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Abstract

A close association between microwave (MW) radiation exposure and neurobehavioral disorders
has been postulated but the direct effects of MW radiation on central nervous system still
remains contradictory. Present study was performed to understand the effect of short (15 days)
and long-term (30 and 60 days) low level MW radiation exposure on hippocampus with special
reference to spatial learning and memory and its underlying mechanism in Swiss strain male
mice, Mus musculus. Twelve-weeks old mice were exposed to 2.45 GHz MW radiation
(continuous-wave (CW) with overall average Power density of 0.0248 mW/cm® and overall
average whole body SAR value of 0.0146 W/Kg) for 2h/day over a period of 15, 30 and 60
days). Spatial learning and memory was monitored by Morris Water Maze. We have checked the
alterations in hippocampal oxidative/nitrosative stress, neuronal morphology and expression of
pro-apoptotic proteins (p53 and Bax), inactive executioner Caspase- (pro-Caspase-3) and
uncleaved PARP-1 in the hippocampal subfield neuronal and non-neuronal cells (DG, CA1, CA2

and CA3).

We observed that, short-term as well as long-term 2.45 GHz MW radiation exposure increases
the oxidative/nitrosative stress leading to enhanced apoptosis in hippocampal subfield neuronal
and non-neuronal cells. Present findings also suggest that learning and spatial memory deficit
which increases with the increased duration of MW exposure (15<30<60 days) is correlated with
a decrease in hippocampal subfield neuronal arborization and dendritic spines. These findings
led us to conclude that exposure to continuous-wave MW radiation leads to oxidative/nitrosative
stress induced p53 dependent/independent activation of hippocampal neuronal and non-neuronal

apoptosis associated with spatial memory loss.
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Introduction

Microwaves (MWs) are part of the electromagnetic spectrum with frequency ranging from 0.3 to
300 GHz and wavelength from Imm to Im. MW radiation, categorized as non-ionizing
electromagnetic radiation (EMR), is absorbed at molecular level and induces non-thermal or
thermal effects in vibrational energy or heating of the molecules. EMRs are classified as possible
carcinogen (Group 2B) for humans by International Agency for Research on Cancer (IARC).
People heavily exposed to MW radiations are highly prone to nonmalignant tumors, acoustic
neuromas and malignant gliomas (Hardell ef al., 2003). To recommend exposure limits for safe
uses International Council for Non-Ionizing Radiation Protection (ICNIRP) and the Institute of
Electrical and Electronics Engineers (IEEE) have published guidelines, legislations and
recommendations about a decade back concerning the levels of exposure for the general public
and workers due to health concern issues (IEEE Topical Review, 2005). MW radiation affects
brain physiology as well as brain function in rodents and human. Continuous-wave and pulsed
wave MWs (2.45 GHz, SAR 6.8-100 W/kg) and mobile phone radiation severely affect the
neuronal activity as well as results in neuronal apoptosis in vivo and in vitro (McRee and

Wachtel, 1980; Salford et al., 2003; Joubert. et al., 2008).
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Number of studies demonstrated that continuous-wave as well as pulse field 2.45 GHz MW
radiation results in cognitive malfunction and spatial working and reference memory deficits (Lai
et al., 1994; Wang and Lai, 2000). MW radiation affects the cultured hippocampal neuronal cell
morphology and reduces excitatory synapses as well as the accuracy in working memory tasks
(Xu et al., 2006; Odaci et al., 2008). In contrary, Cassel and other groups reported that whole
body exposure to 2.45 GHz MW radiation does not affect/alter the radial maze performance as

well as learning and memory (Cassel et al., 2004; Cosquer et al., 2005).

MW radiation acts as one of the strongest environmental stressor, inducing oxidative/nitrosative
stress, caused by the excessive production of free radicals (Yakymenko et al., 2015). Enhanced
productions of reactive oxygen/nitrogen species (ROS/RNS) weaken the endogenous defense
mechanisms and damage the cellular constituents including proteins, lipids and nucleic acids
(Ansari et al., 2006). In the brain, such imbalance in ROS/RNS homeostasis can lead to neuronal

damage (Bressler et al., 2007).

Brain is highly sensitive to stress-induced neurodegeneration because of its high content of
polyunsaturated fatty acids (PUFAs), which are vulnerable to free radical attacks and
subsequently undergo lipid peroxidation (LPO) (Butterfield et al, 2002). The antioxidant
systems (enzymatic and/or non-enzymatic) scavenge the free radicals (ROS/RNS) and protect

brain against oxidative/nitrosative damage (Ozturk et al., 2005).

p53, a tumor suppressor and short-lived protein, elicits cellular response to a variety of stress

signals (Riley et al., 2008). Normally it is maintained at low levels, but DNA damage induced
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stabilization and accumulation of this protein in nucleus, induce or repress the transcription of
cell-cycle progression genes (Sakaguchi et al., 1998). Low level of p53 favors cell-cycle arrest
so that DNA repair can occur, while a high level of p53 triggers apoptosis when repair seems to
be impossible (Laptenko and Prives, 2006). Poly(ADP-ribose)polymerase (PARP-1), a nuclear
DNA repairing enzyme, considered as an important apoptotic marker as being cleaved by active
Capase-3 during apoptosis (Kaufmann et al., 1993). High p53 alters Bcl-2/ Bax ratio by
suppressing the Bcl-2 and activating Bax and thus triggers Caspase-3 activation (Bivik ef al.,
2006). Cleaved Caspase-3 as a key protease cleaves full length PARP-1 and results in apoptosis

(Tewari et al., 1995).

Energy homeostasis in brain may be disturbed due to the inactivation of Creatine kinase (CK)/
loss in CK activity (via oxidation of its critical thiol) induced by ROS mediated oxidative
damage/ oxidative stress (Aksenov et al., 2000). Impairment of CK function plays an important

role in the neurodegenerative pathway that leads to brain damage (Wendt et al., 2002).

A considerable amount of research although with some contradiction has been focused on the
behavioral impairments in rodents and in particular learning and memory deficits, following
EMR exposure which might interfere with cognitive processes (Chaturvedi et al., 2011; Li et al.,
2012). However, the underlying mechanisms of microwave induced learning disabilities and
memory loss is still not well understood. Our aim is to highlight the MW irradiation induced
neuronal structural/anatomical alterations in different hippocampal subfields (DG, CA3, CA2
and CAl) to offer mechanistic insights into the spatial memory based operations (MWM)

performed by the exposed rodent hippocampus. We hypothesized that short-term and long-term
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low level 2.45 GHz (CW) MW irradiation impairs learning and spatial memory in mice via
oxidative and nitrosative stress induced p53-dependent/independent hippocampal neuronal and
non-neuronal apoptosis. To test this hypothesis, we have checked the alterations in i) learning
and spatial memory, ii) area/region specific hippocampal neuronal cytoarchitecture, 1iii)
hippocampal oxidative and nitrosative stress, and iv) area/region specific expression of pro-
apoptotic proteins (p53 and Bax) and inactive executioner Caspase-3 (pro-Caspase-3) and full
length/uncleaved PARP-1 in hippocampus. These pro-apoptotic and apoptotic factors together in

combination play a crucial role in the execution of apoptosis.

In the present study, we elucidate the mechanistic pathways through which low level 2.45 GHz
MW radiation triggers the hippocampal neuronal and non-neuronal cell death via inducing

oxidative/nitrosative stress and leads to subsequent loss in learning and spatial memory.

Materials and Methods

Study design

Swiss strain male mice (12 weeks old, body weight ~30 grams) were obtained from the mice
colony of our laboratory maintained under light:dark cycle (LD12:12). Animals were kept under
steady-state, received standard commercial pelleted food and water ad [libitum. Randomly
selected, 40 mice were divided into four groups (one sham control and three experimental i.e. 15
days exposed; 30 days exposed and 60 days exposed group) of 10 mice each (N=10).
Experimental group mice were exposed to 2.45 GHz (CW) microwave radiation for 2 h /day

from 09:00 hr to 11:00 (30 days), 11:30 hr to 13:30 hr (60 days exposed and 60 days sham
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exposed) and 14:00 hr-16:00 hr (15 days) continuously. The control group mice were subjected
to sham exposure for 60 days. Only one sham control of maximum duration i.e. 60 days sham
exposed group was taken into account in this study to nullify the cage related and other external
constraints as from our preliminary studies we have observed that the data of 15 days and 30
days sham exposed as well as cage control animals/groups were not significantly different from
those of 60 days sham exposed animals/groups. Rectal temperature of all the mice was
monitored during the first and the last three days of exposure. Experiment was conducted in
accordance with institutional practice and within the framework of the revised animals
(Scientific procedures) act of 2002 of the Government of India on Animal welfare. This study is
performed according to the regulation of “Institutional Animal Ethical Committee, Faculty of

Science, Banaras Hindu University”.

