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ARTICLE INFO ABSTRACT

Keywords: Aim: The addition of repeated lipopolysaccharide (LPS) to chronic mild stress was recently proposed in our lab
LPS as an alternative model of depression, highlighting the possible interaction between stress and immune-in-
CMS flammatory pathways in predisposing depression. Given that CMS-induced depressive behavior was previously
TLR4/NFxB related to impaired hippocampal energy metabolism and mitochondrial dysfunction, our current study aimed to
&?&tﬁn drial biogenesis investigate the interplay between toll-like receptor 4 (TLR4) signaling and peroxisome proliferator-activated
AMPK receptor gamma coactivators-1-alpha (PGC1l-a) as a physiological regulator of energy metabolism and mi-

tochondrial biogenesis in the combined LPS/CMS model.

Main methods: Male Wistar rats were exposed to either LPS (50 pg/kg i.p.) over 2 weeks, CMS protocol for 4
weeks or LPS over 2 weeks followed by 4 weeks of CMS (LPS/CMS). Three additional groups of rats were exposed
to LPS/CMS protocol and treated with either pentoxifylline (PTX), fluoxetine (FLX) or a combination of both.
Rats were examined for behavioral, neurochemical, gene expression and mitochondrial ultra-structural changes.
Key findings: LPS/CMS increased the expression of TLR4 and its downstream players; MyD88, NFkB and TNF-a
along with an escalation in hippocampal-energy metabolism and p-AMPK. Simultaneously LPS/CMS attenuated
the expression of PGC1-a/NRF1/Tfam and mt-DNA. The antidepressant (AD) ‘FLX’, the TNF-a inhibitor ‘PTX’
and their combination ameliorated the LPS/CMS-induced changes. Interestingly, all the aforementioned changes
induced by the LPS/CMS combined model were significantly less than those induced by CMS alone.
Significance: Blocking the TLR4/NFxB signaling enhanced the activation of the PGC1-a/NRF1/Tfam and mt-
DNA content independent on the activation of the energy-sensing kinase AMPK.

1. Introduction and survival, it rather brings in resilience to stress via modulation of

mitochondrial biogenesis [15-17]. Recent research has identified sev-

The brain is no longer considered isolated from the immune system.
Rather, it relays signals via neural, humoral and blood-brain-barrier
pathways consequent to systemic immune responses [1]. Immune/in-
flammatory activation and stress biomarkers are causal effectors med-
iating changes in brain structures and functions via alteration of neu-
rotransmitter metabolism, neuroendocrine and mitochondrial functions
[2-9].

Experimental models of stress and depression underscored the as-
sociation of defective energy metabolism, altered mitochondrial ATP
production as well as the inhibition of mitochondrial respiratory chain
complexes along with depressive behavior [10-14]. The role of mi-
tochondria as signal-processing center is not just restricted to cell death

eral stress-regulated pathways that affect mitochondrial biogenesis
through modulation of the activity of PGC-1a, a key sensor of cellular
stress and regulator of mitochondrial biogenesis, which makes targeting
PGC-1a as a proposed therapeutic option for several MDD pathologies
associated with stress [18].

The concept of “leaky gut” in the pathophysiology of MDD was
proposed as a trigger to a cascade of amplifications in the immune
pathways [19]. Similarly, Garate et al., reported that CMS exposure
enhanced the intestinal permeability and the translocation of LPS from
Gram-negative bacteria to the systemic circulation thus, activating the
innate immune cells, [20]. The Activation of the peripheral innate
immune cells enhances the secretion of PICs [21,22] which target
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List of non-standard abbreviations

ADs Antidepressants
AEC Adenylate energy charge
CORT Corticosterone

CMS Chronic mild stress

C.SAL Control group receiving saline

C.FLX Control group receiving fluoxetine

C.PTX/FLX Control group receiving both pentoxifylline and fluox-
etine

FLX Fluoxetine

FST Forced swim test

GR Glucocorticoid receptor

LPS Lipopolysaccharide

MDD Major depressive disorder
MyD88 Myeloid differentiation primary response 88

NRF1 Nuclear respiratory factor 1

OFT Open-field test

PAMP  Pathogen-associated molecular patterns

p-AMPK Phosphorylated AMP kinase

PGCl-a Peroxisome proliferator-activated receptor gamma coac-
tivators 1 alpha

PICs Proinflammatory cytokines

PTX Pentoxifylline

SAL Saline

SP Sucrose preference

SPT Sucrose preference test

TNF-a  Tumor necrosis factor alpha

TAN Total adenine nucleotides

TFAM  Mitochondrial transcription factor A

TLR Toll-like receptor

mt-DNA Mitochondrial DNA

neuronal substrates and elicit a “sickness behavior” that usually evolves
into depressive-like behavior after LPS administration [1,23,24], of-
fering a convincing face validity for the endotoxin-induced behavioral
changes as an animal model of depression [23]. Notably, chronic
treatment with ADs ameliorated the LPS-induced depressive-like be-
havior in rats [25-28], thus ascribing more predictive validity to the
LPS-induced anhedonia as an animal model of depression.

Additionally, CMS enhanced the expression of TLR4 in brain tissue
following translocation of intestinal LPS [20]. Thus, in depression, the
interaction between the effects of LPS derived from leaky gut and
psychological stress-induced up-regulation of TLRs might be expected
[29]. Precisely, there is a reasonable evidence that TLR4 is highly ex-
pressed in patients with MDD [30,31] and this elevated expression was
responsive to different treatments that ended up into improvement in
depressive symptoms, hence, attributing TLR4 activity in the patho-
physiology of MDD [4]. Peripheral administration of LPS, a TLR4 li-
gand, is the frequently used immunological challenge in animal models
of cytokine-induced depression [32,33].

The AD ‘FLX’ was recently reported to significantly attenuate the
LPS-induced despair behavior and hippocampal neuroinflammation
[34]. Similarly, ‘PTX’, a blocker of TNF-a synthesis [35], was reported
to reverse the effects of both CMS and LPS in rats [25,36].

The current investigation aimed at exploring interplay between
TLR4/NFkB signaling and PGC1-a mediated mitochondrial biogenesis
as well as the potentials of the AD “FLX” and the anti TNF-a “PTX”
singly or in combination to ameliorate the LPS/CMS induced changes.

2. Materials and methods
2.1. Animals

One hundred and thirty-eight adult male Wistar rats (The Nile
Company for Pharmaceutical Industries, Cairo, Egypt) weighing
(200-250 g) were housed individually with pelleted rat chow (Meladco
chow, El Obour, Egypt) and tap water available ad libitum for the
duration of the experiments, unless otherwise was recommended by the
study protocol. Animals were allowed to acclimatize to the surround-
ings before any experimentation for at least 2 weeks. Temperature was
maintained at 22 + 2°C. A reversed light-dark cycle' was held at
12:12 h with lights on at 5:00 p.m. and off at 5:00 a.m., starting from
the beginning of the acclimatization period, unless otherwise was re-
commended by the study protocol. Consequently, all the maneuverings

1 The fact that rats are night dwellers (most of their activities are in the dark
cycle of the dark/light transitions), underlined the logic of reversing the cycles
to allow the experimental maneuvers to be during their utmost activity and at
the convenience of lab routine.

of the study were performed during the ‘arranged’ dark cycle. All
handling was performed by the same investigator throughout the stu-
dies. Experimental protocols were approved by the Research Ethical
Committee of Faculty of Pharmacy Cairo University [REC-FOPCU/se-
rial number PT (730), 29/4/2013] and comply with the Guide for the
Care and Use of Laboratory Animals (ILAR 1996) [37]. All efforts were
made to minimize the number of animals used and their suffering.

2.2. Treatments

LPS (Escherichia coli serotype 055:B5), PTX and FLX were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Drugs solutions were
freshly prepared by dissolving compounds in sterile endotoxin-free
isotonic saline and administered i.p. in a volume of 1 ml/kg (LPS) or
2ml/kg (PTX and FLX). LPS was administered at a dose 50 ug/kg, this
dose was chosen after an efficacy check in our lab [25]; regarding its
ability to induce a significant increase in the despair behavior in the
forced swim test (FST). PTX was administered at a dose of 100 mg/kg
following an initial pilot study; comparing the effectiveness of 50, 100
and 150 mg/kg in attenuating the LPS induced increase in serum TNF-
a. FLX was administered at a dose of 10 mg/kg [38].

2.3. Experimental design

2.3.1. Groups’ distribution
The studied groups were intended to be interpreted on two com-
parison levels as presented in (Fig. 1).

2.3.1.1. Level A: effects of single and combined stressful exposures. This
comparative level was composed of five groups:

(1) C.SAL (n = 11): Control rats, received a daily i.p. injection of saline
(0.5 ml/kg) for 6 weeks and examined by the end of the 6th week.

(2) SAL/CMS (n = 16): received i.p. injection of saline (0.5 ml/kg)
every other day over 2 weeks (a total of 6 doses), followed by ex-
posure to CMS protocol (Table 1) and continued with i.p. saline
(0.5 ml/kg) for another four weeks.

(3) LPS/SAL (n = 11): received LPS every other day (a total of six
doses) over 2 weeks, followed by a daily i.p. injection of saline
(0.5ml/kg) for another four weeks and thereafter examined by the
end of the 6th week.

(4) LPS/CMS (n = 18): received LPS every other day (a total of six
doses) over 2 weeks, followed by exposure to CMS protocol
(Table 1) while being injected daily with saline (0.5 ml/kg) i.p. for
another four weeks.

2.3.1.2. Level B: effects of FLX and PTX individually or in combination, on
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Fig. 1. Schema for the combined LPS/CMS model and PTX, FLX (singly or combined) treatment schedule, behavioral experiments, and decapitation.
Control animals were neither exposed to the LPS nor CMS. They were kept undisturbed in their home cages and administered the vehicle saline “daily”. In the positive
control groups; the non-stressed animals administered FLX, PTX or their combination in the same pattern as the stressed groups.

