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Introduction

Neonatal anoxia is a common obstetric complication result-
ing due to lack of oxygen supply to the fetus or newborn to
a small period at the time of birth [7]. India’s under-five mor-
tality rate is now on par with the global average of 39 deaths
per 1,000 live births. Of these deaths, more than 80% are due
to perinatal asphyxia, a condition that occurs during childbirth
and can lead to breathing problems in newborns [37]. Currently,
there are no FDA-approved drugs that can prevent or reverse
the neurological damage caused by anoxia. Therapeutic hypo-
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Neonatal anoxia is a global neuropathological condition
that originated due to the severe deprivation of oxygen
in the developing brain during the time of birth. We have
recently reported the progressive loss of mitochondrial
function from d-1 to d-7 after anoxia. This study is the first to
investigate the effects of combination of 2,4-dinitrophenol
(2,4-DNP)+Tempol (D+T) on both synaptosomal (neuronal)
and non-synaptosomal (glial and neuronal soma)-derived
mitochondria seven days after the second anoxic episode
in rat pups. Studies have shown that mitochondrial
Ca* overload and ROS are two major determinants in
mitochondrial functioning and the two populations
differ in their Ca?* handling capacity. We observed (D+T)
combination significant attenuates in both mitochondrial
populations in terms of various biochemical (s-3,s-4,RCR,
LPO, NO, SOD,CAT, Ca?*, MPT) and molecular (cytochrome-C
and caspase-9/3) parameters compared to anoxia group.
However, we observed no marked synergistic effect in
combination D+T as compared to their individual effects.

Keywords: Ca?* overload; Synaptic mitochondria; Non-synaptic
mitochondria; Cytochrome-C; Caspase-9/3.

thermia is a standard treatment that can improve the chances
of recovery, but it is partially effective. In our earlier studies we
performed a temporal profiling of mitochondrial dysfunction
that progresses from primary to secondary insult [36,38] after
anoxia. This helped us to identify the time point of intervention
(2,4 DNP and tempol) that were administered within 5 minutes
of second episode of anoxia exposure to prevent further neu-
ronal damage through preserving mitochondrial bioenergetics
[39,40]. Soon after anoxia there is an occurance of excitotoxic-
ity, which in turn increases Ca** overload and increase Reactive
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Oxygen Species (ROS) production, inhibiting Adenosine Triphos-
phate (ATP) synthesis, impair Oxidative Phosphorylation (OX-
PHQOS), as well as enhanced Mitochondrial Permeability Transi-
tion Pore (mPTP) formation [37]. Previous reports have shown
that by reducing Mitochondrial Membrane Potential (MMP),
their uptake of Ca?* can be reduced [23,27]. Our findings con-
firms that mitochondria can be a promising therapeutic target
for neuroprotection after anoxic injury. Although, these studies
were performed in crude (synaptic and non-synaptic) mitochon-
dria within the cortex. However, crude mitochondrial prepara-
tions can facade the effect of injury on synaptic mitochondria
due to the high glia to neuron ratio within the cortex [19]. The
isolated mitochondria within the brain (cerebral cortex) can be
categorized into two separate groups: one is a synaptic popula-
tion comprising mitochondria from both pre- and post-synap-
tic neurons [29], while the other is a non-synaptic population
consisting of mitochondria originating from various cell types
including neurons (axonal, dendritic, somal) and non-neuronal
cells (glial, endothelial, etc.) [20]. Previous studies with differ-
ent neuronal injury models have reported that synaptic mito-
chondria are more vulnerable to neuronal injury as compared
to non-synaptic mitochondria. Further, these studies suggested
that the total mitochondrial preparations can mask the effect of
injury on synaptic mitochondria due to the high glia to neuron
ratio within the cortex [3,19,20]. Similarly some studies have
shown that the synaptic mitochondria are more susceptible to
Ca*-induced MPT threshold and Reactive Oxygen Species (ROS)
production as compared to non-synaptic mitochondria [3,26].
However, the major contribution of a specific mitochondrial
population (synaptic or non-synaptic) is a matter of study in ne-
onates post anoxic injury. Apart from this to evaluate the varia-
tions in Ca?* handling capacity and permeability pore opening in
different mitochondrial fractions and the treatment strategies
which are selective to a particular population of mitochondria
to improve their function are also not elucidated in anoxia. Fur-
thermore, anoxia-induced mitochondrial dysfunction has been
implemented as a prime cause of acute sensorimotor deficits
[36,38]. However, using different models, previous studies have
considered anoxia to be a prime cause of long-term neurode-
velopmental delays [4,12,41,47]. Moreover, a continuous devel-
opment of Hypothalamic—Pituitary—Adrenal (HPA) axis is crucial
for the proper function of the organism. Unluckily, the perinatal
events alter the subsequent phenotypical response to stress by
changing the set-point of the HPA axis [8,33]. As a result, an
alteration in corticosterone levels takes place [34]. Formerly, in
our recent unpublished study, it has been demonstrated that
treatment with uncoupler 2,4 DNP or antioxidant tempol within
5 minutes of second anoxic episode causes improvement in mi-
tochondrial function as well as in sensorimotor performance in
neonates. However, the long-term effect of anoxia on neurobe-
havior changes are yet to be elucidated.

Therefore, the purpose of the present study is to identify the
significant changes in bioenergetics between synaptic and non-
synaptic mitochondria post anoxic injury. Further, to compare
the ability of isolated synaptic versus nonsynaptic cortical brain
mitochondria regarding Ca®* handling and other biochemical
and biomolecular studies on rat pups (P10) after anoxia. Fur-
thermore to study the combined effect of 2,4 DNP and tempol
on the basis of our previous studies [39,40] for any synergistic
effect in the two mitochondrial populations in terms of mito-
chondrial respiration, (s-3,s-4 and RCR), oxidative stress, anti-
oxidant enzyme, maintaining Ca** homeostasis, pro-apoptotic
Bcl-2 family proteins and apoptotic proteins (cytochrome-C,

caspase-9/3). Further we observed the effect of combination
in long term (d-21 up to d-150) neurobehavioral outcome like
changes in spontaneous locomotor activity as a measure of hy-
peractivity, spatial recognition memory impairments as a mea-
sure of cognitive impairments and further anxiety and depres-
sion-like behavior and further plasma corticosterone on d-150
after anoxia.