The experiment was repeated twice, hence the data presented is from total 20 animals per group
including Morris water maze. Further, out of total 20 animals in each group, 5 animals (3 from
Study-1 & 2 from Study-2) used for Golgi staining to study the cytoarchitectural and
cytomorphometrical alterations in the neurons of area specified regions of hippocampus (viz.
DG, CAl, CA2 and CA3), 5 animals (2 from Study-1 & 3 from Study-2) for
immunohistochemistry of pro-apoptotic proteins (p5S3 & Bax), inactive executioner Caspase-3
(Pro-Caspase-3) and uncleaved/full-length DNA repair enzyme (PARP-1) to investigate the
degree of apoptosis and rest 10 animals (5 from each study) were processed for biochemical

estimations.

Exposure setup
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Microwave power to pyramidal horn antenna was delivered by the Analog Signal Generator
microwave source (Model no. E 8257D PSG, manufactured by Agilent Technologies, USA). The
experimental setup used for microwave irradiation of mice consists of Analog Signal Generator
covering a frequency range from 250 kHz - 20 GHz, a coaxial attenuator, microwave amplifier
(model no. 8349B Hewlett Packard Co., USA), coaxial to waveguide transition, 20 dB cross
coupler and E-plane bend, pyramidal horn antenna in addition to animal cage kept in a box
covered by microwave absorbers (Fig. 1). Pyramidal horn antenna was made up of Silver
polished brass material. Its throat and mouth dimensions were 7.2 cm x 3.2 cm and 9.0 cm x 5.0
cm respectively and axial length of the antenna from the throat was 10.0 cm. Gain of the horn
antenna (G¢) was found to be 4.0657 dB, as calculated by three-antenna method. The distance
between pyramidal horn and the mid plane of animal body (assuming the body length to remain
horizontal during exposure) was estimated through far field criterion (R > 2D*2) to be 25 cm
(Fig. 1). The animal cage cross-sectional dimensions in E and H-planes (electric and magnetic
field planes respectively) were designed on the basis of 1.24 dB and 1.69 dB beam-widths in
corresponding planes of the horn respectively. For this purpose, the horn radiation patterns were
also measured at 2.45 GHz in E and H-planes (Chaturvedi et al., 2011). Maximum output power
measured by the power meter with power sensor (Model no. 836A, manufactured by Agilent
Technologies, USA) was 19.8 dBm delivered to the horn antenna from the amplifier. The power

meter has a range from 30 pW to 3 W (Model no. 8481H, Hewlett Packard Co., USA).

Animal cage was designed in such a way that it contained ten compartments of equal sizes. The
dimension of the animal cage was 19.2 cm x 17.6 cm x 15 cm and each compartment was 3.5 cm

x 8.5 cm x 15 cm accommodating single mouse at a time. Pine wood material with low dielectric
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constant was used for making the cage and its partitions. For air ventilation, small circular holes
of 1cm diameter were drilled on the side and the partition walls of the cage and the upper portion
of the cage remained open. Base as well as sides and partition walls of the cage were covered by
carbon impregnated Styrofoam microwave absorber to reduce the reflections of scattered beam.
Each mouse was kept in the separate compartment of the cage throughout the exposure period.
The partitions were made in such a way that mice remain restrained in the cage during the period
of microwave irradiation and were exposed with their length parallel to E-field. The animal cage
was placed on the stand in a box covered from all the four sides by microwave absorbers to
minimize reflections (Fig. 1). Mice were exposed daily for two hours. The temperature in the
chamber was maintained at 25-27 C throughout the exposure period by circulating air. The 20
dB cross coupler and power meter with power sensor were used to measure the power input to
antenna and reflections from it. Power transmitted from the antenna was equal to 64.776 mW
and this was estimated by subtracting the power reflected from the antenna (when it faces
towards free space), from the measured input power. The maximum power density (Smax)
obtained at the centre (on-axis) of the exposure cage kept in the far field region of the horn was

computed by using the following formula:

P, G;
41tR?

Power Density =

Where Py is the power transmitted into the cage, G; is the gain of the horn and R is the distance
between the horn aperture and mid plane of the body of mouse in the exposure cage. The
maximum power density (Smax) obtained at the centre (on-axis) is found to be 0.0289 mW/cm®.
The off-axis power density S (g, 4y Within the space of exposure cage is less than Syac by a factor

F (6, ¢) <I called the normalized radiation pattern.
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The power density obtained close to the boundary of the cage in E-plane is found to be

Fo. ) | -1.24 a8 points X Smax= 0.752 X 0.0289 =0.0217 mW/cm’

Similarly, the power density close to the boundary of the cage in H-plane is

Fo.0) | -1.69 dB points X Smax = 0.678 X 0.0289 =0.0196 mW/cm’

The power density obtained in other regions of the exposure cage is in between Sy,.x (obtained at
the centre) and that obtained close to cage boundary in E-/H- plane. Therefore, average power
density within the space of cage in E-plane is 0.0253 mW/cm® while in H-plane the average
value is 0.0243 mW/cm®’. The approximation for overall average power density obtained within

the space of the exposure cage is

0.0253+0.0243

= 0.0248 mW/cm*

Since SAR is directly proportional to power density (Gandhi et al., 1977) therefore, SAR values
of ten mice also vary according to the position of the mice within the exposure cage. The
maximum average whole body SAR obtained for the mouse in the central region of the cage is

0.017 W/Kg.

The factors used to estimate the incident power density close to the boundaries in E- and H-
planes can be employed to determine the average whole body SAR of the animals placed close to
the boundaries in the two planes. Therefore, approximation for overall average whole body SAR

of ten mice can be computed to be 0.0146 W/Kg.

10
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Mice of experimental group were exposed to 2.45 GHz microwave radiation at overall average
Power density of 0.0248 mW/cm® and overall average Specific Absorption Rate (SAR) value of
0.0146 W/Kg. The SAR value was estimated for body length parallel to the electric field, as per
actual placement of the mouse (Gandhi et al., 1977; Shahin et al., 2013, 2014). The exposure at
overall average Power density of 0.0248 mW/cm” did not cause any elevation in the ambient
temperature of animal cage as well as mice rectal temperature. The average observed rectal
temperature of the mice were 35.81 + 0.2°C (control group) & 35.9 + 0.2°C (experimental
group) during first three days of exposure and 35.91+ 0.2°C (control group) & 35.95 + 0.2°C

(experimental group) after the end of exposure.

Morris water maze

Spatial learning and memory was assessed by using standard Morris water maze task as
described previously (Morris, 1984). In brief, it consists of a circular pool tank (120 cm in
diameter) filled with water in a suitably equipped room with a constant temperature of 22 + 1°C
and humidity. For spatial learning in the acquisition (hidden-platform) test, mice were required
to find the hidden platform using spatial cues available in the testing room. A translucent acrylic
platform (10 cm in diameter) was located in the center of the northeast quadrant and submerged
1 cm below the water surface throughout training period. The mice were subjected to four trials
per day over 5 consecutive days. The starting position for each trial was randomly chosen and
counter balanced across all of the experimental groups. In each of the four trials, the mouse was
gently released into the water by facing the tank wall at four different starting positions equally
spaced around the perimeter of the pool. The mouse was allowed to swim for a maximum of 60

sec or until it located the submerged platform and was allowed to stand on the platform for 20

11
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sec. If a mouse did not find the platform within the time limit, it was led to it by hand and
allowed to rest on it for 20 sec. The time that an individual mouse took to reach the hidden
platform was recorded as the escape latency for its spatial learning score. To assess the retention
of spatial memory, a probe test was conducted 24 h after the last training trial, in which the
hidden platform was removed. The mouse was released into the water from the opposite
quadrant with respect to the target quadrant and allowed to swim freely for 60 s. The time spent
by individual mouse in the target quadrant that previously contained the hidden platform was
respectively recorded as a measure of spatial memory. Visible platform test (four trials per day
for 2 days) was used to ensure that impairments were not related to sensorimotor impairments or
non-cognitive factors (deficits of vision, motivation, or locomotor function). In this trial, the
visible platform was positioned 1 cm above the water surface. The position of the cued platform
was moved during each trial to reduce the animal's use of extramaze spatial cues in locating the
platform. MWM test was performed under blind condition during the last eight days of MW
exposure. After the completion of each exposure, animals were transferred to laboratory cages
and handed over to an experimenter (who did not know the exposure conditions) to perform the

Morris water maze test.

