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Abstract

Background: Neonatal bacterial infections have been re-
ported to cause white matter loss, although studies con-
cerning the influence of infection on the expression of my-
elin and aging are still in their emerging state. Purpose: The
present study aimed to investigate the effects of perinatal
lipopolysaccharide (LPS) exposure on the myelination at dif-
ferent age points using histochemical and immunocyto-
chemical techniques and the relative motor coordination.
Methods: A rat bacterial infection model was established by
exposing the neonatal rats with LPS (0.3 mg/kg body weight,
i.p., on postnatal day (PND) 3 followed by a booster at PND
5) and its impact was studied on the myelination and motor
coordination in young, adult, and senile rats. Results: The
results obtained suggest that the administration of LPS in-
duces demyelination, predominantly in cortex and corpus
callosum. Low expression level of myelin oligodendrocyte
glycoprotein (MOG) was observed at all time points, with
prominence at 12, 18, and 24 months of age. In addition, re-
duced staining with luxol fast blue stain was also recorded

in the experimentals. With the increasing demyelination and
declining motor ability, LPS exposure also seemed to accel-
erate normal aging symptoms. Conclusion: There is a direct
correlation of myelin damage and poor motor coordination
with age. This would provide a better incite to understand
inflammation-associated demyelinating changes in age-as-
sociated neurodegenerative disorders. Since, no long-term
studies on behavioral impairments caused by LPS-induced
demyelination in the central nervous system has been re-
ported so far, this work would help in the better understand-
ing of the long-term pathological effects of bacterial-in-
duced demyelination. © 2017 S. Karger AG, Basel

Introduction

Demyelinating diseases like multiple sclerosis (MS)
and cerebral palsy are major concerns for neurological
research as these diseases are the main threat for neuro-
logical mortality. Previously, white matter damage was
reported to be associated with MS only [1], but now it is
found that it also increases the risk of acquiring psychiat-
ric and neurobehavioral disorders as in schizophrenic [2]
and Alzheimer’s patients [3]. Hence, demyelination and
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white matter degeneration is getting increasing impor-
tance in scientific research [4].

The transmission of signals in the nervous system is
largely by way of long nerve cell processes, which are in-
sulated with myelin sheath synthesized by myelinating
cells. These specialized myelin-forming cells can be the
target of specific diseases, leading to loss of function of ef-
fective signalling between nerve cells [5]. Demyelination
has been reported in a multitude of conditions, viz., mal-
nutrition, exposure to toxicants, viral and bacterial infec-
tions, trauma, genetic deficits, etc. Inflammation is in-
creasingly being linked to several brain disorders, but how
neuroinflammation may influence myelin damage re-
mains to be established [6-8]. Bacterial Infections are the
most common cause of the human infectious diseases.
Many bacteria are pathogenic to humans and carry viru-
lent genes or RNA or cell wall protein that causes patho-
genic inflammatory responses in the host leading to death
following severe sepsis [9]. Few important demyelinating
diseases caused by bacterial infection are MS by Chlamyd-
ia pneumonia and gut bacteria, acute disseminated en-
cephalomyelitis by Mycoplasma pneumonia and Campy-
lobacter jejuni, acute hemorrhagic leucoencephalitis by M.
Pneumonia, progressive multifocal leukoencephalopathy
by M. Pneumonia, and rheumatoid arthritis by Escherich-
ia coli [7, 10]. Lipopolysaccharide (LPS), an endotoxin of
gram-negative bacteria has the potential to activate innate
immune response in a host by binding to the toll-like re-
ceptor-4 [11]. It activates the glial cells, that is, astrocytes
and microglia and upregulates the release of a cascade of
pro-inflammatory cytokines and interleukins such as tu-
mor necrosis factor, interleukin-1f, and interferon gam-
ma [12, 13]. Both developing and mature neurons and glia
possess numerous pro-inflammatory cytokine receptors,
which make them susceptible to inflammation-assocaited
damage [14]. The neuroinflammatory response was re-
ported to occur with weight loss [15, 16], neurodegenera-
tion [17], white matter damage [18], and cognitive and
affective disorder [19]. Since LPS can reproduce many of
the neuroinflammatory complications, it has been consid-
ered as the most established animal model for investigat-
ing the impact of bacterial-induced neuroinflammation
[12, 17, 20]. Demyelination induced by bacteria can be
studied by analyzing the molecular changes in the unique
myelin axonal proteins like proteolipid protein, myelin
basic protein, myelin-associated glycoprotein, and myelin
oligodendrocyte glycoprotein (MOG) [7].