Materials and methods
Animals

The Institute of Medical Sciences, Banaras Hindu University
(IMS-BHU) Central Animal House provided the 180-220 g preg-
nant Charles Foster albino rats. The animals were kept in poly-
propylene cages with controlled lighting and dark cycles, with
a temperature of 25+£1°C and a relative humidity of 45-55%.
A birth litter count of 8-12 pups per rat, weighing 6-8 g, was
employed. The rats were roughly 30 hours old. The BHU Insti-
tutional Animal Ethical Committee accepted the experimental
protocols (Protocol No. Dean/11-12/CAEC/328). The National
Research Council US Committee for the Update of the Guide
for the Care and Use of Laboratory Animals (2011) criteria for
laboratory animal care were followed in conducting all of the
experiments.

Anoxia model

As previously specified and validated, the anoxic technique
was executed [36]. In brief, subjects who were about 30 hours
old were put into a non-hermetic chamber (for causing anoxia)
with a flow rate of 3 L/min and a pressure of roughly 101.7 of
100% nitrogen (N,) for two 10-minute anoxic episodes spaced
24 hours apart. To prevent hypothermia, the chamber was par-
tially submerged in warm water (between 35 and 37°C). The
control group underwent the same experimentation, except
the nitrogen in the chamber was replaced with air. The animals
were randomly returned to the dams after exposure, and on
day seven, they were slaughtered. After the brains were quickly
removed, the cortical section was utilized right away for west-
ern blot and mitochondrial isolation. Studies on mitochondrial
respiration were carried out as soon as the mitochondria were
isolated. Additionally, mitochondrial pellets were kept for ad-
ditional biochemical assessment at -80°C.

Drug preparation and dosing

From the earlier research, the lowest effective doses of tem-
pol (75 mg/kg) and 2,4 DNP (2.5 mg/kg) were employed [39].
Prior to intraperitoneal administration, 2, 4 DNP (Himedia) and
tempol were newly produced in DMSO (i.p.). Six groups (n=6)
of six rats each were created by random selection: (1) Control;
(2) Anoxia; (3) DNP 2.5 mg/kg; (4) Tempol 75 mg/kg; and (5)
DNP+Tempol. As previously mentioned, the medications were
given within five minutes of the second anoxia episode.

Chemicals

Sodium pyruvate, malate, ADP, succinate, oligomycin, car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP),
Rotenone, tetramethylrhodamine methyl ester (TMRM) and
Griess reagent were procured from Sigma-Aldrich (St. Louis,
MO). The Elisa test for caspase-3(elabscience, USA, Cat# E-EL-
R0O160) caspase-9 (elabscience, USA, Cat# E-EL-R0163) and cy-
tochrome-c (elabscience, USA, Cat# E-EL-R0O006) procured from
Elabsciences USA.
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Synaptic and non-synaptic mitochondria isolation

With a few minor adjustments, mitochondrial isolation was
carried out in accordance with earlier instructions [13,36]. After
adding 4 mL of isolation buffer with EGTA to an all-glass Dounce
homogenizer, which contained 215 mM mannitol, 75 mM su-
crose, 0.1% w/v bovine serum albumin, 20 mM HEPES buffer,
and 1 mM of EGTA in 100 ml of distilled water with pH adjusted
to 7.2 with KOH, the rat cortex was centrifuged for 5 minutes at
4°C at 1300xg. To obtain a more compact mitochondrial pellet,
each supernatant was topped up with isolation buffer contain-
ing EGTA and centrifuged at 14,000xg for 10 min at 4°C. After
resuspension in isolation buffer containing EGTA, the crude mi-
tochondrial fraction was positioned on a discontinuous Ficoll
gradient (F5415 Ficoll solution Type 400, 20% in H,0, Sigma, St.
Louis, MO). The gradient consisted of two layers, with 2 mL of
7.5% on top of 2 mL of 10% Ficoll cut with isolation buffer con-
taining EGTA, and centrifuged for 30 minutes at 100,000xg. The
extrasynaptic mitochondrial pellet (bottom) and synaptic mito-
chondria trapped in synaptosomes at the interphase of the two
Ficoll layers were the two distinct mitochondrial fractions cre-
ated by the gradient. Collecting synaptosomes in 2.5 mL tubes,
they were resuspended and centrifuged at 14,000xg for 10 min
to remove Ficoll from the sample. Next, they were nitrogen
decompressed in a cell disruption bomb manufactured by Parr
Instrument Company (Moline, IL) to release mitochondria, and
then they were cooled to 4°C under 1200 psi pressure for 10
min. In addition to being collected in 500 L tubes, the extrasyn-
aptic mitochondrial pellet was also resuspended and cleaned
using isolation buffer containing EGTA. After being repositioned
on a fresh Ficoll gradient, the damaged synaptosomes were put
back into the ultracentrifuge and spun for 30 minutes at 4°C
at 100,000xg. To remove the calcium chelator (EGTA), both the
synaptic and extrasynaptic mitochondrial fractions were resus-
pended in isolation buffer without it. The mixture was then cen-
trifuged at 14,000xg for ten minutes. To achieve a concentra-
tion of 10 mg/mL or more, the final mitochondrial pellets were
resuspended in isolation buffer devoid of EGTA. Mitochondrial
protein was measured using a microplate reader (Biotek, USA)
and colorimetric methods [24].