Tissues sampling

Twenty-four hour after the last day of MW exposure, mice were sacrificed by decapitation and
brain was dissected out. Brain of five mice from each group was processed for Golgi staining
and other five mice brain was fixed in 4% paraformaldehyde solution for Immunohistochemistry.
Hippocampus was separated from other ten mice brain and stored at -20°C after washing with

ice-cold sterile physiological saline until processed for different biochemical assays.

12
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Golgi Staining

Brain of mice was processed for rapid Golgi staining technique as described earlier
(Shankaranarayana et al., 2004). In brief, brain were soaked in a solution containing 5%
potassium-dichromate, 5% chloral hydrate, 8% glutaraldehyde, 6% formaldehyde and 500 pl
DMSO for 1 day at room temperature in the dark. This solution was then replaced by a fresh
solution and incubation was continued for another 4 days. Tissues were then washed and
transferred to a solution containing 0.75% AgNO;. After 3—4 days, brain were removed,
dehydrated in alcohol and then embedded in paraffin wax. Transverse sections (40 um thick) of
hippocampus were cut with a rotatory microtome (Leica). Sections collected serially were
dehydrated with ascending series of alcohols, cleared in xylene, mounted on gelatin-coated slides

and cover slipped for inspection.

Analysis of Neuronal morphology

Golgi stained sections of the brain were viewed under a microscope (Axioskop 2 Plus; Carl Zeiss
AG, Oberkochen, Germany) and images were captured with a digital camera. Average soma
diameter and axonal length (i.e., the distance of axon from the soma to the point where the axon
disappears either leaving the plane of section or by failure to impregnate further) of different
neurons were determined in 10 sections per mouse brain (N=5) by using the image analyzer
software Motic Images 2000 version 1.3. The number of pyramidal neurons in CA1l, CA2 and

CA3 was counted by using a X 40 objective lens and Motic Images 2000 version 1.3 software.

Dendritic Spine Density

13
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By using the Camera Lucida system (Carl Zeiss), all protrusions, irrespective of their
morphological characteristics, were counted as spines if they were in direct continuity with the
dendritic shaft (von Bohlen und Halbach et al., 2006). For the purpose of this study, dendrites
directly originating from cell soma were classified as primary dendrites, and those originating
from primary dendrites were classified as secondary dendrites. Spine number was calculated by

tracing the length of dendrite (at least > 10um long). Starting from the origin of the branch, and

continuing away from the cell soma, spines were counted along 10 pm stretch of the dendrite.
The values for number of spines from each 10 um segment, at a given distance from the origin of

the branch, were then averaged across all neurons.

Tissue Homogenization

For NO and ROS estimation, hippocampus were homogenized in 50 mM phosphate buffer (pH
7.4) for 30 sec using a Polytron homogenizer and after adding protease inhibitor 0.2 uM PMSF,
were centrifuged at 12,000 rpm for 30 min at 4°C. The resultant supernatant was used for
measuring MDA level and determining antioxidant enzymes (SOD, GPx and CAT) and creatine
kinase (CK) activity. Total protein concentration was measured by Lowry’s method using BSA
as standard. For all the biochemical assays, the hippocampal samples were processed by

experimenter under blind condition.

Total ROS level
The total ROS generation in fresh homogenate of hippocampus was assessed by using the
method of Bejma ef al, 2000 with slight modification. For this, 2° 7’-

dichlorodihydrofluorescein diacetate (DCFH-DA), a non-polar compound was used as a probe.

14
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DCFH-DA after conversion to a polar derivative by intracellular esterase can rapidly react with
ROS to form the highly fluorescent compound dichlorofluorescein. Briefly, the homogenate was
diluted in PBS to obtain a concentration of 25 pg tissue protein/ml. The reaction mixture
containing diluted homogenate and 10 pl of DCFH-DA (10 uM) was incubated for 15 min at
room temperature to allow the DCFH-DA to be incorporated into any membrane-bound vesicles
and the diacetate group cleaved by esterase. After 30 min of further incubation, the conversion of
DCFH-DA to the fluorescent product DCF was measured by using a spectrofluorimeter with
excitation at 484 nm and emission at 530 nm. Background fluorescence (conversion of DCFH-

DA in the absence of homogenate) was corrected by the inclusion of parallel blanks.

Estimation of Total Nitrite and Nitrate concentration

Nitric oxide (NO), a reactive free radical is generally oxidized to NOx (nitrite-NO, /nitrate-
NOs; ). The total nitrite and nitrate concentration was measured by the indirect method of Sastry
et al., 2002 in hippocampus by using acidic Griess reaction for color development after the
reduction of nitrate with copper-cadmium alloy and deproteinization. In brief, the reaction
mixture was prepared by adding 100 ul of sample or standard (KNOs), 400 pl of carbonate
buffer and a small amount (0.15g) of activated copper-cadmium alloy fillings (washed in buffer
and dried on a filter paper) in the tube. The reaction mixture was then incubated at room
temperature for 1hr with thorough shaking. The reaction was stopped by the addition of 100 ul of
0.35 M sodium hydroxide (NaOH), followed by 400 pl of 120 mM zinc sulphate (ZnSOy)
solution under vortex and allowed to stand for 10 min. The tubes were then centrifuged at 8000
rpm for 10 min. 100 pl aliquots of the clear supernatant were transferred into the wells of a

microplate (in quadruplicate) and Griess reagent (50 pl of 1.0% sulphanilamide prepared in 2.5%
plate (in quadrup g H p prep

15
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orthophosphoric acid and 50 pl of 0.1% N-naphthylethylenediamine prepared in distilled water)
was added to it with gentle mixing. After 10 min, the absorbance was measured at 545 nm
against a blank (containing the same concentrations of ingredients but no biological sample) in a

microplate reader (MS5605A, ECIL, Hyderabad, India) using the path check option.

Lipid Peroxidation Assay

Level of lipid peroxides was measured by estimation of malondialdehyde (MDA), end product of
lipid peroxidation by the method of Ohkawa et al., 1979 with a slight modification. MDA reacts
with thiobarbituric acid (TBA) to yield a coloured compound. Briefly, to 100 ul of tissue
homogenate, 50 pul of 0.8% butylated hydroxytoluene (BHT), 750 ul 0.8% of TBA, 750 ul of
20% acetic acid (pH 3.5) and 100 pl of 8% SDS were added. The reaction mixture was then
incubated at 95°C in water bath for 1 hr. After this, the mixture was cooled down by keeping on
ice for 15 min and then centrifuged at 2000 rpm for 10 min. Absorbance was taken at 532 nm

and the results was expressed as nmoles MDA/mg protein.

Estimation of total carbonyl groups

Duplicate aliquots of different MW irradiated group hippocampus homogenates (approximately
500 pg of protein) were treated with 10% (w/v) trichloroacetic acid (TCA) (Fagan et al., 1999).
Pellets were collected by high-speed centrifugation and suspended by probe sonication in 200 pl
of 2 N HCl or 200 pl of 10 mM DNPH in 2 N HCI. After incubation for 1 h at room temperature,
proteins were precipitated again with TCA. Removal of unreacted DNPH was carried out by
washing the pellets once with 1 ml of 10% (w/v) TCA and thrice with 1 ml of ethanol:ethyl

acetate (1:1 v/v). Proteins were dissolved by sonication in 1 ml of 100 mM Tris-HCl buffer, pH

16
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7.5, containing 2% SDS. Insoluble material was removed by centrifugation. The absorbance of
the supernatant of the HClI-treated sample was assessed at 360 nm and subtracted from that of the
DNPH-treated sample. The amount of carbonyl groups was calculated by using a molar
extinction coefficient of 22,000 cm ' at 360 nm. It is noteworthy that this method is considered
by many to be an indicator of total protein carbonylation (Levine et al., 1994). However, DNPH
also reacts with non- PCO-containing compounds e.g., nucleic acids; (Fagan et al., 1999) that are
both present in the tissue samples and precipitated with TCA. These values were considered to
be a measure of total carbonyls (TCOs) rather than of protein carbonyl (PCOs) (Cao and Cutler,

1995).

Antioxidant enzymes

Superoxide Dismutase

The total SOD activity in hippocampus was determined by the method of Das et al., 2000. The
reaction mixture consisted of 100 pl of sample, 150 mM phosphate buffer (pH7.4), 20mM L-
methionine, 50 uM EDTA, 1% Triton X-100, 100 pM riboflavin and Greiss reagent. The
absorbance was taken at 543 nm. The value of SOD was calculated in term of units defined as
the amount of SOD that inhibits the reduction of nitroblue tetrazolium (NBT) by 50%. The final

results were expressed as unit of SOD per mg of protein.

