains were
removed and fixed in 10% buffered formalin solution,
then embedded in paraffin. Five coronal brain sections (5
pum) were prepared including the hippocampal area. The
sections were dipped in hematoxylin for 3 min, washed
in running tap water for 30 min, and de-stained in warm
water for several seconds. The sections were washed
again in running water for 15 min, dipped in eosin
for 15 s prior to washing again for 20 min, and then
dehydrated in an alcohol gradient, followed by xylene
clearance and coverslipping. The stained sections were
observed under a light microscope, and the hippocampus
was photographed at a 200x magnification.

Transmission Electron Microscopy

Hippocampal samples (1 mm? cubes) were dissected
from the CA3 area under an anatomical microscope.
The samples were then fixed in 2.5% glutaraldehyde,
sequentially processed with 1% osmium tetroxide,
graded ethyl alcohols, and embedded in EPON618.
Ultrathin sections cut onto copper mesh grids were
stained with the heavy metals, uranyl acetate, and lead
citrate for contrast. After drying, the grids were then
viewed on a transmission electron microscope (TEM;
HITACHI Ltd, Tokyo, Japan).

Temperature
The rectal temperature of rats was measured
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before and after microwave exposure in the 1 d, 7
d, 14 d, and 1 m during experiments just after the
removal of the subjects from the animal holder for
both sham and microwave exposure groups.

Data Analysis

Data are presented as meanstSEM. Differences
between the groups were analyzed by analysis of
variance (ANOVA) using Statistical Package for the
Social Sciences software. Differences at P<0.05 were
considered significant.

RESULTS

Long-term microwave exposure (6 min daily for
1 m) at 2.5, 5, or 10 mW/cm’ had no effect on body
temperatureat 1d, 7d, 14 d, or 1 m when compared
to the corresponding sham group animals, suggesting
that thermal effects were unlikely in our study.

Learning and Memory Ability

Animals exposed to microwaves were unable to
retrieve the location of the submerged platform that
was learned during the training days. By contrast,
sham-exposed rats exhibited a clear preference for
the quadrant in which the platform was located during
training, showing that they had consolidated the
learned information and they could effectively retrieve
it. Compared to the sham groups, the AEL of the rats
were significantly longer in the 2.5 mW/cm” group at
1 m (P<0.05), in the 5 mW/cm?® group at 14 d (P<0.05)
and 1 m (P<0.01), and the 10 mW/cm’ group at 7 d
(P<0.05), 14 d (P<0.05), and 1 m (P<0.01) (Figure 1).

[0 Sham

2.5 mW/cm?
E5 mW/cm?
E110 mW/cm?

2m

Figure 1. AELs of rats in the Morris water maze. Compared to the sham group, there was a significant
increase in the AEL of the rats in the 2.5 mW/cm’ group at 1 m (P<0.05), the 5 mW/cm” group at 14 d
(P<0.05) and 1 m (P<0.01), and in the 10 mW/cm” group at 7 d (P<0.05), 14 d (P<0.05), and 1 m (P<0.01).
Note that although all groups of animals showed the same overall learning curve, their performance
during the first trial of each day indicated that exposed animals exhibited consolidation and/or recall

deficits. Group effect: 'P<0.05, " P<0.01.
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Neurotransmitter Content in the Hippocampus

The mean concentrations of Asp, Glu, Gly,
and GABA (pgx10°/mg of brain wet tissue) were
determined in rat hippocampus homogenates (n=6)
at 6 h, 14 d, and 2 m after exposure. The mean Asp
content was increased in the 2.5 mW/cngroup at
6 h, 14 d, and 2 m (P<0.05 or P<0.01) and in the 5
mW/cm” group at 14 d and 2 m (P<0.01), but was
decreased in the 10 mW/cm? group at 2 m (P<0.05),
after microwave exposure. The mean Glu content
was increased in the 2.5 mW/cm?and 5 mW/cm?
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groups at 14 d and 2 m (P<0.05 or P<0.01), but
was decreased in the 10 mW/cm’ group at 2 m
(P<0.05), after microwave exposure. The mean Gly
content was increased in the 2.5 mW/cm?®and 5
mW/cm’ groups at 14 d and 2 m (P<0.05 or P<0.01),
but did not change in the 10 mW/cm? group, after
microwave exposure. The mean GABA content was
increased in the 2.5 mW/cm”and 5 mW/cm’ groups
at 6 h, 14 d, and 2 m (P<0.05 or P<0.01), but was
decreased in the 10 mW/cm?® group at 6 h (P<0.05),
after microwave exposure (Table 1).