Measurement of mitochondrial function

An Oxytherm Clark-type oxygen electrode (OXYT1/ED, Han-
satech Instruments, Norfolk, UK) was used to measure mito-
chondrial function. The respiration buffer (125 mM KCl, 0.1%
BSA, 20 mM HEPES, 2 mM MgCIZ, 2.5 mM KH,PO,, pH 7.2) was
added to the sealed Oxytherm chamber containing mitochon-
dria (180-200 pg), which were then constantly agitated at 37°C.
Evaluations were conducted on various mitochondrial respi-
ration states, including s-2, s-3, s-4, and s-5 complex-I and s-5
complex-1l. The oxygen consumption from state 3 (ADP pres-
ence) to state 4 (oligomycin presence) was used to calculate the
respiratory control ratio.

Mitochondrial calcium measurements

According to Korde et al., [23], mitochondrial Ca?* cycling/
overloading was evaluated in situ [23]. Mitochondria were pre-
pared according to the above instructions, except that the isola-
tion buffer was Ca?*" free and contained the following: (i) 0.6 um
ruthenium red to block the uniporter and the sodium-indepen-
dent anti-porter of the mitochondria, (ii) 10 um CGP-37157 to
block the outward flux of Ca?* via the sodium-dependent anti-
porter, and (iii) 5 um Cyclosporin A to prevent Ca* loss through
induction of the permeability transition. The isolation buffer

does contain calcium chelators as well. Channel blockers were
prepared in DMSO stock solutions with a minimum of 100x.50
pg of mitochondria were inserted into each well of a 96-well
plate, and 5 um Calcium Green 5-N was added, resulting in a
final volume of 100 pL of “locking buffer.” The calcium levels
were measured by measuring the fluorescence using a BIO-teck
Synergy HT fluorometer with an excitation wavelength of 485
nm and an emission wavelength of 532 nm, both before and
after solubilization with 100 pum Triton X-100 for 15 minutes.
In order to extrapolate our fluorescence data to concentra-
tions of [Ca?*]/mg mitochondrial protein, a standard Ca?* curve
with a range of 100 nM to 100 uM was created. The same total
guantities were used for each test and standard. Mitochondrial
protein was measured using a microplate reader (Biotek, USA)
and colorimetric methods [24]. Fluorescent units are used to
present values.

Mitochondrial permeability transition (MPT)

As previously mentioned, MPTP was determined as a result
of measuring the swelling and contraction of the mitochondria
using light scattering to assess the integrity of the mitochondrial
membrane [46]. The protein concentration was used to stan-
dardize the change in absorbance at 520 nm.

Mitochondrial oxidative stress
Estimation of LPO and NO levels

The standard approach [42]. was followed in measuring the
amount of mitochondrial Malondialdehyde (MDA). Micromoles
of MDA/mg protein were used to express the degree of Lipid
Peroxidation (LPO). Greiss reagent (0.1% at 540 nm) was used
in a colorimetric experiment to measure the levels of Nitrite
(NO); the results were expressed as nanomoles of NO/mg pro-
tein [14].

Estimation of mitochondrial SOD and CAT activity

The decrease of NBT at 560 nm in the presence of phenazine
methosulphate and NADH was used to measure the activity of
Superoxide Dismutase (SOD) [22]. Under the assay conditions,
one unit of the enzyme was represented as 50% inhibition of
NBT reduction per minute per mg protein. The measurement of
catalase activity involved adding 50 milliliters of 6 percent H,O,,
and then monitoring the absorbance drop at 240 nm for three
minutes at 30-second intervals [1].

Analysis  for
caspase-3

cytoplasmic cytochrome-C, caspase-9,

The Elisa test for caspase-3 (elabscience, USA, Cat# E-EL-
R0160) caspase-9 (elabscience, USA, Cat# E-EL-R0163) and cyto-
chrome-c (elabscience, USA, Cat# E-EL-R0006) were performed
as per manufacturer instruction. The brain tissue isolated from
pups was weighed and minced into small pieces. The tissues
were then homogenized in PBS (1:9 W/V) with a glass homog-
enizer on ice. The homogenate was centrifuged for 10 minutes
at 5000g at 4°C, and the supernatant was collected. The 100
pl of standards and samples were incubated for 90 minutes at
37°C. After decanting the liquid, immediately add 100 pul of Bio-
tinylated Detection Ab working solution to each well for 1 hour.
The solution was aspirated and washed three times before be-
ing incubated with 100 pl HRP Conjugate working solution for
30 minutes. After that, 90l of substrate solution was added in
each well and incubated for 15 minutes. Finally, add 50 ul Stop
Solution to each well. The optical density was determined using
a microplate reader set to 450 nm.
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Behavioral studies
Open field test (OFT)

The OFT was utilized to investigate variations in rearing be-
havior, time spent in the central grid, and spontaneous loco-
motor activity (ambulation). The experimental apparatus is an
open-field square of 55x44x50 cm. The apparatus’s floor was
separated into 12 fields and painted a dark grey color [35]. Ev-
ery rat was positioned separately in the middle of the open-
field device. The five minutes of the test were spent. After every
test, ethanol was used to clean the equipment.

Elevated plus maze (EPM)

Animals were put on an EPM, as previously described, in or-
der to gauge each person’s unique degree of anxiety-like be-
havior [44]. The device has two arms that are open (30x5x0.25
cm) and two arms that are closed (30x5x15 cm), both of which
extend from a single central platform (5x5 cm). The entire
equipment was raised in a room with low lighting (red light) to
a height of 40 cm above the ground. Each mouse was given five
minutes to freely explore the maze after being positioned in the
center of it with its head facing a closed arm at the start of the
session. Putting all four feet into one arm was the definition of
an entrance. Anxiety is thought to be measured by the amount
of time spent in open arms as opposed to closed arms [10,30].
Following every animal test, the plus-maze was meticulously
cleaned with ethanol. Every training and testing session took
place between 8:00 and 14:00 hours during the light phase.