BW: body weight measurement; CMS: Chronic mild stress; FLX: Fluoxetine (10 mg/kg i.p); FST: Forced swim test; LPS: Lipopolysaccharides (50 pg/kg i.p, every other
day, a total of six doses); OFT: Open-field test; PTX: Pentoxiphylline (100 mg/kg i.p); SPT: sucrose preference test; OFT: open field test.

the LPS/CMS combined model. In this comparison level, 8 groups were
involved where the C.SAL and the LPS/CMS groups used in the previous
comparison were further utilized in this comparison as well. The
remaining groups involved included:

(1) C.FLX (n = 9): positive control rats, received i.p. injections of
saline (0.5 ml/kg) every other day over 2 weeks, followed by a daily
i.p. injection of FLX for the last four weeks.

(2) C.PTX (n = 11): positive control rats, received i.p. injections of
saline (0.5 ml/kg) every other day over 2 weeks, while treated daily
with PTX for the whole 6 weeks.

(3) C.PTX/FLX (n = 11): positive control rats, received a saline i.p.
injections (0.5 ml/rat) every other day over 2 weeks while treated
daily with PTX, followed by a daily i.p. injections of PTX and FLX
for another four weeks.

(4) LPS/CMS-FLX (n = 18): received LPS every other day (a total of six
doses) over 2 weeks, followed by exposure to CMS protocol
(Table 1) while being treated with FLX for the last four weeks.

(5) LPS/CMS-PTX (n = 17): received LPS every other day (a total of six
doses) over 2 weeks followed by exposure to CMS protocol

(Table 1) for another four weeks while being treated daily with PTX
from the beginning of the LPS exposure till the end of the CMS
schedule. In the first 2 weeks of LPS injections, rats received PTX
1 h before treatment with LPS [39,40].

(6) LPS/CMS-PTX/FLX (n = 16): received LPS every other day (a total
of six doses) over 2 weeks followed by exposure to CMS protocol
(Table 1) for another four weeks while being treated daily with PTX
from the beginning of the LPS exposure till the end of the CMS
schedule and FLX during the last 4 weeks of the CMS exposure.
Interventions were applied as in group 7.

2.4. Application of “CMS battery”

Rats were exposed to 2-5 mild stressors per day for 4 weeks, given
that no more than 3 mild stresses were applied simultaneously
(Table 1). Stressors were applied in a quasi-random sequence over the
course of a week and repeated in successive weeks, with slight shifting
between the days (Khedr et al., 2015). Applied stressors included; water
and/or food deprivation (water deprivation not exceeding 14 h), re-
stricted food access (i.e. 2-3 chow pellets) after food deprivation, empty
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Day Dark cycle Light cycle

Duration Stressor Duration Stressor
Sat 9am - 5pm Stroboscopic light 5p.m.-9 Cage tilting
a.m. Foreign body

Sun 9am - 5pm Pairing Noise S5pm. -9 Soiling the cage
Cold restraint a.m.
(30 min)

Mon 5am -5pm Food/water 5p.m. - Sucrose
deprivation Soiling of  5:30pm preference test
the cage 6pm. -9 Stroboscopic light

a.m. Foreign body

Tues 9am - 5pm Water deprivation 5pm. -9 Cage tilting
9am -11am  Empty bottles a.m. Foreign body
Wed 9am - 5pm Pairing Noise 5pm. -9 Food/water
Cold restraint a.m. deprivation
(30 min)
Thurs 9am - 5pm Stroboscopic light 5p.m. -9 Reversed light/
Foreign body a.m. dark cycle

9am - 11am  Restricted food
Fri Continuous illumination

Slight variation in the stressors application was adopted to avoid habituation.
Saturday and Sunday light cycle stressors were shifted every other week.
Tuesday and Wednesday light cycle stressors were also shifted every other week
except for the empty bottle stressor it was always on Tuesday.

water bottles after water deprivation, cage tilting, 24h lighting,
pairing, stroboscopic light, intermittent white noise (85 dB), cold tem-
perature (=10 °C) and soiling of the cage. Stressors were repeated each
week for a total of four weeks. Control animals were kept undisturbed
and in a separate room except of general handling (regular cage
cleaning and measuring body weight).

2.5. Brain tissue sampling

Rats were euthanized using i.p. urethane (1.2 g/kg). Blood samples
“retro orbital”, were taken from the animals during the dark cycle in
order minimize the effect of circadian rhythm on the results. The sera
were separated within 1h of blood collection and rapidly stored at
— 80 °C until further assay. The animals were further classified into two
sets:

+Set A: Used for biochemical and molecular analysis. Brains were
immediately removed and the hippocampi were dissected under strict
cooling conditions then flash frozen in methyl butane (cooled on dry
ice). The dissected hippocampi were either; (i) stored at —80 °C until
further assay for biochemical, HPLC analysis and mt-DNA content or
(ii) placed in individual RNAase-free eppendorf tubes containing 300 pl
of RLT buffer; a highly denaturing guanidine-thiocyanate-containing
buffer supplied by the RNeasy Mini Kit (Qiagen, Hilden, Germany)
which immediately inactivates ribonuclease (RNases) to ensure pur-
ification of intact RNA and stored at —80 °C for 24 h and then processed
for molecular analysis (vide infra). All the biochemical parameters were
normalized to protein content, measured according to Bradford assay
using the Bio-Rad protein assay reagent (Bio-RAD, Richmond, USA)
according to the kit instruction manual using bovine serum albumin as
a standard.

«Set B: Used for the analysis of ultra-structural changes (mainly in
the mitochondria) in the pyramidal neurons of the hippocampus via
Transmission Electron Microscopy (TEM).

2.6. TLR4 signaling cascade and markers of mitochondria biogenesis

2.6.1. Real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA for TLR4 signaling cascade (TLR4; MyD88; NFxB) and
markers of mitochondrial biogenesis (PGC1-a; NRF1; TFAM) was ex-
tracted from hippocampal tissue homogenates using RNeasy Mini Kit

Table 2
Sequence of the primers for RT-PCR
Gene Gene Primer
Accession no.

TLR4 NM_019178.1 Forward 5-GCC GGA AAG TTA TTG TGG TGG T-3
Backward  5-ATG GGT TTT AGG CGC AGA GTT T-3

MyD88 NM_198130 Forward 5-CAA CCA GCA GAA ACA GGAGTCT-3
Backward  5-ATT GGG GCA GTA GCA GAT GAA G-

3

NFxB NM_199267 Forward 5-GCG CAT CCA GAC CAA CAATAAC-3
Backward 5-GCC GAA GCT GCA TGG ACA CT-3

PGCl-a NM_031347 Forward 5-GTGCAGCCAAGACTCTGTATGG-3
Backward  5-GTCCAGGTCATTCACATCAAGTTC-3

NRF1 NM_ Forward 5-TTACTCTGCTGTGGCTGATGG-3

001100708 Backward  5-CCTCTGATGCTTGCGTCGTCT-3

TFAM NM_031326 Forward 5-GAAAGCACAAATCAAGAGGAG-3
Backward 5-CTGCTTTTCATCATGAGACAG-3

mt-DNA  X14848.1 Forward GGTTCTTACTTCAGGGCCATCA
Backward ~GATTAGACCCGTTACCATCGAGAT

B-Actin NM_031144 Forward 5-GCC ATG TAC GTA GCC ATC CA-3
Backward 5-GAA CCG CTC ATT GCC GAT AG-3

(Qiagen, Hilden, Germany) according to the manufacturer's instruc-
tions. Reverse transcription into cDNA was performed from the total
isolated RNA using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, CA, USA) following the manufacturer's instruc-
tions. Rt-PCR reaction was performed using SYBR green PCR Master
Mix (Applied Biosystems, CA, USA).

Total DNA for mt-DNA copy number analysis was isolated from
freshly dissected hippocampus using Wizard Genomic DNA purification
kit (Promega, Madison, USA) according to manufacturers’ re-
commendations.

PCR reactions were set up in a total volume of 50 pl; containing
25ul SYBR Green Mix (2x), 0.5ul ¢cDNA, 2l primer pair mix and
22.5ul H20. The forward and reverse primers were checked for cor-
rectness of the gene order according to the GenBank (Table 2). The
relative expression of the studied genes was calculated after normal-
ization to the internal standard p-Actin. All reactions were run on a
StepOne™ Plus RealTime PCR system (Applied Biosystems) using the
default settings recommended by the manufacturer, and analyzed using
StepOne software v2.3.

2.6.2. Tissue TNF-a

The hippocampal TNF-a level were determined using the commer-
cially available ELISA kit, R&D Systems (Minneapolis, USA).
Absorbance was measured at 450 nm and the lowest analytical detect-
able level of was less than 5 pg/mL.

2.7. Energy metabolism

2.7.1. Adenine nucleotides and their metabolic ratios

Frozen hippocampal samples were homogenized in (1200 pl of ice-
cold 0.76 M perchloric acid to which another 800 pl of 0.5 M perchloric
acid containing 160 uM IMP as an internal standard) using an ice-
chilled glass homogenizer, the homogenate was then allowed to extract
for 30min in ice-cold temperature, followed by centrifugation
(6000 r.p.m. X 30 minat 4°C). The supernatant was removed and
neutralized by the addition of approximately 200 ul of 6 N KOH, con-
trolling the pH with pH indicator strip. Any further precipitate ap-
pearing after neutralization was removed by centrifugation
(6000 r.p.m. X 30minat 4 °C). The collected supernatant was further
filtrated using a 0.45 pm filter and used for direct analysis of energy
metabolites. Samples (20 pl) after suitable pretreatment were submitted
to isocratic HPLC using a reversed-phase octadecyl silane (C18) parti-
tion column (Alltech's 150 mm long x 4.6 mm internal diameter, 5.0 pm
particle size, preceded by a short (40 x 4 mm) guard column of same
material) at 37 °C. Flow rate was adjusted at 1 ml/min. Inosine-3-
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monophosphate disodium salt (IMP) served as an internal standard.
Mobile Phase comprised 20 mM potassium phosphate buffer pH 6. The
nucleotides' peaks were analyzed spectrophotometricaly 254 = anm
and identified by comparison with the retention time of the corre-
sponding standard solutions [11,41]. Method validation was carried
out.

The concentration of ATP, ADP, and AMP in each sample was cal-
culated from the calibration curve and expressed as nmol/mg protein.
Subsequently ATP/ADP ratio and total adenine nucleotides
(TAN = [ ATP] + [ADP] + [ AMP] ) were calculated. Adenylate en-
ergy charge ‘AEC’ was further calculated according to (Atkinson, 1968):

AEC = [ATP] + 1/2 [ADP])/TAN .