Thus, in order to understand the demyelination effects
of bacteria, we developed a rat bacterial infection model
by exposing the neonatal rats with LPS, a common bacte-

Neonatal LPS Causes Demyelination and
Behavioral Deficits in Rat Brain

ria-associated molecular pattern and experimentally de-
termined its impact on the myelination in young, adult,
and senile rats. Specifically, we aimed to unravel whether
LPS-infected animals differ in their myelin content along
their life span, if so, whether it would affect their motor
ability. Since, no long-term study on the behavioral im-
pairments caused by LPS-induced demyelination has
been reported so far, this work would help us to under-
stand the long-term pathological implications of bacte-
rial infection-assiciated demyelination.

Methods

Experimental Animals

The Sprague Dawley rats were procured from the in-house ani-
mal stock of the departmental animal house and maintianed on
standard conditions viz., 12:12-h light-dark cycle, controlled tem-
perature of 23 + 2°C, and 50-65% humidity. The standard rat pellet
feed and water ad libitum were given to all animals. The experi-
ments were pre-approved by the Institutional Animal Ethics Com-
mittee of Jiwaji University, Gwalior, and animal sufferings were re-
stricted to minimal level during the experimental procedures. The
animals were put for breeding with 2 females and 1 male per cage,
overnight. The mating was confirmed next morning by vaginal
smear test and the presence of sperms in the vaginal smear con-
firmed the fertilization and the day was considered as gestation day
0. The female dams found pregnant were separated and housed in-
dividually in a cage for providing extra comfort/care. The day when
pups were born was designated as PND 0. After parturition, litter
size and weight was recorded, and pups were routinely monitored.

Intraperitoneal Infusion of LPS

An in vivo bacterial infection model was created by injecting
LPS at a dosage of 0.3 mg/kg body weight intraperitoneally on
PND 3 followed by a booster dose at PND 5. For the purpose, 1 mg
of LPS procured from Sigma Aldrich (E. coli, serotype O111:B4)
was dissolved in 2 mL of sterilized phosphate-buffered saline (PBS)
and injected to the pups using a Hamilton microsyringe and a
Stoelting Nanoinjector for precise volume and constant flow rate.
This group comprised the “LPS Group,” while the age-matched
pups injected with equal amount of PBS served as “Control group.”

Perfusion and Tissue Preparation

For the histochemical studies, brains were perfusion fixed at
various age points, that is, 3, 6, 12, 18, and 24 months, from both
the groups. The rats were deeply anesthetized with diethyl ether
and perfused transcardially with chilled PBS (0.01 M; pH 7.4) fol-
lowed by 2% paraformaldehyde prepared in PBS. The brains were
dissected out and occipitotemporal region was sectioned and fixed
in the same fixative at 4°C overnight. Next day, the tissues were
washed with phosphate buffer to remove excess fixative and cryo-
protected with 10, 20, and 30% sucrose gradients prepared in phos-
phate buffer at 4°C. Fifteen micrometer thick coronal sections
were cut using Leica Cryostat CM1900. The sections were collect-
ed on chrome alum gelatin-coated slides and stored at -20°C for
histochemical studies.
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Histochemical Studies

Luxol Fast Blue Staining

Randomly selected cryosections from each group and age (3,
6,12, 18, and 24 months, n = 3) were washed in distilled water for
5 min and dehydrated through ascending series of ethanol, that
is, 30, 50, 70, and 90%, 5 min each. The sections were then stained
in preheated (57°C) luxol fast blue stain (LFB; 0.1 g LFB in 100
mL of 90% ethanol and 0.5 mL of 10% glacial acetic acid) over-
night. Sections were washed in 95% alcohol and differentiated
with lithium carbonate solution (Himedia; 0.25 g lithium carbon-
ate in 500 mL distilled water) followed by differentiation in 70%
alcohol, 3-4 dips. These LFB-stained sections were counter-
stained with 0.1% Cresyl Violet (pH 3.5, Sigma) for 10 min. The
sections were rinsed in distilled water, air dried at 37°C for 2 h,
dehydrated in n-butanol, and cleared in xylene for 10 min. The
sections were finally mounted with DPX and viewed under the
microscope.

Anti-MOG Immunohistochemistry

Cryosections from each time point (i.e., 3, 6, 12, 18, and 24
months, n = 3) and groups were washed thrice in PBS for 5 min
each and then treated with 0.5% Triton X-100 (Sigma) for 30 min
for membrane permeabilization. The sections were again washed
thrice with PBST (0.1% Tween 20 added to PBS), for 5 min each,
and incubated with 10% normal goat serum (Sigma) diluted in
PBS for 2 h in a humid chamber to block non-specific proteins.
Subsequent to this, the sections were incubated with rabbit poly-
clonal anti-MOG antibody (1:100; MOG, Abcam, ab32760) di-
luted in 5% bovine serum albumin in PBS with 0.5% Tween 20,
overnight at 4°C. Next day, the sections after washing thrice with
PBST were incubated with anti-rabbit tetramethylrhodamine la-
belled secondary antibody (1:200; Sigma) diluted with 5% BSA
and 0.5% Tween 20 in PBS (Sigma) for 2 h in dark at room tem-
perature. The sections were then washed well in PBS for 5 x 10
min and mounted with Vector hardset with DAPI, stored at 4°C
for imaging.