Y-Maze test

A Y-maze paradigm was used to study animals’ spatial rec-
ognition memory [16]. The device was three black plastic arms,
each measuring 50x10x20 cm?® and spaced 120 degrees apart,
that were positioned in a room with visual clues painted on the
walls. The Y-maze test included two trials with a one-hour gap
between them. For five minutes during the first trial, the animal
was kept at the end of one arm and had access to both arms. A
door that resembled a guillotine stopped the third arm, or the
new arm. After that, the rat was taken out of the labyrinth and
put back in its own cage. The rat was returned to the starting
arm of the maze for the second trial, and it had unrestricted
access to all three arms for five minutes. Both the quantity of
entries and the amount of time spent in every arm were noted.
The proportion of entrances and time spent in the novel arm
of the maze was contrasted with a haphazard tour of its three
arms [2,31].

Forced swim test (FST)

The two sessions of the forced swimming test were a pre-
test (15 minutes) and the test (5 minutes), which was given 24
hours apart. Each animal was tested separately and kept in a
transparent Plexiglas cylinder with a diameter of 18 cm and a
height of 40 cm that was filled with 25°C water. Typically, during
a pretest session, inexperienced rodents struggle to get away.
But because the tank is unavoidable, an unsuspecting animal
eventually develops a passive “despair” behavior (also known
as “learned helplessness”) marked by a decrease in vigorous
activity and an increase in immobile posture, which enables
them to float by making only the necessary movements. This
measurement is seen as an indicator of depression-like behav-
ior because antidepressant medications shorten the immobility
time [25,32]. The immobility time collected throughout the test
session was analyzed to evaluate the animals’ depressive-like

behavior.
Plasma corticosterone

The plasma CORT was quantified by a High-Performance Lig-
uid Chromatography (HPLC) with Ultraviolet (UV) detector sys-
tem (Waters, USA), according to Woodward and Emery (1987)
and also as described by Prajapati and Krishnamurthy (2021),
[2] (Woodward and Emery, 1987).

Statistical analysis

The means + SEM are used to express the data. With regard
to the analysis of cytochrome-C, caspase9, and caspase-3, mi-
tochondrial bioenergetics, mitochondrial RCR, antioxidant en-
zyme, mitochondrial complex enzyme system, MMP, and MPT
There was a two-way ANOVA and a Bonferroni post hoc test. Us-
ing a repeated measure two-way ANOVA and a Bonferroni post
hoc test, sensorimotor behavioral activities were measured.
P<0.05 was regarded as significant. GraphPad Prism version
8.0.2 for Windows (GraphPad Software, San Diego, CA, USA)
was used to analyze all of the data.

Results

Effect of 2,4 DNP, tempol and their combination (D+ T) on
anoxia-induced changes in synaptic mitochondrial s-lll and
s-1V respiration and RCR in cortical brain region on d-7

Figure 1(a-c) shows the effect of 2,4 DNP, tempol and their
combination (D+T) on anoxia-induced changes in synaptic mi-
tochondrial s-Ill (Figure 1(a)) respiration and s-1V (Figure 1(b))
respiration and RCR (Figure 1(c)) in cortical brain region on d-7.
An ANOVA depicted a significant main effect for s-ll [F (4,20) =
7.129; P<0.05], s-IV [F (4,20) = 9.232; P<0.05] and respiration
and RCR [F (4,20) = 8.607; P<0.05]. Post hoc analysis revealed
that treatment with 2,4 DNP, tempol and their combination
(D+T) was significantly effective in treating s-lll, s-IV respiration
and RCR compared to anoxia group animals. Further, there was
no significant difference between the combination (D+T) or in-
dividual drug treatment (2,4 DNP or tempol respectively).

Effect of 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced changes in synaptic mitochondrial NO, LPO,
SOD and CAT levels in cortical brain region on d-7

Figure 1(d-g) illustrates the effect of 2,4 DNP, tempol and
their combination (D+T) on anoxia-induced changes in synap-
tic mitochondrial Nitric oxide (Figure 1(d)), LPO (Figure 1(e)),
SOD (Figure 1(f)) and CAT (Figure 1(g)) in the cortical brain re-
gion. One way ANOVA revealed a significant difference in the
levels of NO [F (4,20) = 47.92; P<0.05], LPO [F (4,20) = 18.12;
P<0.05], SOD [F (4,20) = 8.78; P<0.05] and CAT [F (4,20) = 10.85;
P<0.05] post-anoxia injury. Post hoc analysis showed that treat-
ment with 2,4 DNP, tempol and their combination (D+T) was
significantly effective in attenuating NO, SOD and CAT levels
compared to anoxia group animals. However, 2,4 DNP, and the
combination (D+T) but not tempol reduce the LPO levels. Fur-
ther, there was no significant difference between the combina-
tion (D+T) and individual drug treatment (2,4 DNP or tempol).

Effect of 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced changes in synaptic mitochondrial Ca** and
MPT in cortical brain region on d-7

Figure 2(a,b) represents the effect of 2,4 DNP, tempol and
their combination (D+T) on anoxia-induced changes in synaptic
mitochondrial (Figure 2(a)) calcium overload (Figure 2(b)) MPT
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in cortical brain region on day-7. An ANOVA revealed a signifi-
cant difference in calcium overload [F (4,20) = 16.98; P<0.05]
and synaptic —mitochondrial MPT in terms of mitochondrial
swelling [F (4,20) = 7.34; P<0.05] post-anoxia injury. Post hoc
analysis showed that treatment with 2,4 DNP and the combi-
nation (D+T) was significantly effective in decreasing synaptic-
mitochondrial calcium overloads. However, tempol was not
found effective in decreasing the same. Further, 2,4 DNP, tem-
pol and the combination (D+T) was found effective in mitigat-
ing mitochondrial swelling compared to anoxia group animals.
Furthermore, there was no significant difference between the
combination (D+T) and individual drug treatment (2,4 DNP or
tempol).