Catalase
Catalase activity in the hippocampus in different group was assayed according to Aebi, 1984.
Briefly, the reaction mixture contained 1.9 ml of 50 mM phosphate buffer (pH 7.0) and

appropriate dilution of tissue supernatant to make a volume 2ml. Reaction was initiated by
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addition of Iml of freshly prepared 30mmol H,O; and the decrease in absorbance was measured
at 240 nm for 2-3 min. One unit of catalase represents the decrease of 1 uM of H,O, per minute.

The molar extinction coefficient for H,O; is 43.6 M 'em .

Glutathione Peroxidase Assay

GPx activity was assayed as described by Mantha et al., 1993. The reaction mixture (1ml)
contained 50 pl sample, 398 ul of 50 mM phosphate buffer (pH 7.0), 2 ul of 1 mM EDTA, 10ul
of 1 mM sodium azide, 500 pl of 0.5 mM NADPH, 40 pl of 0.2 mM GSH and 1U glutathione
reductase. The resultant mixture was allowed to equilibrate for Imin at room temperature. After
this, the reaction was initiated by addition of 100 mM H,0O,. The absorbance measured
kinetically at 340 nm for 3 min. The GPx activity was expressed as pmol of oxidized NADPH
oxidized to NADP" per min per mg of protein using an extinction coefficient (6.22 mM™em™)

for NADPH.

Creatine Kinase

Creatine kinase (CK) activity was determined by the method of Zhuravliova et al., 2009. CK
catalyzes the incorporation of phosphate into creatine to form creatine phosphate. The amount of
phosphates existing in a free form as a result of ATP hydrolysis in the mitochondrion were
evaluated in the form of the phosphovanadium—molybdate complex and analyzed
spectrophotometrically. In brief, reaction medium contained 100 pl homogenate and 500 pl
solution of creatine (1.9 mM) prepared in special buffer (2.5 mM glycine + 2 mM Na,COs + 0.2
mM MgSO,, pH 9.7). The resulting mixture was suspended for 5 min at 37°C; then 500 pl of

ATP (0.07 mM) was added and further incubation was performed at 37°C for 60 min. The
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enzyme reaction was stopped by adding 14% solution of trichloroacetic acid. The resulting
solution was then centrifuged for 10 min at 3000 g. About 500 pl of supernatant was mixed with
500 pl of ammonia vanadate and ammonia molybdate mixture (1:1). The phosphate was assessed

spectrophotometrically at 400 nm wavelength.

Immunohistochemistry of full length p53, Bax, pro-Caspase-3 and full length/uncleaved
PARP-1

Immunohistochemistry for full length p53, Bax, pro-Caspase-3 and full length/uncleaved PARP-
1 were carried out on paraformaldehyde-fixed paraffin-embedded brain sections using polyclonal
antibodies. Antibodies with specificity to the full length p53 (sc 6243, FL-393), Bax (sc 6236),
pro-Caspase-3 (sc 7148) and uncleaved PARP-1 (sc 8007), were from Santa Cruz Biotechnology
(Santa Cruz, USA). Immunohistochemistry was performed in a two-step procedure by using
Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA). In the first step, after initial
deparafinization in xylene and rehydration in graded series of alcohol, slides were incubated with
goat- full length p53 antisera (dilution 1:100), rabbit- Bax antisera (dilution 1:100), rabbit- pro-
Caspase-3 antisera (dilution 1:100) and mouse- full length/uncleaved PARP-1 antisera (dilution
1:100) for 24 h in humid chamber respectively (Shahin et al., 2014). In second step, slides were
incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulins for 30 min.
Finally, diaminobenzidine hydrochloride (DAB) was used as a chromogen molecule for the

immunological detection.

Image Analysis
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The total number of immunoreactive full length p53, Bax, pro-Caspase-3 and full
length/uncleaved PARP-1 cell bodies in DG, CA1, CA2 and CA3 was counted automatically by
using a X 40 objective lens and Motic Images 2000 version 1.3 software. The sections were
divided into series, and just one of these was counted. Once images of these series containing
immuno-positive cells were captured, background threshold levels were adjusted to allow for
automatic counting of ir—neuronal and non-neuronal cells in these sections by the software
package. In addition, the ImageJ software placed a dot on each cell counted, allowing the
observer to verify accuracy during the counting process. On the basis of intensity of signals ir-

cells were divided into intense, moderate and weak ir-cells.

Statistical Analysis

Time-dependent/short-term and long-term MW radiation exposure induced changes in cognitive
functions, hippocampal neuronal cell morphology and dendritic spine number, non-enzymatic
and enzymatic oxidative stress markers and quantitative analysis of IHC plate are reported as
means = SEM. For statistical analysis, one-way ANOVA coupled with a Dunnet T3 post hoc
analysis was used to determine the significance of various parameters among the four different
groups. A p-value of less than 0.05 was considered significant. Data were statistically analyzed

by using the SPSS software.

Results

Time-dependent 2.45 GHz (CW) MW irradiation results in learning and spatial memory

deficits in mice
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Learning and spatial memory functions of all groups of mice were assessed by Morris water
maze task. Analysis revealed that with increased duration of exposure, the rate of learning
declined significantly. As compared to control, 15 days (day 1, 3-5, p<0.05; day 2, p<0.01), 30
days (day 1-3, 5, p<0.01; day 4, p<0.001) and 60 days (day 1-5, p<0.001) 2.45 GHz (CW) MW
exposed group exhibited slow learning and took more time to reach the platform (Fig. 2 a).
Further analysis revealed a significant effect of 2.45 GHz (CW) MW irradiation on the escape
latency over all training days in 15 days (p<0.05, Fig. 2 b), 30 days (p<0.01, Fig. 2 b) and 60
days (p<0.001, Fig. 2 b) exposed group of mice, demonstrating significant difference in the
escape latency over the 5 days of training period between the three groups, indicating that MW
irradiated mice had impaired spatial learning function compared to sham control mice. Escape
latency time (ELT) i.e. the time required to find the hidden platform increased significantly in
MW irradiated group of mice compared to sham control. Moreover, ELT was significantly
higher in 30 and 60 days exposed group of mice compared to 15 days exposed group over all the
training days (Fig. 2 b), suggesting a chronic effect of long term MW irradiation. The percentage
of non-finder also increased in all the exposed groups of mice compared to control and the
percentage of non-finder significantly increased in 30 days (p<0.01) and 60 days (p<0.01) MW

irradiated group compared to 15 days (p<0.05) exposed mice (Fig. 2 ¢).

The spatial memory of all the four group mice was evaluated by the probe test performed after
24 h of the last training session. Unlike sham control, 2.45 GHz MW irradiated mice
demonstrated impaired retention performance during probe trials. Specifically, they spent
significantly less time in the target quadrant where the platform had been (Fig. 2 d) and crossed

over the former platform location significantly fewer times than sham controls. This indicates
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impaired spatial memory retention in 2.45 GHz MW irradiated mice than sham control which
showed significantly higher levels of retention during the probe trials in terms of target quadrant
time. Moreover, 15 days exposed mice spent more time in the target quadrant than 30 days and
60 days exposed mice but significantly less time than sham control, indicating that the
continuous-wave long-term MW irradiation may lead to permanent memory impairment/deficit.
In addition, the visible platform trials in the Morris water maze revealed no significant
differences in escape latency, swimming speed, or swimming (data not shown). This implies that
the memory impairments of 2.45 GHz MW irradiated mice were not due to visual or motor
dysfunctions or motivational shortage. Taken together, 15 days, 30 days and 60 days continuous-
wave 2.45 GHz MW irradiated mice showed marked hippocampus-dependent learning and

spatial memory deficits in the water maze test.

Continuous-wave 2.45 GHz MW irradiation for different duration causes an extensive
decrease in dendritic arborization of neuron and spine number

In the present study, we examined the effects of short-term and long-term continuous-wave 2.45
GHz MW irradiation on dendritic arborization of neuron and spine number in hippocampus
region of brain which plays an important role in processing and remembering spatial
information. We observed a significant decrease in the dendritic arborization of neuron in CAl,
CA2 and CA3 region of hippocampus in all the 2.45 GHz MW irradiated group of mice (Fig. 3
a). The number of pyramidal neurons which is very important for memory formation decrease
significantly in all the 2.45 GHz (CW) MW irradiated groups of mice compared to control.
Moreover, in 60 days exposed group of mice no pyramidal neuron was observed in the different

regions of hippocampus. The diameter of neuronal soma (pyramidal as well as other types of
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neurons) increased significantly while the axonal length decreased significantly in all the
exposed group of mice compared to control (Table 1). These changes were more prominent in
the hippocampal region of 30 and 60 days MW irradiated mice compared to 15 days exposed
mice. This indicates a decreased in synaptic plasticity due to neuronal loss and reduced dendritic
arborization in different region of hippocampus. Neuronal clogging was observed in 30 and 60
days MW irradiated group (Fig. 3 b). Next, we examine the effect of 2.45 GHz MW radiation on
spine number. MW irradiated mice revealed a significant reduction in number of spine per 10 um
segment of dendrite for both primary and secondary branches compared to sham control

(p<0.001; Fig. 3 ¢).