Table 1. Neurotransmitter Content in the Rat Hippocampus after Microwave Treatment (n=6/group)’

Days after Contents (ugx10°/mg)

Exposure Groups Asp Glu Gly GABA

6h 0 16.86+2.79 54.8242.79 20.0243.79 4.23%0.59
2.5 20.28+1.49 42.1945.81° 30.83+2.83" 7.2242.09"
5 17.46%1.38 50.64+3.87 19.67£1.57 5.86+0.43"
10 14.51£2.70 49.44%9.32 16.98+3.65 3.4540.73

14d 0 11.3440.42 37.89+4.15 15.68+1.68 4.55%0.41
2.5 18.54+1.53" 50.69+4.68" 26.91+3.85" 6.47+0.61"
5 19.08+1.97" 51.693.01" 23.3243.76" 6.57+0.48"
10 13.16+1.28 44.71+3.11° 15.98+4.90 4.2740.73

2m 0 13.74£1.66 40.16%7.92 16.96+2.52 3.63£0.72
2.5 18.79+2.47" 53.15¢9.78" 25.47+5.48" 6.49+0.98"
5 18.85¢1.52" 55.08+4.81" 26.78+1.77" 6.86£0.69
10 10.460.51" 30.886.85 17.66%2.64 4.17+0.36

Note. “Values were calculated from the calibration curves and represent means (n=6) for each case.

Hippocampal Structure

To determine the effect of microwave treatment
on hippocampal morphology, we examined
the hippocampus by histology. In the sham
group, hippocampal neurons exhibited a regular
arrangement, with distinct edges, and a clear
nucleus and nucleolus, and there was no significant
necrosis of pyramidal neurons (Figures 2A and 2C).
By contrast, in the microwave exposure groups
the hippocampus exhibited edema and raritas.
There was also a significant decrease in numbers of
hippocampal neurons, and neurons were irregularly
arranged with evidence of karyopyknosis (Figures
2B). The vessels were in the microwave groups were
congestion and showed signs of hemorrhage with
an enlarged perivascular space (Figures 2D). The
degree of injury peaked at 1 m, and then showed
signs of recovery at 6 m, and there was a dose-
dependent response to the degree of microwave

radiation.

Pathological changes in the hippocampal ultra-
structure were observed by TEM. Normal neurons
in the hippocampus exhibited a large nucleus with a
distinct nuclear envelope and nucleoli, and numerous
rough endoplasmic reticulum and mitochondria in
the cytoplasm (Figure 3A). In the hippocampus of
microwave-exposed rats, individual shrunken cells
could be seen with condensed cytoplasm and nucleus.
The mitochondria were swollen and vacuolized, and
the cristae were disordered and fewer in number.
The rough endoplasmic reticulum also exhibited
sacculated distension (Figure 3B). Compared with
the synapses of hippocampal neurons in sham rats,
injured animals exhibited a decrease in the quantity
of synaptic vesicles in the synapse, and the synaptic
clefts were widen or blurred (Figure 3C). These ultra-
structural changes were increased with increasing
dose of microwave exposure.
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Figure 2. Effect of microwave treatment on morphological changes in the hippocampus. A) and C) Sham
group. The hippocampal neurons and vessels exhibited a regular arrangement, with distinct edges,
and a clear nucleus and nucleolus, and no significant necrosis of pyramidal neurons. B) 5 mW/cm’
group. The hippocampus showed edema, and neurons exhibited pyknosis and anachromasis at 7 d after
exposure. D) 10 mW/cm’group. The perivascular spaces in the hippocampus were widened, with signs of
hemorrhage (HE staining, original magnification x200).

Figure 3. Effect of microwave exposure on ultra-structural changes in the hippocampus. A) A normal
hippocampal neuron in a sham rat. Numerous rough endoplasmic reticulum and mitochondria presented
in the cytoplasm of hippocampal neurons in sham rats (TEM x18000). B) 5 mW/cm? group. Example of
a shrunken cell in the hippocampus of microwave exposed rats at 1 m. Note the appearance of swollen
mitochondria with disordered and reduced numbers of cristae, and expanded rough endoplasmic
reticulum (TEM x15000). C) 5 mW/cm’ group. Note the swollen synapses with fewer vesicles in the
hippocampus of microwave exposed rats at 1 m (TEM x50000).
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DISCUSSION

Although it is well established that exposure
to high intensity electromagnetic fields can exert
detrimental effects on human health™?% there is
also growing evidence for a damaging role of long-
term exposure to lower intensity electromagnetic
fields. The nervous system, and in particular the
hippocampus, is a sensitive target of microwave
exposure. However, there are limited data on the
risks of exposure to different sources of non-thermal
microwaves on the brain. There is some evidence
that long-term exposure to non-thermal microwave
exposure can affect sensitive vital organs, which
is dependent on exposure intensity, frequency of
exposure, modulation frequency, and exposure
duration™. In the present study, we demonstrated
that exposure to low-level long-term microwave
exposure produced marked alterations in the
structure and function of the hippocampus in rats,
that were non-thermal in nature.