Effect of 2,4 DNP, tempol and their combination (D+T)
on anoxia-induced changes in cytochrome-C, caspase-9 and
caspase-3 in synaptic cortical brain region on d-7

Figure 2 shows the effect of 2,4 DNP, tempol and their com-
bination (D+T) on anoxia-induced changes in cytochrome-C
(Figure 2(c)), caspase-9 (Figure 2(d)) and caspase-3 (Figure 2(e))
on day-7. One way ANOVA revealed a significant main effect
for cytochrome-C [F (4,10) = 29.6, P<0.05], caspase-9 [F (4,10)
= 18.2, P<0.05] and caspase-3 [F (4,10) = 18.2, P<0.05] post-
anoxia. Post hoc analysis showed that treatment with 2,4 DNP,
tempol and the combination (D+T) was significantly effective in
decreasing the levels of cytochrome-C, caspase-9 and caspase-3
compared to anoxia group animals. However, there was no sig-
nificant difference between the combination (D+T) and individ-
ual drug treatment (2,4 DNP or tempol).

Effect of 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced changes in non-synaptic mitochondrial s-lll
and s-1V respiration and RCR in cortical brain region on d-7

Figure 3(a-c) shows the effect of 2,4 DNP, tempol and their
combination (D+T) on anoxia-induced changes in non-synaptic
mitochondrial s-1ll respiration (a) and s-IV respiration (b) and
RCR (c) in cortical brain region on d-7. An ANOVA depicted a
significant main effect for s-ll [F (4,20) = 6.67; P<0.05] and s-IV
[F (4,20) = 3.48; P<0.05] respiration and RCR [F (4,20) = 8.49;
P<0.05]. Post hoc analysis revealed that treatment with 2,4
DNP, tempol and their combination (D+T) was significantly ef-
fective in treating s-lll, s-1V respiration, and RCR compared to
anoxia group animals. Further, there was no significant differ-
ence between the combination (D+T) and individual drug treat-
ment (2,4 DNP or tempol).

Effect of 2,4 DNP, tempol and their combination (D+ T) on
anoxia-induced changes in non-synaptic mitochondrial Nitric
oxide, LPO, SOD, and CAT in cortical brain region on d-7

Figure 3(d-g) depicts the effect of 2,4 DNP, tempol and their
combination (D+T) on anoxia-induced changes in non-synaptic
mitochondrial Nitric oxide (d), LPO (e), SOD (f) and CAT (g) in
the cortical brain region. One-way ANOVA revealed a significant
decrease in the levels of NO [F (4,20) = 28.10; P<0.05], LPO [F
(4,20) = 11.20; P<0.05], SOD [F (4,20) = 7.32; P<0.05] and CAT
[F (4,20) = 16.75; P<0.05] following anoxia. Post hoc analysis
showed that treatment with 2,4 DNP, tempol and their combi-
nation (D+T) was significantly effective in attenuating NO, SOD
and CAT levels compared to anoxia group animals. However, 2,4
DNP, and the combination (D+T) but not tempol reduce the LPO
levels. Further, there was no significant difference between the
combination (D+T) and individual drug treatment (2,4 DNP or
tempol).

Effect of 2,4 DNP, tempol and their combination (D+T)
on anoxia-induced changes in non-synaptic mitochondrial
calcium and MPT in cortical brain region on d-7

Figure 4(a,b) represent the effect of 2,4 DNP, tempol and
their combination (D+T) on anoxia-induced changes in non-
synaptic mitochondrial calcium overload (Figure 4(a)) and
MPT (Figure 4(b)) in cortical brain region on day-7. An ANOVA
revealed a significant anoxia-induced increase in non-synaptic
mitochondrial calcium overload [F (4,20) = 10.98; P<0.05] and
increase in non-synaptic mitochondrial swelling [F (4,20) = 7.79;
P<0.05] post-anoxia injury. Post hoc analysis showed that treat-
ment with 2,4 DNP and the combination (D+T) was significantly
effective in decreasing non-synaptic-mitochondrial calcium
overloads. However, tempol was not found effective in decreas-
ing the same. Further, 2,4 DNP, tempol and the combination
(D+T) was found effective in mitigating mitochondrial swelling
compared to anoxia group animals. Furthermore, there was no
significant difference between the combination (D+T) and indi-
vidual drug treatment (2,4 DNP or tempol).

Effect of 2,4 DNP, tempol and their combination (D+T)
on anoxia-induced changes in cytochrome-C, caspase-9 and
caspase-3 in non-synaptic cortical brain region on d-7

Figure 4(c-e) shows the effect of 2,4 DNP, tempol and their
combination (D+T) on anoxia-induced changes in non-synaptic
cytochrome-C (Figure 4(c)), caspase-9 (Figure 4(d)) and cas-
pase-3 (Figure 4(e)) on day-7. One way ANOVA revealed a sig-
nificant main effect for cytochrome-C [F (4,10) = 29.6, P<0.05],
caspase-9 [F (4,10) = 18.2, P<0.05] and caspase-3 [F (4,10) =
18.2, P<0.05] post-anoxia. Post hoc analysis showed that treat-
ment with 2,4 DNP, tempol and the combination (D+T) was
significantly effective in decreasing the levels of cytochrome-C,
caspase-9 and caspase-3 compared to anoxia group animals.
Furthermore, there was no significant difference between the
combination (D+T) and individual drug treatment (2,4 DNP or
tempol).

Effect of 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced alterations in spontaneous locomotor activity
in OFT

The effect of 2,4 DNP, tempol and their combination (D+T)
on anoxia-induced changes in ambulation, time spent in the
central grid and rearing in OFT are depicted in Table 1. A re-
peated measure two-way ANOVA depicted a significant differ-
ence in ambulation among groups [F (4,100) = 106.1, P<0.05],
time [F (4,100) = 11.8, P<0.05]. There was no significant interac-
tion between group and time among groups [F (16,100) = 0.38,
P>0.05]. A post hoc analysis showed that there was a marked
increase in ambulatory behavior in anoxia group from d-21 to
d-150 compared to control group animals. However, treatment
with 2,4 DNP, tempol or their combination (D+T) was signifi-
cantly (p<0.05) effective in decreasing number of ambulations
on different days. Similarly, an ANOVA depicted a significant
main effect for time spent in central grid and rearing among
groups ([F (4,100) = 9.26, P<0.05 and F(4,100) = 20.13, P<0.05]
respectively), time ([F (4,100) = 22.0, P<0.05 and F(4,100) =
10.15, P<0.05] respectively) and a significant interaction be-
tween group and time ([F (16,100) = 4.14, P<0.05 and F(16,100)
= 3.72, P<0.05] respectively). A post hoc analysis showed that
there was no significant difference (p>0.05) for time spent in
the central grid and rearing in all days between control and an-
oxia groups.
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Table 1: 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced changes in ambulation, time spent in central grid
and rearing during OFT.