Continuous-wave 2.45 GHz MW irradiation for different duration causes havoc
production/overproduction of Free Radicals in hippocampus

Brain tissue is particularly vulnerable to oxidative damage because of its high consumption of
oxygen and the consequent generation of high quantities of free radical. Growing data suggest
that injury resulting from oxidative stress may play an important role in the pathophysiology
following acute neurological insults. As free radical and oxidative stress-induced neuronal cell
death has been implicated in various neurological disorders and MW radiation is also responsible
for generating oxidative stress, we examined ROS production in hippocampus region. Significant
increase in ROS production compared to control was observed after 15 day (p<0.05), 30 days
(p<0.001) and 60 days (p<0.001) MW irradiated animals (Fig. 4 a). Along with ROS, we have
also checked the level of NO in different group after continuous-wave 2.45 GHz MW irradiation,
as NO play an important role during chronic stress and apoptotic cell death in the hippocampus.

The total nitrite and nitrate concentration which is an indirect measure of NO level was found to
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be significantly increased after 15 days (p<0.05), 30 days (p<0.01) and 60 days (p<0.001)

continuous-wave 2.45 GHz MW irradiation (Fig. 4 b).

Continuous-wave 2.45 GHy MW irradiation for different time duration induce ROS
overproduction leads to lipid peroxidation and carbonylation of biological macromolecules

The oxidative stress induced by the overproduction of free radicals result in lipid peroxidation
and carbonylation of biological macromolecules and hippocampus neuronal membrane due to
high content of easily oxidizable polyunsaturated fatty acids (PUFAs) are vulnerable to oxidative
damage, therefore next we have monitored the malondialdehyde (MDA) level, the end product of
lipid peroxidation which increases during oxidative stress. Significant increased MDA level was
observed in 15 days (p<0.05), 30 days (p<0.01) and 60 days (p<0.001) 2.45 GHz MW radiation
exposed group of mice compared to sham control (Fig. 5 a). Similar pattern for carbonyl content

was observed in hippocampus (Fig. 5 b).

Continuous-wave 2.45 GHz MW radiation for different time duration induce increased ROS
production results in decreased ROS scavenging enzymes activity

ROS-scavenging enzymes- superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx) - combinatorially play a major role in maintaining the intracellular
concentration of ROS. These three antioxidant enzymes together with glutathione (GSH) form
the first line of defense against ROS. Since elevated ROS production is responsible for reduced
antioxidant enzyme activity, we further evaluate the antioxidant enzyme activity (SOD, CAT and
GPx) in hippocampus of different group animals. The activities of antioxidant enzymes were

found to be decreased significantly in gradual manner after short-term and long-term 2.45 GHz
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MW irradiation and the degree of effect was more as the duration of exposure increased (Fig. 6).
The activity of SOD was found to be significantly decreased in the hippocampus of all the
experimental groups i.e. 15 days (p<0.05), 30 days (p<0.01) and 60 days (p<0.001) exposed
group compared to sham control (Fig. 6 a). Significant decrease in CAT activity was also
observed in 15 days (p<0.01), 30 days (p<0.001) and 60 days (p<0.001) 2.45 GHz MW radiation
exposed animals than sham control (Fig. 6 b). Similar trend of decrement was also observed in
case of GPx activity after short-term and long-term 2.45 GHz MW irradiation. Significant
increase in GPx activity was observed in 15 days exposed mice (p<0.01), 30 days (p<0.001) and

60 days (p<0.001) MW irradiated animals than sham control (Fig. 6 ¢).

Continuous-wave 2.45 GHz MW radiation for different time duration decreased Creatine
Kinase activity in hippocampus

Creatine kinases are important in maintaining cellular-energy homeostasis. It is involved in
synthesis and metabolism of phosphocreatine (PCr), in the hippocampus, serves as an energy
reservoir for the rapid buffering and regeneration of ATP. Studies suggest a role for the creatine-
phosphocreatine/CK circuit in the formation or maintenance of hippocampal mossy fibre
connections, and processes that involve spatial learning and memory. Therefore, next we
measure the activity of CK in hippocampus. The activity of CK decreased after 15 days (p<0.05),
30 days (p<0.001) and 60 days (p<0.001) exposure of 2.45 GHz MW radiation compared to

sham control group (Fig. 7).

Immunohistochemistry of full length p53, Bax, pro-Caspase-3 and full length/uncleaved

PARP-1 in hippocampal neuronal and non-neuronal cell
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To test the hypothesis whether 2.45 GHz (CW) MW irradiation induce neuron degeneration via
p53-dependent/independent apoptosis, we have investigated p53 and Bax, a pro-apoptotic marker
and inactive executioner Caspase-3 (pro-Caspase-3) and full length/uncleaved DNA repair
enzyme PARP-1in hippocampal neurons (Fig. 8). The expression of p53 (Fig. 8 A) and Bax (Fig.
8 B) in the neuronal and non-neuronal cell of DG, CA1l, CA2 and CA3 of hippocampus was up-
regulated while the expression of pro-Caspase-3 (Fig. 8 C) and uncleaved PARP-1 (Fig. 8 D)
were down-regulated after 2.45 GHz MW irradiated in time-dependent manner. Control mice
hippocampus showed weak immunoreactivity for p53 (Fig. 8 A, Table 2) and Bax (Fig. 8 B,
Table 3), 15 days exposed mice revealed moderate immunostaining while 30 and 60 days
exposed mice showed intense immunoreactivity for p53 and Bax, suggesting MW radiation
induce p53-dependent/independent apoptosis of hippocampal neuronal and non-neuronal cells.
Intense immunostaining for pro-Caspase-3 (Fig. 8 C, Table 4) and uncleaved PARP-1 (Fig. 8 D,
Table 5) was observed in sham control while the experimental group revealed moderate and
weak staining for pro-Caspase-3 and uncleaved PARP-1 in the neuronal and non-neuronal cell of

different region of hippocampus.

Discussion

The applications of microwave emitting devices are increasing day by day in our daily life.
Microwave oven, mobile phone, Wi-Fi, etc. have become the integral necessary part of our life
and thus raised a strong health concerned issues. Studies suggest that MW radiation affects the
brain physiology and function (McRee and Wachtel, 1980; Salford et al., 2003; Joubert. et al.,
2008), and could cause the spatial memory impairment (Lai ef al., 1994; Wang and Lai, 2000)..

However, the underlying mechanisms through which MW radiation exerts its neurotoxic effect
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responsible for cognitive dysfunction have not been well understood yet. Present study
documents the temporal impact of low level 2.45 GHz (CW) MW radiation (overall average
Power density = 0.0248 mW/cm® and overall average whole body SAR value = 0.0146 W/Kg)
on the hippocampus with special reference to spatial learning and memory. Hippocampus is
responsible for the integration of spatial learning and memory information (Vorhees et al., 2006).
It is responsible for encoding, storage, consolidation, and retrieval of spatial memory. It is
formed of subfields of DG, CA3, CA2, and CA1 to receive highly processed information from
widespread neocortical regions through three temporal cortical areas known as the entorhinal,
perirhinal, and postrhinal cortices, and through other direct projections from extra-temporal areas
(Bird and Burgess, 2008). The main relay station for the transmission of sensory information to
the hippocampus is the entorhinal cortex which provides a substantial input to the DG, which, in
turn, provides the major input to CA3 via the mossy fiber projection. CA3 provides the major

input to CA1 via CA2 (Bird and Burgess, 2008; Neves et al., 2008; Bannerman et al., 2014).

Our results demonstrate that MW radiation exposure resulted in spatial memory impairment due
to hippocampal neuronal and non-neuronal cells degeneration which increases with the duration
of MW radiation exposure. 30 and 60 days of 2.45 GHz (CW) MW radiation exposure exhibited

pronounced spatial memory impairment in Morris water maze task.