Notably AEC is considered a quantitative assessment of the cellular
energy status; where it represents the amount of the metabolically
available energy stored in the TAN pool [42]. Hence, the observed re-
duction in AEC seen may indicate high metabolic stress. Noteworthy, an
AEC < 0.5 is indicative of cell death while values ranging from 0.55 to
0.75 indicate consumption of energy for defense mechanisms against
stress [43]. Consequently, it is expected that in the presence of any
metabolic stress and higher energy requirement, that cells will react
with a depletion of ATP and a simultaneous increase in the ADP levels
leading to a significant decrease in AEC [44].
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2.7.2. p-AMPK

The metabolic fuel gauge ‘AMPK’ senses changes in the intracellular
AMP/ATP ratio. Consequently, a rise in the AMP/ATP ratio would ac-
tivate AMPK by phosphorylation. The activated AMPK (p-AMPK) acts to
maintain cellular energy stores, switching on the catabolic pathways
that produce ATP while switching off anabolic pathways that consume
ATP [45].

The p-AMPK level was determined using the commercially available
ELISA kit, Rat Phosphorylated adenosine monophosphate activated
protein kinase, AMPK ELISA Kit (code number: 201-11-0437 Gentaur,
Kampenhout, Belgium) according to the kit's instruction. Briefly, hip-
pocampal samples were homogenized in phosphate buffer saline using
an IKA T-10 Ultra-Turrax (Staufen, Germany) then centrifuged for
20 minat 3000 r.p.m using the cooling centrifuge (Sigma 3-30ks,
Osterode, Germany). The supernatant was removed and loaded to the
wells pre-coated with p-AMPK monoclonal antibody and processed
according to the kit instruction manual. The absorbance was measured
at 450 nm and the lowest analytical detectable level of was 0.482ng/
ml.

2.8. Serum biomarkers (CORT and TNF-a)

Blood samples were taken from the animals at the beginning of the
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Fig. 2. Effects of LPS, CMS (separate or combined) on TLR4 expression and signaling

Bar graphs illustrating changes in: (A) TLR4, (B) MyD88, (C) NFkB and (D) TNF-a relative gene expression. Data are presented as mean + S.E.M (n = 6-7). For
comparisons among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was utilized. *p < 0.01 significant in comparison C.SAL,
#p < 0.001 significant in comparison to SAL/CMS, 'p < 0.05 significant in comparison to the LPS/CMS. TLR4: Toll like receptor 4; MyD88: Myeloid differentiation
primary response 88; NFkB: Nuclear factor kappa-B;TNF-a: Tissue tumor necrosis factor a; C.SAL: Control saline; LPS: Lipopolysaccharides (50 pg/kg i.p., every

other day, a total of six doses); CMS: Chronic mild stress (4 weeks).
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Fig. 3a. Effects of LPS, CMS (separate or combined) on the relative expression of mitochondrial biogenesis markers

Bar graphs illustrating changes in the relative expression of: (A) PGCl-a, (B) NRF-1, (C) TFAM and (D) mt-DNA content. Data are presented as mean = S.E.M
(n = 6-7). For comparisons among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was utilized. *p < 0.01 significant in
comparison to C.SAL, *p < 0.01 significant in comparison to SAL/CMS, p < 0.001 significant in comparison to the LPS/CMS.

PGC1-a: Peroxisome proliferator-activated receptor gamma coactivators 1 a, NRF-1: Nuclear respiratory factor 1; TFAM: Mitochondrial transcription factor A; mt-
DNA: mitochondrial DNA; C.SAL: Control saline; LPS: Lipopolysaccharides (50 pug/kg i.p., every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).

dark cycle and sera were separated and stored at —20°C until further
assayed. Serum levels of CORT and TNF-a were determined using the
commercially available ELISA kits; Corticosterone Rat/Mouse ELISA
(DRG international®, USA), and Rat TNF-a Platinum ELISA
(eBioscience, CA, USA) according to the manufacturer's instructions.
Absorbance was measured at 450 nm and the lowest analytical detect-
able levels of CORT and TNF-a were (4.1 ng/ml and 11 pg/ml, re-
spectively).

2.9. Weight gain and behavioral tests

All behavioral tests were constructed at least 24 h after the last
stressor at the end of the experimental period. SPT was done weekly
“data not shown” and at the end of the experiment. The sequence of
applying the behavioral tests was; SPT, open-field test (OFT), then the
FST, which was preceded one day with FST training. The Animals were
sacrificed on the next day morning.

2.9.1. Final weight gain

Change in final weight gain was calculated as the difference be-
tween the final and baseline body weight. Weekly weight gain was also
monitored once a week “data not shown”.

2.9.2. Sucrose preference test (SPT)

Anhedonia; failure to obtain pleasure from activities previously
enjoyed, is a core symptom of MDD. In CMS, anhedonia is measured by
calculating the reduction in the consumption of sweet solution or pre-
ference as an indicator to the decrease in rewarding properties which is
consistent with the failure to obtain pleasure in depressed patients [46].

The discrepancy in the weekly SPT performed for 30 min “data not
show”; prompted us to experiment a modified 24 h SPT that was not
preceded by food and water deprivation [10,47]. Rats were given, for
24h, a free choice between two 200 ml bottles, one containing tap
water and the other containing a 2% sucrose solution, and consumption
of water and sucrose solution was calculated by subtracting the weight
of the bottles after 24 h and calculated from the following formula [48]:

_ Sucrose intake (g)
" Sucrose intake () + Water intake (g)

Sp X 100

2.9.3. Forced swim test (FST)

FST was performed according to Ref. [49], in order to confirm the
ability of the adopted stress paradigm to increase the immobility time,
an indicative of depressive behavior. The FST is a 2-day procedure in
which rats swim under conditions wherein escape is not possible. Rats
were forced to swim in a vertical glass cylinder (diameter 22.5cm,
height 60 cm) containing 35 cm of water maintained at 25 °C. On the
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Fig. 3b. Electron micrograph of the hippocampal neurons of rats belonging to the groups: SAL (a, A); SAL/CMS (b, B); LPS/SAL (c, C); LPS/CMS (d, D).

In the SAL group (a) the nucleus hippocampal neurons (N) shows intact regular nuclear membrane (arrow), peripheral heterochromatine (1), euchromatine (2). The
cytoplasm shows cisternae of r ER (R), free ribosomes (r), intact mitochondria (m). With higher magnification (A), mitochondria appear intact with preserved cristae.
In the SAL/CMS (b) the neuronal nuclei show irregular discontinuous nuclear membrane (arrow), the cytoplasm reveals vacuoles (v), dilated cisternae of r ER (R)
and vacuolated mitochondria (m). Higher magnification of neurons of the same group (B) shows vacuolated mitochondria with distorted cristae(m) also nuclear
membrane forms deep invagination into the nucleus containing part of the cytoplasm(*). Neurons of LPS/SAL (c) show also irregularity of the nuclear membrane
with deep invagination into the nucleus containing part of the cytoplasm (*), cytoplasmic vacuoles are also seen (V). With higher magnification of neurons of the
same group (C), mitochondria of these neurons show some preserved cristae (M). LPS/CMS (d) neurons show irregular discontinuous nuclear membrane (arrow) and
cytoplasmic vacuoles (v). Higher magnification of neurons of the same group (D) shows either vacuolated mitochondria with distorted cristae (m) or mitochondria
with preserved cristae (M). The nuclear membrane shows irregularity with deep invaginations into the nucleus containing part of the cytoplasm (*). Also dilated
cisternae of rER are seen (R). (Figures a,b,c,d: x8000 and figures A,B,C,D: x30,000).

first day, the rats were trained to swim for 15 min. Water was changed
after testing of each animal. Twenty-four hours later, rats were re-ex-
posed to the forced swimming for 5 min. Animal behavior was recorded
by a video camera, and immobility time was measured with a stop-
watch. The duration of immobility was calculated by summing the total
time spent immobile (viz the time not spent actively exploring the cy-
linder or trying to escape from it). Included within the time spent im-
mobile, are the short periods of slight activity where the animals just
make those movements necessary to maintain their heads above water
[501.

2.9.4. Open-field test (OFT)

The OFT was performed as described by (Blokland et al., 2002) in
order to assess the spontaneous locomotion and anxiety-related beha-
viors in rats. The apparatus consisted of a large black arena
90 x 90 X 60 cm, divided by strips into 25 equal small squares illu-
minated by white light. Nine central squares were identified as the
central zones, while the rest were denoted as the peripheral zones. A
Sony USB camera was situated above the arena, such that the entire
field was visible. The test was video-taped, and the behavior was sub-
sequently scored by a trained blind observer. A rat was placed in the
center of the arena and after 30 s adaptation the number of crossed
central and peripheral zones (with at least three paws) were counted
manually in a 5min test. The number of rears (standing upright on the
hind paws), the frequency of grooming (including face cleaning, paw
licking, fur licking, head scraping and rubbing) and latency to leave the
center of the field (inner zone) were also manually calculated during
each session [51]. The arena was cleaned by 10% alcohol between trials
to eliminate odor cues.

2.10. Transmission electron microscopical examination

Once the animals were anesthetized the chest wall was opened, the
sternum was divided in the median plane then the heart was exposed. A
Cannula (24 gauge) was inserted in the left ventricle where a mixture of
35 mg heparin in 100 ml saline was infused via the cannula to wash out

the blood from the circulation and to avoid the formation of blood clots
in the blood vessels of the deep areas of the brain. The right ventricle of
the heart was opened to allow blood escape. The fixative (4% gluter-
aldehyde) was infused through the cannula to allow in situ fixation of
deep areas of the brain. Thereafter, animals were decapitated and
brains were removed from the skulls. The whole brain was placed in 4%
gluteraldehyde for 2h and then each brain was divided mid-sagitally
into right and left hemispheres. Anatomical co-ordinates of the hippo-
campus were identified [52]. The hippocampi were accessed from the
medial sides of the cerebral hemispheres after removal of the whole
brain stems and the cerebellums using an inverted scissor. The hippo-
campi were dissected out from the dorsocaudal aspect of each hemi-
sphere. Small pieces of the hippocampus (1 mm?®) were placed into the
gluteraldehyde over night at 4°c then processed for transmission elec-
tron microscopic examination. The hippocampal tissue was postfixed
with 1% osmium tetroxide and embedded in epoxy resin. Semi-thin
sections were obtained using the ultra-microtome Sumy Electron Optics
(SEO, “PEM 100”, Moscow, Russia) and stained with Toluidine Blue and
examined with a light microscope. Ultrathin sections were then con-
trasted with the double stain; uranyl acetate and lead citrate and ex-
amined by transmission electron microscope at different magnifications
in “The Medical Military Academy”, Cairo, Egypt.