Day ‘ Control ‘ Anoxia ‘ DNP Tempol DNP+Tempol
Ambulation (in number)

21 | 63.7+7.41 | 96.545.83* 85.6+4.51%, #  82.6+6.81*%, # 83.6+4.62%, #

60 | 65.6+8.24 | 98.246.23* 85.4+6.61%, # 88.4+7.29*% # 80.4+5.21%, #
90 61.948.71 | 97.1+5.37*  84.5+3.26*, # 85.3+6.41% # 76.5+6.40#
120 | 55.9+4.45 | 88.3+6.61* | 76.3+7.23* # 75.5+4.32%, # 70.3+5.33* #
150 | 60.5+5.24 | 94.5+8.38* | 82.4+3.62*, # 84.3+7.21%, # 79.4+4.56* #
Time spent in central grid (in sec)

21 |13.5%4.21 11.5+2.24 12.6+1.93 9.4+1.87* 9.242.33% **

60 12.6+1.40 15.4+1.62 | 17.3+1.13* 19.6+1.40*% | 12.9+1.13**, ##
90 11.8+1.23  13.2+1.13 13.5%2.22 12.9+1.39# 10.54+3.11
120 | 13.5+1.45 | 16.5+1.85 | 11.1+2.36# 13.7+£1.15 10.312.244, ##
150 | 11.6+1.12 12.1+2.56 10.5%£1.45 9.7+1.23 9.6+3.13
Rearing (in number)

21 | 11.5#3.67 15.242.25 18.4+1.88* | 20.1+3.33* # 26'7;13'1:’ #

60 |12.6+1.32 14.2+1.49 16.1+2.63 15.6+1.47 13.5+3.14
90 14.8+4.11  17.844.19 | 19.54+2.29* 19.9+2.34* 20.5+3.34*
120 | 15.1+2.47 16.1+1.90 18.8+4.61 20.1+3.25% 18.1+2.26
150 | 14.2+1.14 | 12.1+2.44 @ 18.2+2.65# | 19.7+1.29%, # 15.84+3.19

Effect of 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced anxiety-like behavior in EPM test

Figure 5(a-c) depicts the effect of 2,4 DNP, tempol and their
combination (D+T) on anoxia-induced alterations in open arm
entries (a) time spent in open arms (b) and anxiety index (c)
in elevated plus-maze test paradigm. A repeated measure two-
way ANOVA depicted a significant differences in open arm en-
tries and time spent in open arms among groups ([F (4,100) =
71.93, P<0.05 and F (4,100) = 9.96, P<0.05] respectively), time
([F(4,100)=30.38, P<0.05 and F (4,100) = 26.13, P<0.05] respec-
tively) and a significant interaction between group and time ([F
(16,100) = 16.58, P<0.05 and F(16,100) = 6.98, P<0.05] respec-
tively). A post hoc analysis showed that there was a marked de-
crease in open arm entries and time spent in open arms from
d-21 up to d-150. Treatment with 2, 4 DNP, tempol or their
combination (D+T) was effective in increasing open arm entries
and open arm residing time. Similarly, a significant main effect
for anxiety index among groups [F (4,100) = 16.02, P<0.05], in-
significant with time [F (4,100) = 0.388, P>0.05], While, a sig-
nificant interaction between group and time [F (16,100) = 2.1,
P<0.05] was observed. However, there was no effect of anoxia
on anxiety index on d-21. A marked increase in anxiety index
was observed from d-60 to d-150. 2, 4 DNP, tempol or their
combination (D+T) attenuated anxiety-like behavior in EPM task
from d-60 to d-150 post-anoxia injury. It is interesting to note
that there is no significant difference in D+T as compared to ei-
ther 2,4 DNP or tempol.

Effect of 2,4 DNP, tempol and their combination (D+T)
attenuated anoxia-induced behavioral alterations in Y-maze
test

The effect of anoxia-induced alterations in general explor-
atory behavior (curiosity) in trial-1 and trial-2 are depicted in

Figure 5(d,e) respectively. Figure 5(f) shows the coping behav-
ior to novel arm (anxiety-like behavior). A repeated measure
two-way ANOVA depicted a significant difference for explo-
ration in trial-1 and trial-2 among groups ([F (4,100) = 80.43;
P<0.05] and [F (4,100) = 133.6; P<0.05] respectively), time ([F
(4,100) = 1.87; P<0.05] and [F (4,100) = 7.90; P<0.05] respec-
tively). However, no significant interaction between group and
time ([F (16,100) = 0.47; P>0.05] and [F (16,100) = 1.27; P>0.05]
respectively) was observed. Similarly, there were significant
changes in coping behavior among groups [F (4,100) =1 04.4;
P<0.05], time [F (4,100) = 22.40; P<0.05]. However, there was
no significant interaction between group and time [F (16,100)
= 0.44; P>0.05]. Post hoc analysis revealed that anoxia leads
to a marked increase in exploration regarding hyperactivity
both trial-1 and trial-2 and copying behavior from d-21 up to
d-150. However, 2,4 DNP, tempol and their combination (D+T)
significantly reversed anoxia-induced increase in hyper active-
ness both in trial-1 and trial-2 and decreased in coping behavior
from d-21 up to d-150. However, there was no synergistic effect
observed in the combination (D+T) as compared to individual
effects of drugs.