Changes in behavior and cognition are
important outcomes used to assess the effects of
microwave exposure on the brain®?®. However,
there are conflicting data on the effects of long-
term microwave exposure on learning and memory
abilities due to the variety of exposure parameters,
research objects, and conditions used. As such, a
detrimental action of long-term microwave exposure
on learning and memory remains controversial. For
example, chronic microwave exposure (0.05 W/kg
daily, 45 min/day, 10 days) in mice was reported to
have no effect on learning and memory assessed
using the 8-arm radial maze behavioral task'®,
which may relate to the very low SAR value used.
Nevertheless, SAR values from 0.02 to 4 W/kg have
been previously used to induce and detect memory
deficits®”’??. In the present study, we analyzed
learning and memory changes in rats exposed to
three doses of microwaves over 6 h to 6 m. We
found a dose-dependent increase in AELs with
increasing microwave exposure, suggesting that
long-term microwave exposure disrupted learning
and memory ability. These cognitive deficits were
likely a result of, at least in part, the marked injury
and structural changes observed in the hippocampus
with exposure.

The neurotransmitters Asp, Glu, Gly, and
GABA are involved in multiple physiological and
pathophysiological processes. For example, the
inhibitory (Asp and Glu) and excitatory (Gly and
GABA) neurotransmitters can regulate inhibitory
or excitatory synaptic strength under normal and
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pathological conditions®**". In the present study,
long-term microwave exposure disrupted the normal
levels of neurotransmitters in the hippocampus,
which may relate to accumulation of metabolic
products or damage to the internal environment.
The changes observed in the 2.5 and 5 mW/cm’
groups may reflect an altered coordination between
inhibitory and excitatory neurotransmitters, which
may lead to excitotoxic neuronal death due to
accumulation of excitatory neurotransmitters, or
modulation of neuronal excitability due to increased
inhibitory neurotransmitters. The decrease in
neurotransmitters observed in the 10 mW/cm?
group suggests that consumption of excitatory
neurotransmitters may outweigh that of production
after microwave exposure, or that excitability is
actively inhibited as an endogenous protective
mechanism.

Since it is well established that performance in
the MWM is dependent on the hippocampus, it was
plausible to assume that exposure in our experiments
affected this brain area, which is supported by the
observation of tissue injury in the hippocampus
of rats. Furthermore, the altered function of the
hippocampus in response to microwave exposure
may relate to the disruption of neurotransmitter
levels.

Overall, we demonstrated that long-term
microwave exposure could induce learning and
memory disorders in rats, involving disrupted
inhibitory and excitatory neurotransmitter systems
and structural pathology in the hippocampus.
Accurate analysis of neurotransmitter concentrations
is required to further elucidate the underlying
mechanisms of brain function and pathology®”,
which may help in the design of novel therapeutic
approaches. Our future studies will examine
the molecular proteomic impact of microwave
treatment to determine the mechanisms of brain cell
malfunction after radiation.

REFERENCES

1. Orendacova J, Orenddc M, Racekova E, et al. Neurobiological
effects of microwave exposure: a review focused on
morphological findings in experimental animals. Arch Ital Biol,
2007; 145(1), 1-12.

2. Dasdag S, Akdag Mz, Ulukaya E, et al. Effect of mobile phone
exposure on apoptotic glial cells and status of oxidative stress
in rat brain. Electromagn Biol Med, 2009; 28(4), 342-54.

3. Kesari KK, Behari J. Fifty-gigahertz microwave exposure effect
of radiations on rat brain. Appl Biochem Biotechnol, 2009;
158(1), 126-39.

4. Ning W, Xu SJ, Chiang H, et al. Effects of GSM 1800 MHz on
dendritic development of cultured hippocampal neurons. Acta



188

10.

11.

1

N

13.

14.

15.

16.

17

18.

Pharmacol Sin, 2007; 28 (12), 1873-80.

Campisi A, Gulino M, Acquaviva R, et al. Reactive oxygen
species levels and DNA fragmentation on astrocytes in primary
culture after acute exposure to low intensity microwave
electromagnetic field. Neurosci Lett, 2010; 473(1), 52-5.

Nittby H, Grafstrém G, Tian DP, et al. Cognitive impairment
in rats after long-term exposure to GSM-900 mobile phone
radiation. Bioelectromagnetics, 2008; 29(3), 219-32.

Sinha RK. Chronic non-thermal exposure of modulated 2450
MHz microwave radiation alters thyroid hormones and
behavior of male rats. Int J Radiat Biol, 2008; 84(6), 505-13.
Sienkiewicz ZJ, Blackwell RP, Haylock RG, et al. Low-level
exposure to pulsed 900 MHz microwave radiation does not
cause deficits in the performance of a spatial learning task in
mice. Bioelectromagnetics, 2000; 21(3), 151-8.