2.11. Statistical analysis

The statistical analyses of the data collected in the behavioral,
neurochemical and blood studies were entered, analyzed, and graphi-
cally presented using “Graphpad Prism, version 5” (GraphPad software
Inc., CA, USA). Normality was assessed by D'Agostino-Pearson nor-
mality test. Parametric data were expressed as mean + SEM and sta-
tistical comparisons were carried out using one-way ANOVA followed
by Tukey Multiple Comparisons Test. Nonparametric data, < sup > 2

< /sup > data were expressed as median/interquartile range and

2For graphical presentation; Bar charts were utilized for parametric data
while the Box and whiskers was utilized for non-parametric data.
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Table 3

Effects of repeated LPS challenge and CMS protocol either alone or in combination on markers of hippocampal energy metabolism.

p-AMPK (ng/mg protein)

AMP/ATP ratio

AEC

ADP (nmol/mg protein) AMP (nmol/mg protein) TAN (nmol/mg protein)

ATP (nmol/mg protein)

Groups

9.53 = 0.4

0.78 = 0.00 0.2 + 0.00

4.87 + 0.21 4.18 = 0.29 28.43 + 0.63

19.72 = 0.36

5.85
5.72
5.68

C.SAL (n = 6)

+ 7.81 %
6.91 + 0.39%7

92.33

0.9 = 0.09 *
0.44 + 0.02 **

+ 0.01 *
0.62 + 0.00 **T
0.56 + 0.01 **

0.51

+ 0.8 *
14.08 = 0.81 **7

25.38

0.13 *
2.48 + 0.09 **T

5

0.07 *
+ 0.37*F

+
10.62 + 0.38 **

14.45
5.9

0.42 *

+

SAL/CMS (n = 6)

0.38 *

=+

LPS/SAL (n = 6)

4411 + 1.82**

0.58 + 0.03 **

19.74 + 0.59 **

3.52 + 0.19%

0.22 *

+

LPS/CMS (n = 6)
ANOVA

98.31,p < 0.0001

F3,20

F(3,20) = 38.93,p <

0.0001

F(3,20) = 312.6,p <

0.0001

78.41,p <

F3,20)

F(3,20) = 32.15,p <

0.0001

99.58,p <

F3,20)

F(3,20) = 388.3,p <

0.0001

0.0001

0.0001

Data are presented as mean + S.E.M. For comparisons among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was utilized. *p < 0.05 significant in comparison to C.SAL,

p < 0.05 significant in comparison to the LPS/CMS, fp < 0.05 significant in comparison to LPS/CMS-FLX, W p < 0.001 significant in comparison to LPS/CMS-PTX/FLX.

ATP: Adenosine triphosphate; ADP: Adenosine diphosphate; AMP: Adenosine monophosphate; TAN: Total adenine nucleotides; AEC: Adenylate energy charge; p-AMPK: Phosphorylated AMP activated protein kinase;

C.SAL: Control saline; FLX: Fluoxetine (10 mg/kg i.p); PTX: Pentoxiphylline (100 mg/kg i.p); LPS: Lipopolysaccharides (50 ug/kg i.p, every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).
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Table 4
Effects of repeated LPS challenge and CMS protocol either alone or in combi-
nation on serum biomarkers.

Groups CORT (ng/ml) TNF-a (pg/ml)

C.SAL (n = 6) 31.83 + 0.7 28.39 + 0.89

SAL/CMS (n = 6) 235.8 + 3.85* 241.9 + 4.52*

LPS/SAL (n = 6) 21.85 = 0.58%" 16.81 + 0.47*"

LPS/CMS (n=6) 160.6 + 3.45 ** 157.9 = 3.72 **

ANOVA Fz20) = 1561,p < 0.0001  F(340) = 1278, p < 0.0001

Data are presented as mean = S.E.M. For comparisons among groups, one-way
ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was
utilized. *p < 0.001 in comparison to C.SAL, *p < 0.01 significant in com-
parison to SAL/CMS and 'p < 0.001 significant in comparison to LPS/CMS.
CORT: Corticosterone; TNF-a: Tumor necrosis factor alpha; C.SAL: Control
saline; LPS: Lipopolysaccharides (50 pg/kg i.p, every other day, a total of six
doses); CMS: Chronic mild stress (4 weeks).

Kruskal-Wallis (KW) test was utilized followed by post-hoc Dunn's test.
The minimal level of significance was identified at p < 0.05.

3. Results
3.1. Effects of LPS, CMS (separate or combined)

3.1.1. Effects of LPS, CMS (separate or combined) on TLR4 expression and
signaling

All the applied exposures; (SAL/CMS, LPS/SAL and LPS/CMS) dis-
played a significant increase in the expression of TLR4 [F(3 21, = 50.26,
p < 0.0001], MyD88 [F321)=91.38, p< 0.0001], NFxB
[F3,21) = 49.15, p < 0.0001] as well as the level of their downstream
player TNF-a [F(320) = 538.7,p < 0.0001] as demonstrated in (Fig. 2).
The SAL/CMS exposure induced a significant increase in the relative
expression of TLR4 (11.6 fold), MyD88 (7.38 fold), NFxB (12.89 fold)
and the level of hippocampal TNF-a (4.73 fold) in comparison to the
control. Similarly, LPS/SAL exposure showed an enhancement in the
expression of the aforementioned parameters but with a lower in-
tensity; TLR4 (5.1 fold), MyD88 (6.2 fold), NFkB (4.94 fold). However,
hippocampal level of TNF-a showed no significant change in compar-
ison to the control.

Analogously, LPS/CMS combined exposure induced a significant
increase in the relative expression of TLR4 (6.06 fold), MyD88 (4.76
fold), NFxB (7.72 fold) and the level of hippocampal TNF-a (2.78 fold)
in comparison to the control. Nonetheless, the combined LPS/CMS
exposure attenuated the expression of TLR4 (47.8%), MyD88 (32.48%),
NF«B (39.4%) as well as the hippocampal level of TNF-a (41.19%), in
comparison to SAL/CMS. Simultaneously, LPS/CMS showed a higher
expression of NFxB (1.58 fold) and TNF-a level (3.87 fold) as well as a
significant decrease in the expression of MyD88 (23.23%) in compar-
ison to LPS/SAL were also observed.

3.1.2. Effects of LPS, CMS (separate or combined) on the expression of
mitochondrial biogenesis markers

All the applied exposures; (SAL/CMS, LPS/SAL and LPS/CMS) in-
duced a significant decrease in the expression of PGCl-a
[F21) = 82.55, p < 0.0001], NRF1 [Fgo1, = 175.7, p < 0.0001],
TFAM [Fi321) =155.7, p< 0.0001] and mt-DNA content
[F(3,21y = 204.2, p < 0.0001] as demonstrated in (Fig. 3a).

SAL/CMS was associated with a significant decrease in the relative
expression of PGC1-a (86.92%), NRF1 (80.2%), TFAM (91.1%) as well
as a notable decline in mt-DNA content in comparison to the control
group. Similarly, the LPS/SAL group showed a significant decline in the
expression of PGCl-a (34.58%), NRF1 (14.85%) and TFAM (45.54%)
and a significant reduction in mt-DNA content (19.42%) in comparison
to the control.

The combined LPS/CMS model showed a notable reduction in the
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Fig. 4. Effects of LPS, CMS (separate or combined) on weight gain and
behavioral changes

Bar graph illustrating changes in (A) Final weight gain; (B) %Sucrose pre-
ference; (C) Immobility time in the FST among groups. Data are presented as
mean *= S.E.M. C.SAL (n = 11), SAL/CMS (n = 16), LPS/SAL (n = 11) and
LPS/CMS (n = 18. For comparisons among groups, one-way ANOVA followed
by the post hoc “Tukey's Multiple Comparison Test” was utilized. *p < 0.001
significant in comparison to C.SAL, #p < 0.01 significant in comparison to
CMS, )p < 0.001 significant in comparison to LPS/CMS

C.SAL: Control saline; LPS: Lipopolysaccharides Lipopolysaccharides (50 pg/kg
i.p., every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).
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relative expression of PGCl-a, NRF1, TFAM and mt-DNA content in
comparison to the control (34.58%, 57.43%, 74.26% and 56.31%, re-
spectively). However, it showed a significant higher expression of
PGCl-a, NRF1, TFAM as well as the mt-DNA compared to SAL/CMS
(2.57, 2.15, 2.89 and 1.88 folds, respectively). However, these values
were still significantly lower than those of the C.SAL.

On the other hand, LPS/CMS showed a lower expression of PGC1-a,
NRF1, TFAM as well as the mt-DNA content (48.57%, 51.69%, 52.73%
and 45.78%, respectively) compared to LPS/SAL,

3.1.3. Effects of LPS, CMS (separate or combined) on the markers of
hippocampal energy metabolism

3.1.3.1. Adenine nucleotides and their metabolic ratios. Rats exposed to
(SAL/CMS, LPS/SAL and LPS/CMS) showed a significant decline in the
concentration of ATP in the hippocampal tissue in comparison to the
control [70.33%, 70.99% and 71.2%, respectively). Noteworthy, the
ATP observed in LPS/CMS were comparable to that scored by the single
exposures (SAL/CMS and LPS/SAL). A notable elevation in the ADP
level was perceived in the SAL/CMS and LPS/CMS groups relative to
the control (2.97 and 2.18 folds, respectively). However, the combined
LPS/CMS exposure showed a significantly lower ADP level in
comparison to SAL/CMS (26.51%) and a higher ADP level in
comparison to LPS/SAL (1.8 fold).