Further, in Figure6(a-e), the effect of 2,4 DNP, tempol and
their combination (D+T) on anoxia-induced alterations in spatial
recognition memory on d-21 (a), d-60 (b), d-90 (c), d-120 (d),
d-150 (e) are depicted. A repeated measure two-way ANOVA
showed significant differences in arm discrimination behav-
ior on d-21, d-60, d-90, d-120 and d-150 during trial-2 among
groups [F (4,40) = 0.41; P<0.05, F (4,40) = 0.55; P<0.05, F (4,40)
= 1.64; P<0.05], [F (4,40) = 0.87; P<0.05] and [F (4,40) = 0.33;
P<0.05 respectively], significant main effect for known and nov-
el arms ([F (1,40) = 32.10; P<0.05], [F (1,40) = 25.95; P<0.05], [F
(1,40) = 28.50; P<0.05], [F (1,40) = 86.32; P<0.05] and [F (1,40) =
9.08; P<0.05 respectively) and a significant interaction between
group and arms ([F (4,40) = 28.35; P<0.05], [F (4,40) = 27.26;
P<0.05], [F (4,40) = 45.25; P<0.05], [F (5,40) = 48.34; P<0.05]
and [F (4,40) = 58.09; P<0.05] respectively in Y-maze test para-
digm. Post-hoc analysis revealed that there was a marked prior-
ity to novel arm entries for control group animals on different
days. A Within group comparison further depicted that anoxia
caused significant decrease in novel arm preference compared
to known arm on d-21 to d-150. 2,4 DNP, tempol and their com-
bination (D+T) attenuated the anoxia-induced decrease in novel
arm entries from d-21 itself which was further maintained up
to d-150. Furthermore, repeated measure two-way ANOVA
revealed significant differences for known and novel arm en-
tries among groups ([F (4,100) = 81.59; P<0.05] and [F (4,100)
= 128.3; P<0.05] respectively) time ([F (4,100) = 11.89; P<0.05]
and [F (4,100) = 3.67; P<0.05] respectively) and a significant in-
teraction between group and time ([F (4,100) = 1.12; P<0.05]
and [F (4,100) = 1.38; P<0.05] respectively). Post-hoc analysis
revealed that anoxia increased the percentage entries into
known arm compared to control group animals from d-21 to
d-150. 2,4 DNP, tempol and their combination (D+T) increased
the percentage entries into novel arm in all days compared
to anoxia group. However, there was no synergistic effect ob-
served in the combination (D+T) compared to individual effect
of 2,ADNP and tempol. Likewise, while considering novel arm
entries, anoxia significantly decreased the percentage entries
into novel arm compared to control group animals from d-21
up to d-150. 2,4 DNP, tempol and their combination (D+T) mark-
edly reversed the anoxia-induced decrease in the percentage
entries into novel arm on different days. Although, there was
no significant difference among 2,4 DNP, tempol and their com-
bination (D+T) in both known and novel arm entries on all days.
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DNP, tempol and their combination (D+T) improved anox-
ia-induced depression-like symptoms in FST

Figure 6f shows the effect of 2,4 DNP (2.5 mg/kg), tempol
(75 mg/kg) and their combination (D+T) on anoxia-induced im-
mobility period in FST on different days of experimental design.
Repeated measure two-way ANOVA revealed a significant main
effect among groups [F (4,100) = 374.3; P<0.05], time [F (4,100)
= 4.0; P<0.05] and a significant interaction between group and
time [F (16,100) = 2.09; P<0.05]. Post hoc analysis showed that
anoxia caused a markedly increased the immobility period com-
pared to control animals in all days. Treatment with 2,4 DNP,
tempol and their combination (D+T) altered anoxia-induced in-
crease in immobility period on d-21up to d-150. The effective-
ness of combination (D+T) was similar to the individual effect of
2,4 DNP and tempol.

Effect of 2,4 DNP, tempol and their combination (D+T) on
plasma corticosterone level

The effect of 2,4 DNP (2.5 mg/kg), tempol (75 mg/kg) and
their combination (D+T) on anoxia-induced alterations in plas-
ma CORT level is shown in Figure 6g. Statistical analysis by one-
way ANOVA depicted a significant difference in plasma CORT
levels among groups [F (4,20) = 66.46; P<0.05] on d-150. Post-
hoc analysis revealed that anoxia caused a significant decrease
in the level of CORT in plasma compared to control animals. 2,4
DNP, tempol and D+T significantly increased anoxia-induced
decrease in plasma CORT level. The combination of both drugs
(D+T) was similarly effective as to their individual effects.
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Figure 1: Effect of 2,4 DNP, tempol and their combination (D+T) on
anoxia-induced changes in synaptic mitochondria (A) s-1ll and (B)
s-1V respiration and (C) RCR in cortical brain region on d-7. Effect
of 2,4 DNP, tempol and their combination (D+T) on anoxia induced
changes in synaptic mitochondrial (E) NO, (F) LPO, (G) SOD and (H)
CAT levels in cortical brain region on d-7. Bars represents group
mean + SEM. n=6/group. *P<0.05 compared to control and °P<0.05
compared to anoxia groups respectively [One-way ANOVA followed
by Student—Newman—Keuls test]
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Figure 2: Effect of 2,4 DNP (2.5 mg/kg), tempol (75 mg/kg) and
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Discussion

This is the first study showing the combination effect of
mitochondrial modulators like 2,4 DNP and tempol to reduce
neuronal insult progression by improving synaptic and non-syn-
aptic mitochondrial function in developing brain of and further
a long-term improvement in neurobehavioral changes in later
days of life using a global model of anoxia. Overall, there was no
synergistic effect observed while treatment with the combina-
tion of 2,4 DNP and tempol.