In addition to memory deficit, the MW exposure reduced number of pyramidal neurons, neuronal
soma diameter, axonal length, neuronal arborization and number of dendritic spines in a time-
dependent manner, may be due to increase in cellular oxidative/nitrosative stress (ROS and nitric

oxide levels, lipid peroxidation and protein carbonyls) along with a decreased ROS scavenging
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antioxidant enzymes (SOD, CAT and GPx) activity in the hippocampus. Reduced antioxidant
enzymes activity in the hippocampus is directly related to the elevated level of ROS/RNS, MDA
(index of lipid peroxidation), and total carbonyl contents (index of DNA/protein oxidation)
which may lead to prolonged neuronal dysfunction (Ates et al., 2006). Since, hippocampal CAI,
CA 2 and CA 3 neurons are known to play a major role in spatial memory (Suh et al., 2011)
therefore, the decrease in apical spine number in MW irradiated mice may decline spatial
memory. In the present study, as MW irradiated mice showed significant deficit in the MWM
task, which indicates learning and spatial memory impairment may be due to the structural and
functional loss of integrity of the hippocampus (Lalonde, 2002; Burke and Barnes, 2010). The
reduced neuronal arborization, spine number and subsequent neurodegeneration may lead to
inadequate long term potentiation resulting in the impairment of learning and spatial memory

(Sanders et al., 2000).

Present study demonstrates consistently overproduction of free radicals led to increased carbonyl
contents and LPO derivatives in hippocampus. MW radiation exposure of 2 h/day for 15, 30 and
60 days showed time-dependent increment in free radical load which subsequently induce the
oxidative and nitrosative stress, and weaken the antioxidant defense system in hippocampus. The
free radical load may also lead to the severe oxidative damage to cellular constituent’s viz. LPO
derivatives and carbonyls. Report from our laboratory suggest that MW radiation cause DNA
single strand break (SSBs)/double strand break (DSBs) in the brain (Chaturvedi et al., 2011;
Shahin et al., 2013). In apoptotic neurodegenerative processes, oxidative stress plays a key role,
along with metabolic compromise and excitotoxicity (Alexi et al., 2000). It has been documented

that brain cells are more vulnerable to ROS and RNS-mediated oxidative damage because of the
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following facts i.e. high rate of oxygen consumptions, high content of metals such as iron,
catalyzing free radical formation, and low concentrations of antioxidants to combat oxidative
stress (Ikonomidou and Kaindl, 2011). Moreover, neuronal membrane has high content of easily
oxidizable PUFAs. MW irradiation generated free radicals may react with the neuronal PUFAs
resulting in peroxidation which finally leads to structural and functional disruption of the
neuronal cell membrane. Increasing evidences have also shown that, structural and functional
disruption of the cell membrane and enzyme inactivation is the outcome of oxidative damage to
lipids (lipid peroxidation) and proteins (protein oxidation) (Avrova ef al., 1998). These findings,
in brief, suggest that the memory impairment in MW irradiated mice might be due to MW

radiation induced oxidative damage to hippocampal neuronal and non-neuronal cells.

Another important observation of our study was significant decrease in hippocampal CK activity
along with the MW exposure duration suggesting a potential energy deficiency in neurons. Since
PCr-CK system is known to play a vital role in neuronal energy homeostasis, optimal CK
activity is critical for proper neuronal functioning (Wallimann et al., 2011). It plays a crucial role
in the production and maintenance of energy in neuronal cells. Brain-CK is a target of
ROS (Choi et al., 2001). Oxidative modification of CK inhibits its activity due to proteasome-
mediated degradation (Hara et al, 2012). The alterations of mitochondrial permeability with
consequent reduction of ATP supply enable cells to undergo apoptosis, or other form of

programmed cell death (Guimarae and Linden, 2004).

Therefore, MW radiation induced oxidative and nitrosative stress inhibits the hippocampal CK

activity and as a consequence the cellular energy status of glia cells, neurons, and synaptic
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elements is perturbed. Altogether, we suggest that the MW irradiation induced impaired redox
status and energy imbalance in the hippocampus will eventually lead to neuronal and non-
neuronal cell death which will eventually contribute to cognitive dysfunction and memory

impairment.

Our study also demonstrates an increase in the expression of both p53 and Bax protein along
with a decrease in pro-Caspase-3 and uncleaved PARP-1 expression in hippocampal neuronal
and non-neuronal cells of MW irradiated mice with increased exposure time duration. p53 is a
pivotal molecule regulating the death of neurons. It get stabilized and activated in response to
DNA damage by at least two partially independent pathways, one of which responds to DNA
double-strand breaks (DSBs). Second one is activated by bulky lesions in DNA (Agarwal ef al.,
1998). p53-mediated apoptosis can occur either by up-regulating Bax activity or down-regulating
Bcl-2 activity. p53 becomes active after facing with DNA damage and stimulates the Bax, which
warps the Bcl-2:Bax ratio. However, duality in p53 alternates between trans-activation and
trans-repression. If the Bax level is constitutively high, p53 may mediate apoptosis through a
transcriptionally independent pathway. Bax also promotes apoptosis by binding to and
antagonizing the Bcl-2 protein. We suggest that overexpression of p53 accompanies Bax
expression and similar findings have been shown to induce apoptosis in many cell types. This
implies that p53-dependent/independent neuronal apoptosis is Bax dependent/mediated. On the
basis of Bax up-regulation and pro-Caspase-3 down-regulation we suggest that the decreased
ratio of Bcl-2/Bax activate the executioner Caspase-3, via the cleaving of pro-Caspase-3 to
Caspase-3. The effector caspase, active Caspase-3 may cleave its substrate after receiving signal

from the initiator caspases. The target proteins include the nuclear protein/DNA repair enzyme,
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PARP-1. In addition to inducing protein degradation, activated Caspase-3 can degrade DNA via
proteolytic activation of DNases (Liu et al., 1998). These varieties of degradation trigger the
execution of apoptosis. Therefore, the decreased expression of pro-Caspase-3 in all 2.45 GHz
(CW) MW exposed group, suggest the cleavage of inactive Caspase-3/pro-Caspase-3 into active
Caspase-3. The active Caspase-3 cleaved full length/uncleaved PARP-1 in the nucleus, stalls the
DNA repair and cell cycle progression and thus mediate the hippocampal neuronal and non-
neuronal apoptosis. Another, possibility is that the cellular stress results in the elevation of the
Bax which permeabilizes the mitochondrial outer membrane and releases the apoptotic proteins
(e.g. cytochrome c) for diffusion in cytosol and subsequently serves in the activation of
executioner Caspase-3 which ultimately leads to apoptosis. The ability of MW irradiation to
induce p53 and to produce apoptosis in hippocampal neurons, as demonstrated in our studies, is

also consistent with a role for these proteins in hippocampal neuronal apoptosis.

Altogether, we can suggest that MW irradiation results in the oxidative and nitrosative stress
induced overexpression of p53 which stimulate the expression of Bax, down-regulation of pro-
Caspase-3 and full length/uncleaved PARP-1which eventually leads to neuron degeneration via
apoptosis. This will results in cognitive dysfunction and memory impairment. Our study shows
that the temporal development of anatomical and behavioural abnormalities following the
chronic low level 2.45 GHz (CW) MW irradiation exposure produce cell dysfunction and cell
death in hippocampus. This exposure for prolong duration may result in neurodegeneration, i.e.,
loss of structure and function of hippocampal neurons. In our study low level 2.45 GHz (CW)
MW exposure for 15, 30 and 60 days describe progressive neuronal loss and ultimately impairs

the learning and spatial memory. The neurological consequence of neurodegeneration following
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the 2.45 GHz MW radiation exposure may have devastating effects on mental and physical

functioning.

Further, the observed effects of 2.45 GHz (CW) MW irradiation may be due to the possible
microthermal effects which are inconsonance with the observations of De Pomerai and his group
(Dawe et al., 2006). The mouse brain which is composed of multiple structural layers, there may
be reflection of low level microwaves at the interfaces of these layers resulting in hot spot
formation which can induce observed microthermal effects in mouse hippocampus and can thus

lead to neurodegeneration through p53 dependent/independent Bax mediated apoptosis.

The role of low level 2.45 GHz (CW) MW irradiation in neurodegeneration has long been
suspected. Although, the first step in recognizing the effect of short term and long term 2.45 GHz
(CW) MW radiation exposure results in correlating the deterioration in learning and spatial
memory with exposure time duration. Such understanding is required to best estimate the risk of
exposure. Findings and implementing novel treatments that are curative or at least reduce the
neurodegeneration progression following the low level 2.45 GHz (CW) MW irradiation would

be one of the most pressing research needs.