Image Acquisition and Analysis

Image acquisition and analysis was done by using Fluorescence
microscope (Leica DM6000) equipped with LAS version 4.2 (Leica
Application Suite) software for LFB bright field imaging and LAS
AF for fluorescent (MOG) imaging.

Neurobehavioral Studies

Grip Strength Test

Forelimb neuromuscular strength of control and LPS-treated
animals (n = 12) was assessed by using Grip strength meter (Co-
lumbus, OH, USA) as described by Naik et al. [21]. The animal was
handled with its tail and placed carefully over the pull bar assem-
bly/metallic grid (76 x 250 mm) of the instrument and allowed to
hold the grid through its forelimbs. The animal was then gently
pulled back in a straight horizontal line until the grip was released.
The peak force was recorded automatically via computer interface,
RS-232, and software 1.19. For analysis, 7 readings per animal were
recorded and mean value was calculated.

Rotarod Test

Motor coordination of both control and treated animals (n =
12) was analyzed using a Rotarod instrument procured from Co-
lumbus Instruments, USA. The instrument consists of a semi-en-
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closed chamber with a series of 32 infrared beams and a rotating
rod suspended at a height of 35 cm above the floor. All the experi-
ments were done at the consistent room conditions (light and tem-
perature) and timing to avoid any variations. Prior to final record-
ings, the animals were acclimatized for 3 consecutive days, 4 trials/
day. First 3 trials were given at the speed of 10 rpm for a total du-
ration of 100 s and the fourth trial was given at 40 rpm for 420 s to
ensure better acclimatization. The final readings were acquired by
running the animals at a speed of 40 rpm for 420 s and the total
time spent by the animals on the accelerating wheel of rotarod was
automatically recorded by the photocells as the falling latency time
using Rotamex 5 software. Average of 4 readings was taken as a
single mean value for each animal [22].

Statistical Analysis

Data were statistically analyzed using SigmaStat 3.5 software
and expressed as mean + SEM. Unpaired ¢ test for inter group com-
parisons followed by Holm-Sidak test was done. p value of <0.05
was considered as significant and <0.001 as highly significant.

Results

Neonatal LPS Exposure Leads to Reduced White

Matter Density and Demyelination at Adulthood

and Senility

The forebrain consists of most of the white matter in-
cluding the fiber tracts of cerebral cortex, corpus callo-
sum, the largest white matter structure, which connects
2 hemispheres and subcortical tracts of limbic system.
First, the effect of neonatal infection of LPS was studied
in 3, 6, 12, 18, and 24 months old rat brains by staining
the white matter (WM) with luxol fast blue. From the
mild staining of WM with luxol fast blue in the LPS
group rats, it was evident that there was a consistent re-
duction in WM density in all age groups studied, spe-
cifically from 6 months onwards with gradual amplifica-
tion of axonal damage. The corpus callosum of 3 month
rats of both groups was still developing with less bundle
thickness and was fully developed with huge fibrous WM
by 6 months. But the corpus callosum of 6 months LPS
group rats (Fig. le) was less dense with diffused margin
fibers when compared to the age-matched control
(Fig. 1a). Several small oblique lesions with cellular infil-
trations revealed that LPS infection damages the cytoar-
chitecture of corpus callosum in developing rat brain.
The corpus callosum of 12, 18, and 24 months adult con-
trol group was densely packed with fibers having high
myelin content and thickness (Fig. 1b—d). In contrast, the
LPS group rats (Fig. 1f-h) showed cellular atrophy and
significant loss of myelin with less dense, dispersed, frag-
mented thinner fibers with poor margins. It was shown
that irrespective of the increased myelination in young
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24 M

Fig. 1. a-h Light microscopic images of the luxol fast blue stained sections from both the control and LPS-treat-
ed groups at various age points showing the myelin degeneration following neonatal LPS exposure (n = 3). LPS,
lipopolysaccharide; CC, corpus callosum; M, months; scale bar = 100 pm.

control rats, LPS induced chronic demylination, trigger-
ing the intiation of early onset of aging and degeneration.
Further, in senile 24-month-old rat group, the progres-
sive WM damage with disorted structural symmetry was
obrserved in the LPS group (Fig. 1h) as compared to the
control (Fig. 1d).