Regarding the AMP level, SAL/CMS showed a significant increase in
the AMP level (1.2 fold), while LPS/SAL showed a significant decrease
in the AMP level (40.67%) compared to the control. The AMP level in
the combined LPS/CMS exposure was significantly lower than SAL/
CMS (29.6%) and comparable to LPS/SAL.

In the present study, all the utilized exposures showed a significant
decrease in the hippocampal energy status; manifested via the sig-
nificant decrease in the AEC; SAL/CMS (33.33%), LPS/SAL (20.51%)
and LPS/SAL (28.21%) in comparison to the control. However, the
single exposure LPS/SAL showed a better energy status; where it's AEC
was significantly higher than SAL/CMS (1.22 fold) and LPS/CMS (1.11
fold).

All the applied exposures induced a significant elevation in the
AMP/ATP ratio in comparison to the control; SAL/CMS (4.5 fold), LPS/
SAL (2.2 fold) and LPS/CMS (2.9 fold). These findings are not un-
expected, since the major bridge between energy synthesis and energy
regulation is the elevation in the AMP/ATP ratio. However, the LPS/
CMS group showed a significantly lower AMP/ATP ratio (35.56%)
compared to SAL/CMS and a non-significantly higher AMP/ATP ratio
(31.82%) in comparison to LPS/SAL.

Accordingly, in the current investigation, the different exposures,
either singly or in combination, displayed a significant decline in the
hippocampal energy status, manifested as a decrease in AEC paralleled
with an increase in the ADP level and AMP/ATP ratio (Table 3).

3.1.3.2. Activated AMPK (p-AMPK). The observed escalation in the
AMP/ATP ratio in (SAL/CMS and LPS/CMS) was paralleled by an
increase in the level of p-AMPK by (9.69 and 4.63 folds, respectively) in
comparison to the control. However, LPS/SAL didn't show any
elevation in the p-AMPK in spite of the significant upsurge in the
AMP/ATP ratio (Table 3). Notably, the combined model LPS/CMS
hindered the increase in p-AMPK level by (52.23%) compared to SAL/
CMS (Table 3).

3.1.4. Effects of LPS, CMS; (separate or combined) on serum biomarkers

The single exposure to SAL/CMS induced a significant elevation in
the serum levels of CORT and TNF-a in comparison to the control (7.41
and 8.52 folds, respectively). However, LPS/SAL had no effect on the
serum level of CORT and TNF-a compared to the control.

The combined LPS/CMS exposure engendered a considerable ele-
vation in the serum level of CORT and TNF-a compared to the control
(5.05 and 5.5.6 folds, respectively). Nonetheless, the LPS/CMS-induced
elevation in the serum CORT and TNF-a was significantly lower than
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Fig. 5. Effects of different stress exposures on the behavioral changes in open field test

Box-Whisker graph illustrating changes in the OFT in rats exposed to different stressful protocols; (A) Central zone entries; (B) Total ambulation; (C) Latency to leave
the center zone; (D) Rearing; (E) Grooming and (F) Defecation. Data are presented as median/interquartile range. C.SAL (n = 11), SAL/CMS (n = 16), LPS/SAL
(n =11) and LPS/CMS (n = 18). For comparisons among groups, Kruskal-Wallis Test followed by post hoc “Dunn's Multiple Comparisons Test” was utilized.
*p < 0.05 significant in comparison to C.SAL, “p < 0.05 significant in comparison to SAL/CMS, 'p < 0.05 significant in comparison to the LPS/CMS.

C.SAL: Control saline; LPS: Lipopolysaccharides (50 ug/kg i.p., every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).

that induced by SAL/CMS (31.89% and 34.73%, respectively). On the
other hand, the serum level of CORT and TNF-a in the LPS/CMS group
was remarkably higher than that instigated in LPS/SAL group (7.35 and
9.39 folds, respectively) as seen in (Table 4).

3.1.5. Effects of LPS, CMS (separate or combined) on weight gain and
behavioral changes

3.1.5.1. Final weight gain. All exposures showed a significant decline in
the final body weight gain; SAL/CMS (95.06%), LPS/SAL (75.88%) and
LPS/CMS (92.26%) in comparison to the control [F3 sz = 34.14, p <
0.0001] as presented in (Fig. 4A). Notably; LPS/CMS didn't show any
improvement in the final body weight gain in comparison to the single
exposure SAL/CMS.

3.1.5.2. Behavioral tests

3.1.5.2.1. Sucrose preference test (SPT). A significant decline in the
final SP was observed in SAL/CMS (27.52%) and LPS/CMS (12.66%)
exposures [Fss2) = 46.94, p < 0.0001]. However, LPS/SAL didn't
induce any changes in the SP as portrayed in (Fig. 4B). Remarkably,
LPS/CMS induced a significant escalation in the SP by (26.43%) in
comparison to SAL/CMS paralleled with a notable decline (12.29%) in
comparison to LPS/SAL (Fig. 4B).

3.1.5.3. Forced swim test. All the applied exposures (SAL/CMS, LPS/
SAL and LPS/CMS) displayed a significant increase in the rats’
depressive-like behavior [F3s2) = 30.96, p < 0.0001], manifested as
a significant increase in the immobility time (4, 2.85 and 2.85 folds,
respectively) in comparison to the control group (Fig. 4C).

10

Notably, the depressive behavior scored by the combined LPS/CMS
exposures was significantly lower than that scored by SAL/CMS
(28.81%). However, the despair behavior scored in the LPS/SAL group
was comparable to that scored in LPS/CMS group.

3.1.5.4. Open-field test (OFT). All the employed stressful exposures
showed a notable decrease in the total ambulation frequency
[KWS = 23.81, p < 0.0001]. A notable reduction was observed in
SAL/CMS (48.57%), LPS/SAL (38.1%) and LPS/CMS (30.48%) groups
in comparison to the control (Fig. 5A). However, no significant
enhancements were observed when comparing the ambulation
frequency of the combined stress model LPS/CMS with the single
stress exposures.

Regarding the frequency of central zone entries [KWS = 22.96,
p < 0.0001]; a significant reduction was observed in SAL/CMS and
LPS/SAL groups (64.29% and 85.71%, respectively) in comparison to
the control group. Although, the frequency of central zone entries
scored in LPS/CMS group was significantly lower than that observed in
SAL/CMS (50%), yet it was higher than that scored in LPS/SAL (5 folds)
as depicted in (Fig. 5B).

Rats exposed to SAL/CMS and LPS/CMS showed a significant in-
crease in the latency time to leave the central zone (2.9 and 2.25
folds, respectively) compared to the control group (KWS = 34.21, p <
0.0001). The combined stress model LPS/CMS didn't show any sig-
nificant reduction in the latency time in comparison to SAL/CMS
(Fig. 5C). Nonetheless, the latency time to leave the central zones in the
LPS/CMS group was significantly higher than that in the LPS/SAL (3.21
fold).
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Fig. 6. Effects of FLX and PTX (singly or in combination) on the changes in TLR4 expression and signaling induced by LPS/CMS combined model

Bar graphs illustrating changes in the relative expression of: (A) TLR4, (B) MyD88, (C) NFxB and (D) tTNF-a. Data are presented as mean * S.E.M. C.SAL (n = 6),
C.FLX (n = 6), C.PTX (n = 6), C.PTX/FLX (n = 6), LPS/CMS (n = 7), LPS/CMS-FLX (n = 7), LPS/CMS-PTX (n = 6), LPS/CMS-PTX/FLX (n = 7). For comparisons
among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was utilized. *p < 0.05 significant in comparison to C.SAL,
@ < 0.001 significant in comparison to C.FLX, ¢p < 0.001 significant in comparison to C.PTX/FLX, p < 0.05 significant in comparison to LPS/CMS, f p < 0.001
in comparison to LPS/CMS-FLX, < SUP > ¥ < /SUP > p < 0.05 in comparison to LPS/CMS-PTX/FLX.

Non-stressed: control groups not subjected to stress; Stressed: challenged with the combined LPS/CMS model; TLR4: Toll like receptor 4; MyD88: Myeloid dif-
ferentiation primary response 88; NF«B: Nuclear factor kappa-B; TNF-a: issue tumor necrosis factor a, C.SAL: Control saline; FLX: Fluoxetine (10 mg/kg i.p.); PTX:
Pentoxiphylline (100 mg/kg i.p.); LPS: Lipopolysaccharides (50 pg/kg i.p., every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).

A significant decline in the rearing frequency was noticed in SAL/
CMS and LPS/CMS groups (73.33% and 56.67%, respectively) in
comparison to the control group [KWS = 24.3, p < 0.0001]. No sig-
nificant changes were observed when comparing the combined stress
model LPS/CMS with the single stressful exposures (Fig. 5D).

Rats exposed to SAL/CMS and LPS/SAL displayed a significant de-
crease in the grooming frequency by (50% and 100%, respectively) in
comparison to the control group (KWS = 19.34, p = 0.0002). The
combined LPS/CMS exposure didn't show a significant improvement in
the grooming frequency compared to the single stressful exposures
(Fig. 5E).

3.1.6. Effects of LPS, CMS (separate or combined) on ultra-structural
changes in the hippocampus

Ultra-structural changes of the hippocampal neurons were eval-
uated by transmission electron microscopy. The hippocampal neurons
of C.SAL group were morphologically normal with rounded nuclei that
showed a clear and regular double nuclear membrane with peripheral
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heterochromatine and homogenous euchromatine. The mitochondria
and endoplasmic reticulum were intact with abundant ribosomes
(Fig. 3b - panels a & A).