Anoxia hampered the mitochondrial respiration in both syn-
aptic and non-synaptic mitochondrial fractions in respect to
altered mitochondrial oxygen consumption in s-3 and s-4. Fur-
ther, a marked decrease in RCR was also observed in the two
different mitochondrial fractions which depict compromised
mitochondrial bioenergetics. Treatment with the combination
of D+T was equally effective to their individual effects in improv-
ing s-3, s-4 as well as RCR in both mitochondrial fractions. Fur-
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anoxia-induced changes in non-synaptic mitochondrial (A) calcium
and (B) MPT regarding mitochondrial swelling in cortical brain
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ther, the combination of D+T was equally effective as compared
to the individual effect of 2,4 DNP and tempol in decreasing
anoxia-induced levels of NO and LPO in both the mitochondrial
fractions. Our previous finding also sows the decrease in NO
and LPO levels with respect to 2,4 DNP [40] and tempol [39].
Further, the levels of antioxidant defense system like SOD and
CAT activity were hindered by anoxic injury. The combination
of D+T significantly improved the antioxidant defense system in
both synaptic and non-synaptic mitochondrial fractions similar
to the individual effects of both drugs. In normal physiological
conditions, mitochondria act as a sink to maintain Ca?* homeo-
stasis. During pathological conditions like anoxia, mitochondria
become overloaded with Ca?* and undergo the cataclysmic Mi-
tochondrial Permeability Transition (MPT) formation within the
inner mitochondrial membrane with a resultant rupture of the
outer mitochondrial membrane caused by osmotic swelling [3].
We observed a marked increase in the levels of Ca?* concentra-
tions in both synaptic and non-synaptic mitochondria. However,
there was no synergistic effect observed on treatment with D+T
as compared to 2,4 DNP in mitigating Ca®* overloads in both the
mitochondrial fractions. This effect of 2,4 DNP may be due to its
mild uncoupling effect. However, tempol failed to elicit any pro-
tective effect in reducing the Ca?*loads. Similarly, anoxia caused
a significant increase in both synaptic and non-synaptic mito-
chondrial swelling. The combination of 2,4 DNP, tempol and
their combination was equally effective in reducing the swelling
in both fractions. The translocation of Bax to the mitochondrial
outer membrane from cytosol induces Mitochondrial OQuter
Membrane Permeabilization (MOMP) which along with inner
membrane lead to the formation of mPTP and causes the leak-
age of apoptogenic factors such as cytochrome-C through the
mitochondrial intermembrane space proteins [9,15,21]. Fur-
thermore, anoxia leads to a marked increase in the expression
of cytochrome-c, caspase-9 and caspase-3. The combination of
D+T significantly mitigated the expression of these apoptotic
proteins and cytochrome-C.

Anoxic injury in newborns causes delayed behavioral dis-
turbances such as abnormal responses to stress and impaired
learning which persists in a lifelong manner [6]. The results of
the present investigation confirm the existence of abnormal
responses to stress in adolescent rats previously subjected to
neonatal anoxia. OFT is used to evaluate the spontaneous loco-
motor activity which can be considered as a sign of hyperactiv-
ity in animals. Anoxia caused a significant increase in the spon-
taneous locomotor activity regarding ambulation from d-21 to
d-150. A previous report has suggested that the augmented
locomotor activity is likely to be due to disturbances in the de-
velopment of brain regions such as the hippocampus, corpus
striatum or amygdala occurring during a specific postnatal time
window [33]. However, no marked changes in the time spent in
central grid and rearing was observed from d-21 to d-150. 2,4
DNP, tempol and their combination (D+T) mitigated the ambu-
lation behavior depicting the attenuation of hyperactiveness in
rats from d-21 to d-150. Both experimental and clinical studies
suggest that adverse experience during development augments
depression and anxiety in adulthood [11,18,45]. It has been
suggested that the decrease in open arm entries and time spent
in open arm and anxiety index are the indicators of anxiety-like
activity in EPM [28,44]. In our study, anoxia caused a marked
increase on d-21 and further decrease from d-60 to d-150 in the
number of open arm entries and time spent in the open arm on
d-21. However, there were no significant changes in the anxiety
index on d-21. Further, a marked increase in anxiety index was

observed from d-60 to d-150. The increase in open arm entries
and open arm time can be predicted as a sign of hyperactivity of
rats. The combination of D+T was equally effective in decreasing
the open arm entries and open arm time on d-21 and further in-
creasing the same along with decreasing the anxiety index from
d-60 to d-150 similarly as 2,4 DNP and tempol. This shows that
2,4 DNP, tempol and D+T decreased the anxiety-like behavior as
an effect of anoxia and improved the neurobehavioral outcome.

Anoxia caused marked alterations in the trial-1 and trial-2
regarding exploration (curiosity), time spent in the novel to all
arms as a measure of anxiety index (coping) and percentage is
known to novel arm entries as a measure of spatial recognition
memory in Y- maze paradigm from d-21 to d-150. 2,4 DNP, tem-
pol and D+T combination markedly attenuated the hyperactive
by reducing curiosity in trial-1 and trial-2, reduction in coping
behavior and increase in the novel to known arm entries as a
measure of improved spatial recognition memory from d-21 to
d-150. A previous report has shown that neonatal anoxia leads
to disruption of reference spatial memory associated with im-
pairments in the spatial working memory in adulthood [45].
The spatial deficits post neonatal anoxia may be the result of
damage to neuronal systems directly involved in cognitive or at-
tentional processes [5]. Another aspect of emotionality that is
affected by neonatal anoxia is depression-like behavior, which is
typically identified either by expression of gustatory anhedonia
or behavioral despair [25]. There was a marked increase in the
immobility time in FST from d-21 up to day-150 as compared
to control group animals. We observed a marked attenuation
of immobility time on treatment with 2,4 DNP, tempol and D+T
from d-21 to d-150.

Postnatal stress in rodents caused by neonatal anoxia in-
creases emotionality, an effect that tends to be associated with
HPA axis dysregulation [17]. The stress-induced corticosterone
hyposecretion was also observed in adult animals born by cae-
sarean section applied after experimental anoxia [33]. We ob-
served marked decrease in the levels of plasma corticosterone.
2,4 DNP, tempol and D+T markedly corrected the corticosterone
levels and attenuated the HPA axis activity on day-150.

We conclude that the combination of 2,4 DNP and tempol
showed an additive effect on individual drugs in improving mi-
tochondrial function as well as neurobehavioral outcomes post-
anoxia injury.
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