Conclusion

Our findings, in brief, conclude that the MW radiation induced oxidative and nitrosative stress
results in the hippocampal neuronal and non-neuronal apoptosis via the oxidative damage of
cellular constituents (viz. nucleic acids, proteins and lipids) and subsequent overexpression of

p53 which up-regulate Bax as well as down-regulate pro-Caspase-3 and full length/uncleaved
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PARP-1 which eventually lead to neuronal degeneration via apoptosis. As the duration of the
chronic exposure (2 h/day) increases, 2.45 GHz (CW) microwave irradiation mediates neuronal
and non- neuronal cell death/apoptosis more severely in DG, CA1l, CA2 and CA3. MW exposure
also results in the reduction in the number of pyramidal neurons, neuronal soma and axonal
length, neuronal arborization and dendritic spine number in the above mentioned areas of
hippocampus. Neuronal and non-neuronal cell death along with the reduction in neuronal
arborization and dendritic spines may lead to inadequate long term potentiation and thus lead to
the impairment in learning and spatial memory. These findings led us to conclude that chronic
exposure to low level 2.45 GHz (CW) microwave radiation severely affects the hippocampal
neuronal plasticity and circuitry, and impairs learning and spatial memory through p53-

dependent/independent apoptosis of hippocampal neuronal and non-neuronal cells (Fig. 9).

Finally, further research is needed in identifying the potential biomarkers and new therapeutics in
a model, at a stage where therapeutic target would be neurodegeneration modifying. To do so,
the knowledge of the relevant doses of this low level 2.45 GHz (CW) MW radiation in our
environment and the assessment of the role of this environmental toxicant in hippocampal
neurodegeneration can accomplish in a way that is meaningful to human health and radiation

exposures.
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Figure Captions:

Fig. 1: Microwave exposure setup and the position of animal cages during microwave
exposure. Mice were exposed to low level 2.45 GHz (CW) MW radiation for 2 h/day
continuously for 15, 30 and 60 days by using microwave source and Pyramidal horn
antenna (overall average Power density=0.0248 mW/cm” and overall average whole

body SAR value=0.0146 W/Kg).

Fig. 2: Effect of 15, 30 and 60 days 2.45 GHz (CW) MW radiation on learning
and spatial memory of Swiss albino mice. (a) Spatial learning: Morris water maze

performance during acquisition of animals received S days of training. Each point is
the average latency to the target for four consecutive trials. Each day presents four
trials. Water maze performance shows a significant increase in latency time on the
first day of training. Learning was significantly reduced in all the exposed group of
mice compared to sham control. (b) Upper panel shows the swim path (Q-quadrant
and P-platform) of four mice on the last day of training period and lower panel
shows the Escape latency time (ELT) of mice over the 5 days of training period
during water maze test to locate the hidden platform. Note significant increase in
ELT after 15, 30 and 60 days MW irradiation. Control group follows the shorter
route or distance in minimum time to locate the hidden platform, 15 days exposed
mice took long distance and seems to be confused while 30 days and 60 days exposed
mice move randomly and take more time to locate the platform. (c) Percent non-

finders: percentage of mice not able to find the platform increase in time dependent
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manner after 2.45 GHz MW irradiation. (d) Upper panel shows the search path (Q-
quadrant and P-platform) and lower panel shows the Time spent in each quadrant
during the day of Probe trail. Note that MW exposed mice showed a significant
decrease in the time spent in Q-4 (target quadrant) during the last day (Probe trail)
when platform was removed. Each value represents the mean £ SEM (N=20).
Significance of the difference was determined by using one-way ANOVA. *p<0.05,

**p<0.01 and ***p<0.001 significance of difference from control.

Fig. 3: (a) Representative Golgi impregnated neurons in the hippocampus

region of 15, 30 and 60 days 2.45 GHz (CW) MW irradiated mice. Note
highly reduced number of neurons, neuronal and dendritic arborizations
in CAl, CA2, CA3 and DG region of all the 2.45 GHz (CW) MW irradiated
group of mice as compared to control. Number of dendritic spines also

reduced after 15, 30 and 60 days MW exposure. Note increased neuronal clumping

or clogging in mice received 30 and 60 days 2.45 GHz MW irradiation.

(b) Morphology of neurons present in the CAl, CA2 and CA3 region of
hippocampus. Number of dendrites decrease significantly in time dependent manner
in all the exposed group of mice. Number of apoptotic or degenerating neurons
increased in 30 and 60 days of 2.45 GHz (CW) MW exposed group of mice. Note

neuronal clumping or clogging in 60 days 2.45 GHz (CW) MW irradiated mice.
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Fig. 4:

Fig. 5:

(¢) Number of spine per 10pm decreased significantly in the CA1, CA2 and DG
region of Hippocampus in MW exposed group of mice compared to control. Data
was determined by using one-way ANOVA. ***p<(.001 significance of difference

from control.

Effect of 2.45 GHz MW radiation on (a) Reactive oxygen species (ROS) measured
by DCFH-DA fluorescence intensity, and (b) Total nitrite and nitrate concentration
in hippocampus region of MW irradiated mice. Increased DCFH-DA intensity and
total nitrite and nitrate concentration was observed in hippocampus of MW
irradiated mice. Significant increase in both ROS and total nitrite and nitrate
concentration was observed in all the 2.45 GHz (CW) MW radiation exposed group
of mice than control. Results are expressed as mean = SEM (N=10). Significance of
the difference was determined by using one-way ANOVA. *p<0.05, **p<0.01 and

**%*p<0.001 significance of difference from control.

Effect of 2.45 GHz (CW) MW radiation on (a) Level of peroxidized lipids (MDA:
malondialdehyde); and (b) Total carbonyl content (oxidative damage to nucleic
acids and proteins). Significant increase in MDA and total carbonyl content was
observed in MW exposed mice. Values are expressed as mean + SEM (N=10). Data
were analyzed by Data were analyzed by using One-Way ANOVA. Significance of

difference from control *p<0.05, **p<0.01 and ***p<0.001.
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Fig. 6:

Changes in Antioxidant enzymes activities (a) SOD, (b) CAT, and (c) GPx of 2.45
GHz (CW) MW irradiated mice. 15, 30 and 60 days MW exposed mice show
significant decrease in all the antioxidant enzymes activity compared to control.
Decreased antioxidant levels in MW irradiated group contribute to increased ROS
generation in hippocampus and thus may lead to hippocampal neuronal and non-
neuronal apoptosis. Values are expressed as mean £ SEM (N=10). Significance of

difference from control *p<0.05, **p<0.01 and ***p<0.001.

Fig. 7: Effect of 2.45 GHz (CW) MW irradiation on Creatine Kkinase activity in

Fig. 8:

hippocampus. Significant decrease in CK activity was observed in 15, 30 and 60
days MW exposed group. Values are expressed as mean £ SEM (N=10). *p<0.05,

***p<0.001 significance of difference between group.

Immunohistochemistry of (A) full length p53, (B) Bax, (C) pro-Caspase-3, and (D)
full length/uncleaved PARP-1 in mice hippocampal neuron of CA1l, CA2, CA3 and
DG. The expression of pS3 and Bax were found to be up-regulated and pro-caspase-
3 and uncleaved PARP-1 was down-regulated in all the regions of hippocampus of
2.45 GHz (CW) MW irradiated mice temporally with the exposure duration in time-
dependent manner. The alterations in these pro-apoptotic proteins, executioner
caspase (pro-Caspase 3) and DNA repair enzyme (full length PARP-1) may lead to

hippocampal neurodegeneration.
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Fig. 9: Schematic depicting the 2.45 GHz (CW) MW radiation induced hippocampal
neuronal and non-neuronal apoptosis mediated via oxidative/nitrosative stress
induced p53 dependent/independent pathway. This model includes the findings on
the pathways leading the hippocampal neuronal and non-neuronal apoptosis as

observed in the present study.
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Table 1: Comparative analysis of number of pyramidal neurons, average soma diameter and axonal length of pyramidal as
well as other neurons in CA 1, CA 2 and CA 3 regions of hippocampus.