Hippocampal neurons of rats exposed to SAL/CMS, LPS/SAL and
LPS/CMS showed signs of neurodegeneration. The nuclei possessed ir-
regular discontinuous nuclear membrane which formed deep in-
vagination into the nucleus containing part of the cytoplasm. The cy-
toplasm revealed vacuoles, dilated cisternae of rough endoplasmic
reticulum. With higher magnification mitochondria of the neurons of
SAL/CMS, appeared vacuolated with distorted crista (Fig. 3b - pannels
b & B). In LPS/SAL group the mitochondria showed some preserved
cristae (Fig. 3b-pannels ¢ & C). In LPS/CMS group some mitochondria
appeared vacuolated with distorted cristae and others showed pre-
served cristae (Fig. 3b - pannels d & D).
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3.2. Effects of FLX and PTX (singly or in combination) on changes induced
by LPS/CMS combined model

All results are interpreted in comparison to the C.SAL group, unless
the positive control groups (C.FLX, C.PTX, C.PTX/FLX) demonstrated a
statistically significant difference in comparison to the C.SAL group.
The C.SAL and LPS/CMS groups utilized in the previous comparison of
the single versus the combined LPS and CMS exposure were further
used in this comparative level as well.
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(caption on next page)

3.2.1. Effects of FLX and PTX (singly or in combination) on the changes in
TLR4 expression and signaling induced by LPS/CMS combined model

Single treatment with FLX or PTX as well as their combination PTX/
FLX ameliorated the LPS/CMS induced enhancement in the relative
expression of TLR4 [Fz 43 = 32.3, p < 0.0001], MyD88 [F(,
43 = 56.51, p < 0.0001] and NFB [F( 43 = 26.04, p < 0.0001].
Downhill from the aforementioned alterations a consequent modifica-
tion in the tissue TNF-a level was also observed [F(;, 40) = 142.5,
p < 0.0001].
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Fig. 7. a: Effects of FLX and PTX treatment (singly or in combination) on the changes in the expression of mitochondrial biogenesis markers induced by
LPS/CMS combined model.

Bar graphs illustrating changes in the expression of: (A) PGCl-a, (B) NRF-1, (C) TFAM and (D) mt-DNA content. Data are presented as mean *+ S.E.M. C.SAL
(n 11), C.FLX (n = 9), C.PTX (n = 11), C.PTX/FLX (n = 11), LPS/CMS (n = 18), LPS/CMS-PTX/FLX (n = 18), LPS/SAL-PTX (n = 17), LPS/CMS-PTX/FLX
(n = 16). For comparisons among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was utilized. *p < 0.01 significant in
comparison to C.SAL, p < 0.05 significant in comparison to LPS/CMS, @p < 0.05 in comparison to C.FLX and < SUP > W < /SUP > p < 0.05 in comparison to
the LPS/CMS-PTX/FLX.

Non-stressed: control groups not subjected to stress; Stressed: Challenged with the combined LPS/CMS model; PGC1- a: Peroxisome proliferator-activated receptor
gamma co-activators 1 a; NRF-1: Nuclear respiratory factor 1; TFAM: Mitochondrial transcription factor A; mt-DNA: Mitochondrial DNA; C.SAL: Control saline;
FLX: Fluoxetine (10 mg/kg i.p); PTX: Pentoxiphylline (100 mg/kg i.p); LPS: Lipopolysaccharides (50 pg/kg i.p, every other day, a total of six doses); CMS: Chronic
mild stress (4 weeks).

b: Electron micrograph of the hippocampal neurons of rats belonging to the groups; C.SAL (a, A); SAL/CMS (b, B); LPS/CMS-FLX (c,C); LPS/CMS-PTX (d,D)
and LPS/CMS-PTX-FLX (e,E).

A normal structure of hippocampal neurons is observed. The nuclear membrane appears regular (arrow). Higher magnification shows normal mitochondria with
preserved cristae (m). (Figures a,b,c,d: x8000 and figures A,B,C,D: x30,000).

TLR4 expression was successfully attenuated by FLX, PTX as well as comparison to LPS/CMS. However, the repair induced by the single
their combination PTX/FLX in comparison to LPS/CMS exposure treatments FLX and PTX was still lower than the C.SAL (27.72% and
(30.16%, 31.43%, and 64.44%, respectively). However, the values of 27.72%, respectively). Yet, the mending observed with the single
both single treatments, FLX and PTX were still significantly higher than treatments FLX and PTX was still significantly lower than C.SAL
the C.SAL (4.23 and 4.15 folds, respectively). The combined treatment (29.71% and 35.64%, respectively). Nonetheless, the combined treat-
PTX/FLX showed a higher attenuation in the expression of TLR4 in ment PTX/FLX strengthened this enhancement and restored the ex-
comparison to FLX (34.28%) and PTX (33.01%) single treatments that pression of NRF1 to be comparable to that of C.SAL and significantly

was comparable to the C.SAL (Fig. 6A). higher than FLX (30.14%) and PTX (30.14%) single treatments [F(;,
The down regulation observed in the expression of TLR4 was as- 43) = 29.53, p < 0.0001] as demonstrated in (Fig. 7B).
sociated with an analogous decline in the expression of its adaptor Single treatment with FLX and PTX as well as their combination

protein MyD88; FLX (24.16%), PTX (21.01%) and PTX/FLX (38.03%) PTX/FLX induced a significant enhancement in the expression of the
as portrayed in (Fig. 6B). Nonetheless, these values were still sig- mitochondrial transcription factor TFAM (2.73, 2.5, and 3.42 folds,
nificantly higher than C.SAL (3.61, 3.76 and 2.95, respectively). Al- respectively) in comparison to LPS/CMS. However, the combined

though the combined treatment PTX/FLX showed a higher attenuation treatment PTX/FLX showed a further improvement in the expression of

in the MyD88 expression yet this difference was statistically non-sig- TFAM mRNA comparable to that observed in the C.SAL group and

nificant. notably higher than FLX (25.35%) and PTX (36.92%) single treatments
Single treatment with FLX, PTX as well as their combination PTX/ [F7, 43y = 54.57, p < 0.0001] as shown in (Fig. 7C).

FLX significantly decreased the relative expression of NFkB compared to Mitochondrial biogenesis; mediated via both nuclear (NRF1) and

LPS/CMS [33.46%, 55.26%, and 66.16%, respectively). However, the mitochondrial transcriptional factors (TFAM) was assessed via the de-
values of both single treatments, FLX and PTX were still significantly tection of the increase in mt-DNA content. Notably FLX, PTX as well as
higher than the C.SAL (5.2 and 3.5 folds, respectively) (Fig. 6C). The their combination PX/FLX induced a significant increase in the hippo-
combined treatment PTX/FLX showed a further reduction in the ex- campal mt-DNA content by (1.53, 1.42 and 1.98 folds, respectively)
pression of the NFkB mRNA by (32.7%) in comparison to the FLX- compared to LPS/CMS [F 43y = 45.6, p < 0.0001]. However, the

treated group and a non-significant diminution by (10.9%) in com- repair induced by the single treatments FLX and PTX was still lower
parison to the PTX-treated group. Notably the combined treatment than the C.SAL (33.01% and 37.86%, respectively). Remarkably, the
PTX/FLX almost normalized the NFkB expression compared to C.SAL. combined treatment PTX/FLX showed a further enrichment in the mt-

Consequently, the single treatment with FLX, PTX and their com- DNA content that was comparable to C.SAL and higher than the content

bination PTX/FLX showed a considerable decrease in the level of their observed with the single treatments FLX and PTX (28.99% and 39.06%,
downstream player hippocampal TNF-a (35.21%, 60.67% and 66.67%, respectively) as shown in (Fig. 7D).

respectively) in comparison to LPS/CMS exposure. The combined
treatment PTX/FLX showed a notable boost in the retardation of the
expression of TNF-a mRNA by (31.46%) in comparison to FLX-treated
rats and a non-significant improvement in comparison to the PTX-
treated group (Fig. 6D).

3.2.3. Effects of FLX and PTX treatment (singly or in combination) on the
changes in the markers of hippocampal energy metabolism induced by LPS/
CMS combined model
3.2.3.1. Adenine nucleotides and their metabolic ratios. Single treatment
with FLX induced a significant rise in the ATP level (1.29 fold) in
3.2.2. Effects of FLX and PTX treatment (singly or in combination) on the comparison to LPS/CMS exposure. However, the elevation in the ATP
changes in the expression of mitochondrial biogenesis markers induced by level induced by PTX and PTX/FLX was statistically non-significant
LPS/CMS combined model (Table 5). The differences among the studied groups were statistically
Single treatment with FLX, PTX as well as their combination PTX/ significant as calculated by One-way ANOVA [F 40 = 623.1,
FLX restored the expression of PGC1-a mRNA by (1.81, 1.78 and 2.42 p < 0.0001].
folds, respectively) in comparison to LPS/CMS exposure [F(;, Single treatment with FLX and PTX as well as their combination
43) = 34.73, p < 0.0001]. However, the repair induced by the single PTX/FLX showed a notable decline in the ADP level compared to
treatments FLX and PTX was still significantly lower than C.SAL combined LPS/CMS model (12.24%, 29.57% and 38.61%, respectively)

(39.25% and 40.19%, respectively). Remarkably; the combined treat- as demonstrated in (Table 5).

ment PTX/FLX boosted PGC1-a expression to be comparable to that of Simultaneously, a significant decline in the AMP/ATP ratio was

the C.SAL and significantly higher than that induced by either FLX attained in rats receiving a single treatment with FLX, PTX as well as

(33.85%) or PTX (35.94%) treatments alone as depicted in (Fig. 7A). their combination PTX/FLX (22.41%, 36.21% and 25.86%, respec-
Subsequently a significant restoration in the expression of the nu- tively) in comparison to the combined model LPS/CMS (Table 5).

clear transcriptional factor NRF1 was also observed with FLX (1.7 fold), A significant enhancement of AEC was demonstrated in rats treated

PTX (1.7 fold) as well as their combination PTX/FLX (2.21 fold) in with FLX, PTX and PTX/FLX in comparison to the combined LPS/CMS
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Effects of FLX and PTX treatment either alone or in combination on serum biomarkers in rats exposed to the combined stress model LPS/CMS.

Groups CORT (ng/ml) TNF-a (pg/ml)

C.SAL (n = 6) 31.83 + 0.7 28.39 + 0.89

C.FLX (n = 6) 20.92 = 0.55 * 16.74 * 0.9 *

C.PTX (n = 6) 26.08 + 0.41 20.59 + 0.53

C.PTX/FLX (n = 6) 16.72 + 0.44 * 12.15 + 0.4 *

LPS/CMS (n = 6) 160.6 + 3.45 * 157.9 + 3.72 %

LPS/CMS-FLX (n = 6) 114.6 + 1.43 ® < SUP > W < /SUP > 110.3 + 1.64 ©" < SUP > W < /SUP >
LPS/CMS-PTX (n = 6) 128.4 = 1.02 *¥ < SUP > W < /SUP > 116.3 = 2.69 *'f < SUP > W < /SUP >
LPS/CMS-PTX/FLX (n = 6) 90.25 + 2.45 ¢* 87.12 + 2.44 47

ANOVA F@z,40) = 1165, p < 0.0001 F@,40) = 1073, p < 0.0001

Data are presented as mean =+

S.E.M. For comparisons among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple Comparison Test” was

utilized. *p < 0.001 significant in comparison to C.SAL, ®p < 0.001 significant in comparison to C.FLX, ¢p < 0.001 significant in comparison to C.PTX/FLX,
p < 0.001 significant in comparison to LPS/CMS, p < 0.001 significant in comparison to LPS/CMS-FLX and Wp < 0.001 significant in comparison to LPS/

CMS-PTX/FLX.