Das UN. Can memory be improved? A discussion on the role
of ras, GABA, acetylcholine, NO, insulin, TNF-a, and long-
chain polyunsaturated fatty acids in memory formation and
consolidation. Brain Dev, 2003; 25(4), 251-61.

Myhrer T. Neurotransmitter systems involved in learning and
memory in the rat: a meta-analysis based on studies of four
behavioral tasks. Brain Res Brain Res Rev, 2003; 41(2-3), 268-87.
Reinoso-Suarez F, de Andrés |, Rodrigo-Angulo ML, et al. Brain
structures and mechanisms involved in the generation of REM
sleep. Sleep Med Rev, 2001; 5(1), 63-77.

.Blokland A. Reaction time responding in rats. Neurosci

Biobehav Rev, 1998; 22(6), 847-64.

Millan M. The induction of pain: an integrative review. Prog
Neurobiol, 1999; 57(1), 1-164.

Mora F, Segovia G, del ArcoA. Aging, plasticity and
environmental enrichment: structural changes and
neurotransmitter dynamics in several areas of the brain. Brain
Res Brain Res Rev, 2007; 55(1), 78-88.

Pooley DT. Bioelectromagnetics, complex behaviour and
psychotherapeutic potential. QJM, 2010; 103(8), 545-54.
James R. Jauchem. Effects of low-level radio-frequency (3 kHz
to 300 GHz) energy on human cardiovascular, reproductive,
immune, and other systems: A review of the recent literature.
Int J Hyg Environ Health, 2008; 2(11), 1-29.

.R. Morris. Developments of a water-maze procedure for

studying spatial learning in the rat. J Neurosci Methods, 1984;
11(1), 47-60.

Smith S, Sharp T. Measurement of GABA in rat brain
microdialysates using o-phthaldialdehyde-sulphite
derivatization and high-performance liquid chromatography

19.

20.

2

[y

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Biomed Environ Sci, 2012; 25(2):182-188

with electrochemical detection. J Chromatogr, 1994; 652(2),
228-33.

Khurana VG, Hardell L, Everaert J, et al. Epidemiological
evidence for a health risk from mobile phone base stations. Int
J Occup Environ Health, 2010; 16(3), 263-7.

Leszczynski D, Xu Z. Mobile phone radiation health risk
controversy: the reliability and sufficiency of science behind
the safety standards. Health Res Policy Syst, 2010; 8(1), 2.

.D’Andrea JA, Chou CK, Johnston SA, et al. Microwave effects on

the nervous system. Bioelectromagnetics, 2003; Suppl 6, S107-
47.

D’Andrea JA, Adair ER, de Lorge JO. Behavioral and cognitive
effects of microwave exposure. Bioelectromagnetics, 2003;
Suppl 6, S39-62.

D’Andrea JA. Behavioral evaluation of microwave irradiation.
Bioelectromagnetics, 1999; Suppl 4, 64-74.

Koivisto M, Krause CM, Revonsuo A, et al. The effects of
electromagnetic field emitted by GSM phones on working
memory. Neuroreport, 2000; 11(8), 1641-3.

Keetley V, Wood AW, Spong J, et al. Neuropsychological
sequelae of digital mobile phone exposure in humans.
Neuropsychologia, 2006; 44(10), 1843-8.

Papageorgiou CC, Nanou ED, Tsiafakis VG, et al. Acute mobile
phone effects on pre-attentive operation. Neurosci Lett, 2006;
397(1-2), 99-103.

Wang B, Lai H. Acute exposure to pulsed 2450-MHz microwaves
affects water-maze performance of rats. Bioelectromagnetics,
2000; 21(1), 52-6.

Yamaguchi H, Tsurita G, Ueno S, et al. 1439 MHz pulsed TDMA
fields affect performance of rats in a T-maze task only when
body temperature is elevated. Bioelectromagnetics, 2003;
24(4), 223-30.

Narayanan SN, Kumar RS, Potu BK, et al. Spatial memory
performance of Wistar rats exposed to mobile phone. Clinics
(Sao Paulo), 2009; 64(3), 231-4.

Yang J, Li SS, Bacher J, et al. Quantification of cortical GABA-
glutamine cycling rate using in vivo magnetic resonance signal
of [2-13C]GABA derived from glia specific substrate [2-13C]
acetate. Neurochem Int, 2007; 50(2), 371-8.

Liang SL, Carlson GC, Coulter DA. Dynamic regulation of
synaptic GABA release by the glutamate—glutamine cycle in
hippocampal Area CA1. J Neurosci, 2006; 26(33), 8537-48.

Xu S, Ning W, Xu Z, et al. Chronic exposure to GSM 1800-MHz
microwaves reduces excitatory synaptic activity in cultured
hippocampal neurons. Neurosci Lett, 2006; 398(3), 253-7.