Experimental Groups
Parameters H|pp::::1pal Control 15 Days Exposed 30 Days Exposed 60 Days Exposed
CA1l 11 SX* JEHE -
No. of pyramidal CA 2 12 gx** 1 *** -
Neurons/section
CA3 5 3 1** -
CA1l 31.46 + 3.63 48.13 +2.11*%* 56.68 + 2.24** 66.37 £ 5.72**
Soma Diameter CA2 48.55 + 2.60 61.88 + 1.64* 126.42 £5.83*** | 124.71 £ 5.97***
(in pm)
CA3 30.88+1.54 47.87 + 2. 59** 53.65 *+ 2.79** 59.09 + 4.22%**
CA1l 779.16 £ 71.66 698.90 £ 63.79 336.69 *+ 28.89** 86.93 + 5.20***
AX"(’_‘:' ':";gth CA2 522.11+29.61 | 297.97 £27.04** | 123.02 + 14.27*** | 70.58  6.51***
inp
CA3 385.96 + 27.96 322.32 £31.25 151.16 + 15.57*** 64.26 + 3.54***

Each value represents the mean + SEM (N=5). Significance of the difference was determined by using one-way ANOVA.
*p<0.05, **p<0.01 and ***p<0.001 significance of difference from control.
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Table 2: Full length p53 immunoreactivity in neuronal and non-neuronal cells of different hippocampal area (DG, CA1, CA2

& CA3)
Hippocampal DG CA1l CA2 CA3
Area
Experimental | Cont. | 15days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days
Groups Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed
Total 22.5 60 £ 85.75 121.25 17 + 32.75 46 55.5 14 29.75 32.25 42.5 10.5 30.5 47.5 68.5
ir-cells t 3.24%%* | £2 92*** | + 1.95 | £1.75** | 2.48%** | £2.39*** | +1.58 | £0.85** | £2.01** | +4.17** | £1.55 | £2.32* £3.79%* | £3.12%**
2.78 5.32%**
Intense 6t 13+ 26+ 58 + 5+ | 91290 20+ 30+ 4+ | 41032 15 + 30 ¢ 1+ |7 +£1.42 31+ 35 ¢
ir-cells 2.60 | 1.92 3.13** 4.68*** | 2,17 2.37** 1.92*%** | 1.10 1.72%* 3.21** | 0.002 2.11** 2.14%**
Moderate ir- | 8t 15+ 32+ 46 2+ 17 18 + 16 + 5+ 12+ 10 ¢ 10+ 2 18 + 8 +1.86 32 ¢
cells 3.47 2.21 3.85%* 3.71*** | 0.34 1.36* 3.91* 2.16** 1.72 1.46%* 1.04 0.41* +0.02 1.27* 1.56***
Weak ir - 9+ 40 25+ 20+ 10+ | 6+163 | 8+1.09 | 9+1.01 5+ 13+ 8 t 2+0.03 | 3+ |4 +1.37 4 + 7t
cells 3.91 | 5.88*** 2.01** 1.61* 1.23 1.51 0.53 0.084 0.019 0.098 0.014

Each value represents the mean £ SEM (N=5). Significance of the difference was determined by using one-way ANOVA.
*p<0.05, **p<0.01 and ***p<0.001 significance of difference from control.
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Table 3: Bax immunoreactivity in neuronal and non-neuronal cells of different hippocampal area (DG, CA1, CA2 & CA3)

Hippocampal DG CA1l CA2 CA3
Area
Experimental | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days
Groups Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed
Total 63.5 154.25 262.75 279.25 | 23.75 49 61.75 93 28 60.25 64.75 88 39+ 72.75 94.5 131+
ir -cells 14.33 | £13.54%* | £4.48*** | £7.36*** | £3.94 | £3.13*** | £3,68*** | £3.53*** | +3.14 | +2.59** | £2.56*** | £2.86*** | 2.68 | +5.91*** | +5,63*** | 3.85***
Intense 24 + 65+ 136 £ 225+ 4+ 25+ 37+ 43 + 8+ 10+ 35+ 63+ 27+ | 30+3.75 48 + 101+
ir-cells 3.87 3.36* 6.14*** | 1532%** | (0,57 | 2.52%** | 325%*%* | . 67*** | 302 2.17 2.13%** | 431%** | 1,63 3.01** | 4.62%**
Moderate 13+ 119+ 98 + 30+ 5+ 12+ 10+ 0.76 35+ 10+ 40 15+1.94 | 20+1.89 | 5% 40 + 30t 26+
ir-cells 1.12 | 6.16%** 4.97** 2.78** | 0.031 1.13* 2.85%* 1.58 | 3.25%* 0.12 | 2.97*** | 2.11%*** 2.13*
Weak 25+ | 92065 | 29+2.16 | 17+1.72 | 14+ | 10£1.06 14 + 15+2.13 | 10t 10+ 14+1.18 | 5+0.043 | 12+ | 22+£2.11 | 16£0.56 4+
ir -cells 141 1.02 0.057 2.98 1.97 1.52 0.045

Each value represents the mean + SEM (N=5). Significance of the difference was determined by using one-way ANOVA.
*p<0.05, **p<0.01 and ***p<0.001 significance of difference from control.
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Table 4: Pro-Caspase-3 immunoreactivity in neuronal and non-neuronal cells of different hippocampal area (DG, CA1, CA2

& CA3)
Hippocampal DG CA1l CA2 CA3
Area
Experimental | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days
Groups Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed
Total 173 147.5 102.75 90.5 715 55.75 45.25 47.25 56.5 35.5 30.5 28.25 94 80 54.5 45.5
ir -cells +4.67 | £3.23*% | £5.17%** | £3.62%** | £3.62 | +2.09% | £2.59%** | +3.14*** | +2.78 | +2.22* £1.94%* | £3.09*%* | £2.64 | £2.27** | £3,12%** | £3,62***
Intense 70 35+ 20+ 8+ 55+ 39+ 12+ 10+ 25 + 20+ 5 5+ 72 39+ 20+ 5+
ir-cells 3.91 2.98%* 2.27*** 1 0.097*** | 3.18 2.61* 1.15%** | 1.19%** | 247 1.83 $0.18%** | 0.23*** | 3,49 | 2.91** 2,12%%* | ] ,95%**
Moderate 62 50+ 39+ 22+ 12+ 12+ 11+137 | 15+2.11 | 21+ 7+ 17+2.14 81 16+ 32+ 27 8+0.13
ir-cells 2.15 2.79 2.92* 2.21%* 2.36 1.45 1.98 0.32* 0.12** 2.09 2.97* 3.33
Weak 40 62 + 42+1.32 | 60+1.73 | 4+ 8+0.21 22 22+ 10+ | 8+0.27 | 8%0.12 10+ 5+ 9+1.53 | 7+0.28 32+
ir -cells 1.17 0.072 0.097 2.55%* 1.32%* 1.86 0.12 0.32 0.92%***

Each value represents the mean £ SEM (N=5). Significance of the difference was determined by using one-way ANOVA.
*p<0.05, **p<0.01 and ***p<0.001 significance of difference from control.
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Table S: Full length/uncleaved PARP-1 immunoreactivity in neuronal and non-neuronal cells of different hippocampal area

(DG, CA1, CA2 & CA3)
Hippocampal DG CA1l CA2 CA3
Area
Experimental | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days | Cont. | 15 days | 30 days | 60 days
Groups Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed Exposed | Exposed | Exposed
Total 114.5 69.5 54.75 50 60 28.25 16 14 + 57 4475 22.5 25 95 71.5 50 46

ir -cells $9.18 | #2.10** | £3.75%%* | +£2.48*** | £3.29 | £2.93*** | +1.68*** | 0.91*** | £3.94 | #2.56* | £2.10*** | £1.08*** | £2.55 | £3.79%** | £3.81*** | £2 79%**

Intense 72+ 22+ 16+ 10+ 32+ 8+ 5+ 3% 25+ 10+ 3% 4+ 60 + 30+ 8+ 5%

ir-cells 3.51 2.28** 2.92%** 1.37*** | 291 1.36*%* | 0.032*** | 0.84*** | 3.73 1.43* 0.17*** 1.34%** 3.89 3.25 0.61*** | 2,13***.
Moderate 26+ 25+ 14 +3.15 15+ 18+ | 7+2.11 | 4+1.83* 4+ 12+ 19+ 2+ 7+0.78 25+ 24 + 20+2.27 | 26 +2.65

ir-cells 2.99 3.66 2.26* 1.32 0.87* 2.12 1.22 0.032* 331 2.92

Weak 16+ 13+ 24 + 25+ 14+ | 13+2.16 | 10+£1.49 17 + 20+ 15+ 17+1.28 | 14+1.84 | 10 17+ 40 £ 15+0.03

ir -cells 1.77 1.24 1.26* 3.21* 1.62 1.15 2.50 0.56 0.29 0.98 4.52%**

Each value represents the mean + SEM (N=5). Significance of the difference was determined by using one-way ANOVA.
*p<0.05, **p<0.01 and ***p<0.001 significance of difference from control.
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