CORT: Corticosterone; TNF-a: Tumor necrosis factor a; C.SAL: Control saline; FLX: Fluoxetine (10 mg/kg i.p); PTX: Pentoxiphylline (100 mg/kg i.p); LPS:
Lipopolysaccharides (50 pg/kg i.p, every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).

significantly lower SP in comparison to C.SAL (11.6% and 8.78%). In
spite of this, their SP was still comparable to that of the corresponding
positive control groups (C.FLX and C.PTX/FLX group). Although the SP
of the PTX treated group was comparable to that of the C.SAL group; yet
statistically it was not significant from the LPS/CMS group (Fig. 8B).

3.2.5.3. Forced swim test. In the FST the immobile behavior is usually
interpreted as a measure of depressive-like behavior which could be
further reduced by AD treatment (Porsolt et al., 1977). As anticipated,
rats treated with the classical AD “FLX” induced a significant reduction
in the immobility time by (36.46%) in comparison to LPS/CMS group.
Interestingly, challenging the cytokine theory of depression; PTX
treatment; an anti-TNF-a drug induced a significant reduction in the
immobile behavior by (33.9%) in comparison to LPS/CMS group. Even
though, both single treatments induced a comparable decline in the
immobile behavior, yet only FLX treated rats we almost approaching
the C.SAL group (Fig. 8C).

The combined treatment PTX/FLX induced a further decline in the
immobility time in comparison to LPS/CMS (47.8%). Notably, the im-
mobility time scored in the PTX/FLX treated rats was comparable to
that of C.SAL. However, this enhanced diminution was statistically non-
significant compared to the single treatments. The differences among
the studied groups were statistically significant as calculated by One-
way ANOVA [F(7’ 103) = 1091, p< 0.0001].

3.2.5.4. Open-field test. A notable change in the ambulation frequency,
latency to leave the central zone and the rearing frequency was attained
upon treating the animals exposed to the combined stress model LPS/
CMS with PTX, FLX or their combination PTX/FLX (Fig. 9).
Nevertheless, statistical analysis revealed no significant difference
among the treated groups, the LPS/CMS exposure and the controls;
regarding the frequencies of central zone entries, grooming and
defecation frequencies. The differences among the studied groups
were statistically significant as calculated by Kruskal-Wallis
nonparametric test for the different behaviors scored in the OFT; (i)
ambulation frequency [KWS = 30.43, p < 0.0001], (ii) Central zone
entries [KWS = 6.37, p = 0.4971], (iii) latency to leave the central zone
[KWS = 6.37, p = 0.497] (iv)rearing [KWS = 36.55, p < 0.0001], (iv)
grooming frequency [KWS = 13.93, p = 0.0524] and (v) defecation
frequency [KWS = 5.14, p = 0.6425].

FLX treatment induced a significant decrease in the LPS/CMS-in-
duced anxiogenic behavior apprehended from the notable 48.97% de-
cline in the latency time to leave the central zone compared to the LPS/
CMS group (Fig. 9b). Moreover, rats treated with FLX demonstrated an
enhanced locomotor activity; manifested through the significant 100%
elevation in the rearing frequency “vertical locomotor activity” com-
pared to the LPS/CMS group (Fig. 9C). However, FLX treatment didn't

15

show any significant improvement in the ambulation frequency and
central zones entries.

Regarding the PTX treatment, it only showed an improvement in the
rearing frequency (2.15 fold) compared to the LPS/CMS exposure
(Fig. 9C). Although the PTX-treated rats showed a statistically insig-
nificant decrease in the latency time in comparison to the LPS/CMS by
(10.03%), yet the scored latency time was statistically insignificant
from that scored in the C-PTX group and significantly higher than that
of C-SAL group (2.03 fold). Notably; the latency time in the C.PTX
group was significantly higher than the C.SAL, while the C.FLX and the
C.PTX/FLX were non-significantly different from the C.SAL. Thus,
pointing out to the impact of PTX administration on the latency time
even in the absence of any stressful stimuli.

Rats treated with the combination PTX/FLX demonstrated a sig-
nificant increase in the rearing frequency (1.69 fold) (Fig. 9C) and a
significant lowering of the latency to leave the central zone (44.54%)
(Fig. 9B) compared to LPS/CMS.

3.2.6. Effects of FLX and PTX treatment (either alone or in combination) on
the changes in the hippocampus ultra-structure induced by LPS/CMS
combined model

Administration of PTX, FLX and their combination to animal ex-
posed to LPS/CMS model showed an improvement of the neurodegen-
erative changes of hippocampal neurons. In such neurons the nuclear
membrane appeared regular and intact with fewer vacuolization in the
cytoplasm. At a higher magnification the mitochondria displayed a
noticeable structural improvement elucidated via the apparent intact
mitochondria with preserved cristae (Fig. 7b).

4. Discussion

This study highlights the multifaceted communication between the
immune, neural and endocrine systems particularly on the sequels of
stress-induced dysregulation in any/all of these systems on mitochon-
drial resilience capacity and hippocampal energy metabolism.

Interestingly, this report associated repeated challenge with low
dose LPS to be attenuating, rather than priming, the subsequent CMS
responses compared to the study of Elgarf et al. [25]. Such finding
supports the concept that environmental factors, such as day-night
variations and endogenous rhythms, can also affect immune function
and sickness behavior expression [53-59].

The LPS/CMS showed a typical depressive profile (OFT and SPT)
and physiological indices (CORT and weight gain) comparable to the
well validated CMS model, confirming the face validity of the adopted
combined LPS/CMS model [60]. In fact, multiple experimental evi-
dences have documented the occurrence of theses behavioral changes
with either manipulation (LPS or CMS) when applied separately. In this
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Fig. 8. Effects of FLX and PTX treatment either alone or in combination on
the behavioral examination of rats exposed to the combined stress model
LPS/CMS.

Bar graphs illustrating changes in: (A) Final weight gain; (B) 24-hr SPT; (C)
FST. Data are presented as mean + S.E.M. C.SAL (n = 11), CFLX (n =9),
C.PTX (n=11), CPTX/FLX (n=11), LPS/CMS (n = 18), LPS/SAL-FLX
(n = 18), LPS/SAL-PTX (n = 17), LPS/SAL-PTX/FLX (n = 16). For comparisons
among groups, one-way ANOVA followed by the post hoc “Tukey's Multiple
Comparison Test” was utilized. *p < 0.05 significant in comparison to C.SAL,
@ < 0.001 significant in comparison to C.FLX, 'p < 0.05 significant in
comparison to the LPS/CMS, f p < 0.001 in comparison to LPS/CMS-
FLX, < SUP > W¥ < /SUP >p < 0.001 in comparison to LPS/CMS-PTX/
FLX.Non-stressed: Control groups not subjected to stress; Stressed: Challenged
with the combined LPS/CMS model; C.SAL: Control saline; FLX: Fluoxetine
(10mg/kg ip.); PTX: Pentoxiphylline (100mg/kg 1i.p); LPS:
Lipopolysaccharides (50 pg/kg i.p., every other day, a total of six doses); CMS:
Chronic mild stress (4 weeks).

16

Life Sciences 239 (2019) 116869

line several studies in our lab and in others, reported the association of
CMS with the anhedonic behavior (decreased SP) [11,25,36,48,61-63],
decrease in locomotor activity (horizontal and vertical) [36,61,64,65]
as well as the increase in the anxious behavior in the OFT [66] and
desperate behavior in the FST [11,25,60]. Chronic administration of
FLX, PTX and their combination, successfully attenuated the LPS/CMS
induced elevation in the despair behavior observed in the FST, the
anxious behavior in the OFT and the elevated serum CORT. However
neither single treatments (FIX or PTX) nor their combination was cap-
able to improve the LPS/CMS induced decline in the SP.

TLRs expression is not static, but rather, modulated by pathogens,
cytokines, and environmental stresses [67,68]. In essence, animals ex-
posed to LPS/CMS showed an enhanced expression of TLR4 and its
signaling cascade. A plausible explanation for such increment may be
attributed to the stress-induced translocation of intestinal endotoxin
“leaky gut” [29,69]. A further evidence supporting the role of TLR4 in
mediating stress-induced neuroimmune/inflammatory interaction was
the observation that TLR4-deficient mice show lower inflammatory
response in the brain and a better behavioral outcome in response to
immobilization stress [70].

The activation of TLR4 triggers pro-inflammatory transcription via
its adaptor protein MyD88 which culminates in the activation of the
transcriptional factor NFxB, all of which enhancing the production of
PICs such as TNF-a [71,72]. In the present study, the enhanced ex-
pression of TLR4 was associated by an augmented expression of MyD88,
NFkB, and tissue TNF-a (Figs. 2 and 6); findings that are in harmony
with previous studies highlighting the role of TLR4 and its downstream
players in triggering stress-induced cellular and behavioral changes
[73,74] in experimental animals [4,70,75] and in clinical trials [30,31].
FLX treatment decreased the expression of TLR4, NFkB and TNF-a
content compared to LPS/CMS, suggesting a potential anti-in-
flammatory activity of FLX (Fig. 6). A plausible explanation provided
by Lim et al. [76] emphasized the protective effect of FLX in the delayed
damaging processes activated in the post ischemic brain via suppression
of NF«B activity and attenuation of TNF-a in post ischemic brain after
reperfusion. PTX, a methylxanthine derivative used for its hemorheo-
logical properties, has proved to inhibit transcription of TNF-a [77,78].
Former studies from our lab documented the protective effect of prior
treatment with PTX in both CMS [36] alone and in LPS/CMS combined
model [25]. Indeed, in the present investigation, PTX provided a
comparable anti-inflammatory effect to that of FLX in LPS/CMS pro-
tocol manifested as a reduction of the expression of TLR4, MyD88,
NF«xB and TNF-a level (Fig. 6). The aforementioned reductions were
associated with attenuation in the CORT levels observed in the PTX-
treated group in comparison to both SAL/CMS and LPS/CMS groups in
line with previous studies done in our lab on CMS [36] and the com-
bined LP/CMS model [25].

PTX/FLX exerted a synergistic neuroprotection compared to LPS/
CMS suggesting that the neuroprotection against CMS could be
achieved by diverse approaches that taper PICs functioning. This
finding is in accordance with a previous clinical study done by our lab
testing the efficacy of adding PTX regimen to escitalopram in depressed
geriatric patients (data not published). In the aforementioned study, it
was observed that the need to escalate the dose of escitalopram, was
more frequent in the placebo group than in the group receiving PTX.
Also, the number of patients achieving remission, compared to re-
sponders, after 3 months follow-up, was higher in the PTX group. Thus,
the study helped as a proof-of-concept adding to our reported lab
workups, advocating its usefulness as an add-on therapy to other anti-
depressants, especially against inflammatory cytokines induced de-
pression; hence reducing resistance to antidepressants.

Multiple studies delegate the intersection of inflammatory responses
and mitochondrial biogenesis as an important mechanism for mediating
neuronal neuroprotection against variable stressful stimuli [17,79-81].
Such finding supports the notion that stress-induced post inflammatory
induction of mitochondrial quality control processes, particularly
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Fig. 9. Effects of FLX and PTX treatment either alone or in combination on the behavioral changes in open field test.

Box-Whisker graph illustrating changes in the OFT in rats exposed to different stressful protocols; (A) Total ambulation; (B) Latency to leave the center zone; (C)
Rearing. Data are presented as median/interquartile range. C.SAL (n = 11), C.FLX (n = 9), C.PTX (n = 11), C.PTX/FLX (n = 11), LPS/CMS (n = 18), LPS/SAL-FLX
(n = 18), LPS/SAL-PTX (n = 17), LPS/SAL-PTX/FLX (n = 16). For comparisons among groups Kruskal-Wallis Test followed by post hoc “Dunn's Multiple
Comparisons Test” was utilized. *p < 0.05 significant in comparison to C.SAL, /p < 0.05 significant in comparison to the LPS/CMS, p < 0.05 in comparison to
LPS/CMS-FLX, < SUP > W < /SUP > p < 0.05 in comparison to LPS/CMS-PTX/FLX.Non-stressed: Control groups not subjected to stress; Stressed: Challenged
with the combined LPS/CMS model; C.SAL: Control saline; FLX: Fluoxetine (10 mg/kg i.p.); PTX: Pentoxiphylline (100 mg/kg i.p.); LPS: Lipopolysaccharides (50 ug/
kg i.p., every other day, a total of six doses); CMS: Chronic mild stress (4 weeks).

mitochondrial biogenesis may maintain homeostasis via supporting
metabolic functions and cell viability [82]. Among the variety of sig-
naling pathways, PGC1-a, has been identified as a crucial coordinator
of mitochondrial biogenesis in response to stressful stimuli [8,83].
Downstream of PGC-1a, the nuclear transcription factor NRF-1 [16,83]
which up-regulates the mitochondrial transcription factor TFAM that is
essential for the initiation of mt-DNA replication [83]. Indeed, in the
present study, (LPS/CMS) showed a significant decrease in the ex-
pression of the PGCl-a, NRF1, TFAM as well as the mt-DNA copy
number; reflecting a deficiency in the mitochondrial biogenesis ma-
chinery. These novel findings in an animal model of depression are in
harmony with recent reports that observed the association of altered
mt-DNA content with disturbed mitochondrial functions in depressed
patients [84-87]. In this vein of special relevance, Kim et al. associated
decreased mt-DNA content with depression in old women [86]. Such
findings propose that mt-DNA content may be a useful marker of mi-
tochondrial dysfunction and the defective repair mechanisms (parti-
cularly mitochondrial biogenesis) in stress-induced depressive disorder.

Interestingly, the attenuation of the TLR4/NF«B signaling via FLX,
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PTX and PTX/FLX prevented the LPS/CMS-induced downregulation of
PGC-1a and its consequent mitochondrial biogenesis machinery. This
came in agreement with earlier studies reporting the association of
TLR4/NFxB, activation and the repression of genes encoding PGC-1a
[88] and the enhancement of mitochondrial dysfunction [89].

An intricate inter-relationship exists between the PGC-1a mediated
transcriptional control of mitochondrial biogenesis and crucial meta-
bolic signaling pathways [8,83]. In fact, cellular energy deficit mani-
fested by an increase in the AMP/ATP ratio induce PGC-1a phosphor-
ylation via the metabolic sensor AMPK [90]. An additional metabolic
marker assuring the energy deficit state in the stressed rats was AEC.
Notably, AEC ratio represents the amount of the metabolically available
energy which is stored in the TAN pool [42]. Accordingly, AEC value
provides a quantitative assessment of the cellular energy status. In
conditions of homeostasis, AEC is strictly controlled with values ran-
ging from 0.5 to 0.9 indicative of healthy cells. Values of 0.55-0.75
indicate the negative effect of a stress factor inducing the consumption
of energy for defense mechanisms, whereas values below 0.5 accom-
pany cell death [43]. Consequently, it is expected that in presence of
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any metabolic stress and higher energy requirement, that cells will react
with a depletion of ATP and a simultaneous increase in the AMP levels
and a significant decrease of AEC [44]. Noteworthy, in the current in-
vestigation, LPS/CMS stressed hippocampal tissue showed a decline in
the energy status, manifested as a decrease in AEC (0.56) paralleled
with an increase in AMP/ATP ratio and p-AMPK, indicating high me-
tabolic stress (Table 5).

Inconsistently, in the present study the LPS/CMS-induced increase
in the AMP/ATP ratio and p-AMPK (Table 5) were corroborated with a
paradoxical decline in PGCl-a, NRF1, TFAM and mt-DNA content
(Fig. 5a). A plausible explanation for this paradoxic finding may be
attributed to the notion that p-AMPK may exhibit a bidirectional re-
sponse via either favoring mitophagy (the destruction of defective mi-
tochondria) or mitochondrial biogenesis. This may be attributed to the
fact that AMPK serve as a link between PGC-1a regulated mitochondrial
biogenesis and the target of rapamycin complex 1 (TORC1) [91-94].
Accordingly, it may be assumed that AMPK is a double edged metabolic
sensor; where it could enhance the synthesis of new mitochondria
through its activation of PGC-1a and at the same time promote the
clearance of defective mitochondria while suppressing cell growth. In a
further support for the probable link between highly elevated p-AMPK
and mitochondrial loss and the consequent induction of depressive
[95], reported that sustained AMPK activation might be a mechanism
by which chronic CORT treatment causes depressive-like behavior in
male mice. These findings fall in line with the chronic elevation of
serum CORT (Table 6) observed in the LPS/CMS group. Furthermore,
our findings are in line with Schilling et al. [88], who reported that LPS-
induced stimulation of the TLR4/NF«B was associated with an elevation
of p-AMPK and a down regulation of PGC1-a, arguing that AMPK is not
upstream of the metabolic regulation manifested by PGC1-a.

In a previous study we reported that CMS was associated with
hippocampal apoptosis and impaired energy metabolism [11] mani-
fested by AEC below 0.55 that was successfully enhanced upon par-
oxetine treatment. Indeed, in the present study, rats treated with FLX,
PTX as well as their combination showed a decline in the p-AMPK level
that was accompanied by a further improvement in the cellular energy
status as manifested via the increase AEC and the decrease in AMP/ATP
ratio as well as was an increase in the expression of PGCl-a, NRF-1,
TFAM and mt-DNA. Thus, down-regulation of the p-AMPK may have a
neuroprotective role (Table 6). Notably, Venna et al. reported that
down-regulation of p-AMPK contributed to the neuroprotective effects
of ischemic preconditioning, an effect that was obliterated in AMPK
knockout mice [96].

Apart from the stress-induced quantitative deficiency of the mi-
tochondrial content, another structural mitochondrial imperfection was
also observed in this study. Electron microscopy examination showed
mitochondrial membrane structural changes as well as distorted re-
miniscent cristae in electron micrographs (Figs. 3b and 5b). This
finding is consistent with that from a previous reported by Gong et al.
associating mitochondrial dysfunction and ultra-structural damage in
the hippocampus of rats exposed to CMS [97]. Accordingly, the afore-
mentioned findings extend our previous observations that chronic stress
induced depressive behavior was associated with apoptosis and de-
ranged energy metabolism [11], to further include altered transcrip-
tional, structural, and functional mitochondrial activity as other
members in the scenario of the stress-induced problematic mitochon-
dria.

It's relevant to note that the enhanced antidepressant behavioral
effects observed by the combined treatment (PTX/FLX) may be attrib-
uted to the interactions among monoamines, mitochondrial functions
and inflammation; as previously suggested by Gardner and Boles [9]. A
finding that could lend further credence to what was reported in our
lab, regarding the efficacy of adding PTX to the SSRI “escitalopram”
(vide supra). The observed augmentation in the enhancement of the
markers of mitochondrial biogenesis as well as the improvement of the
hippocampal energy status offered by adding PTX to FLX treatment in
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the presented study, would highly implicate such a combination in the
treatment of MDD patients.

5. Conclusion

Taken all together, we can presume that mitochondrial abnormal-
ities may be a contingent factor in stress-induced depression and altered
cerebral energy metabolism. These observations may nominate the
mitochondrial targeted pathway as a promising gateway therapy for
providing neuroprotection. Indeed, in our study we proposed that the
combined stress model LPS/CMS prompted an initial cross talk between
the activated TLR4-dependnt NFxB and the consequent suppression of
the PGC1-a induced regulation of mitochondrial biogenesis and energy
metabolism. FLX and PTX treatment reversed the TLR4-induced energy
metabolic reprogramming via enhancement of the PGCl-a/NRF1/
TFAM signaling independent on the metabolic energy sensor p-AMPk.
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