The demyelinating effects of LPS were further con-
firmed and elucidated with anti-MOG immunolabeling.
MOG is the surface protein found on the outermost la-
mellae of axonal myelin sheath and mature oligodendro-
cytes and is actively involved in myelination of central
nervous system (CNS). By targeting this myelin marker
protein using an anti-MOG antibody, we can effectively
visualize the specific morphological changes in the my-
elination of WM tracts. Our results show a weak immu-
nolabeling with anti-MOG following neonatal LPS expo-
sure at all the age points, that is, 3, 6, 12, 18, and 24
months (Fig. 2), as compared to their age-matched con-
trols. Neonatally exposed animals presented significant
demyelination at the age of 12 months as evident from
the loss of compaction and weak labeling of the corpus
callosum fiber bundles (Fig. 2d) with respect to the
12-month-old controls (Fig. 2c). At 18 months of age,
fiber bundles were disorganized with demyelinating le-
sions (Fig. 2f). The aging effects were prominent in con-
trol animals as well when compared within groups
(Fig. 2a, ¢, d, g). However, at 24 months of age, not much
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difference was seen in the neonatally LPS exposed group
and the respective control as far as the intensity of im-
munostaining is concerned, except the diffuse staining of
the fibers (Fig. 2g, h).

When compared with the huge fibrous corpus callo-
sum, less dense cortical WM was found to be the severe
target of LPS infection. The LPS sections showed well-
defined demyelinated lesions in the cortex of all age
groups, that is, 3, 6, 12, 18, and 24 months, as compared
to their age-matched control (Fig. 3). In control, with in-
creasing age, there was reduction in the cortical fibers
myelination, but in LPS group, the cortex was severely
demyelinated with only very few fibers labeled with anti-
MOG antibody (Fig. 3a-j). This may suggest that the nor-
mal aging symptoms were futher amplified and acceler-
ated by the LPS infection, which could lead to several neu-
rodegerative problems characterized with motor
abnormalities.

Lowered Neuromuscular Strength Following Neonatal

LPS Treatment

Significant reduction in grip strength was recorded in
the LPS-treated animals as compared to the control ani-
mals, at all age points examined, that is, 3 months (t(;2) =
3.737, p < 0.001), 6 months (t;2) = 6.693, p < 0.001), 12
months (t(2) = 9.486, p < 0.001), 18 months (t(;2) = 7.839,
p < 0.001), 24 months (t() = 7.782, p < 0.001). Increase
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Fig. 2. a-h Immunofluorescence images of the corpus callosum of
the rat brain sections immunolabeled with anti-myelin oligoden-
drocyte glycoprotein antibody and visualized with tetramethyl-

rhodamine at various age points depicting the loss of myelinated
fibers following neonatal LPS exposure (n = 3). The demyelinating
lesions are indicated with dotted rectangle. Scale bar = 100 um.

CON

LPS

Fig. 3. a-j Immunofluorescence images of the cortical region of the
rat forebrain, immunolabeled with anti-myelin oligodendrocyte
glycoprotein antibody and visualized with tetramethylrhodamine
at various age points depicting the loss of myelinated fibers follow-

in neuromuscular activity of control animals from 3 to 6
months suggests the duration of fast development and
decline from 6 to 24 months loss of strength due to nor-
mal aging. However, a consistent and significant reduced
neuromuscular strength in neonatally LPS challenged
rats at all age points from 3 to 24 months of age clearly
indicates the impaired muscular ability (Fig. 4).
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ing neonatal lipopolysaccharide exposure as compared to the age-
matched controls (n = 3). The demyelinating lesions are indicated
with dotted rectangle. Scale bar = 100 um.

Poor Motor Coordination Following Neonatal LPS

Treatment

In addition to the poor neuromuscular strength, the
LPS exposed rats also performed significantly poor on the
rotating rod of the rotarod at all age points. That is, 3
months (t(;2) = 7.153, p < 0.001), 6 months (t(;2) = 4.002,
p <0.001), 12 months (t;2) = 5.82, p < 0.001), 18 months
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Fig. 4. Graph showing the grip strength performance of the fore-limbs of control and neonatally lipopolysaccha-
ride (LPS)-exposed animals at various age groups. The values are presented as mean * SE of the neuromuscular
strength. *** p < 0.001 for LPS vs. control (n = 12; t test followed by post hoc Mann-Whitney rank sum test).

Latency to fall, s

Motor coordination

H Control
B LPS

Fig. 5. Graph showing the performance of 3M 6M 12M 18 24

the animals as total time spent on the ac- Age, months

celerating wheel of the rotarod in both con- Latency to fall, s

trol and neonatally lipopolysaccharide

(LPS)-exposed animals at various age Groups 3M 6M 12M 18M AM

groups. Data are presented as latency to fall Control | 48.12£3.45 54.32+4.54 69.88+6.08 50.77+3.05 4242436
kksk

(mean + SE). *** p < 0.001 for LPS vs. con- LPS [20.95:1.58%%* | 34.89:1.7%%% | 30.18+3.00%%* | 18.02£045%%* |27.99+1.59%%*

trol (n = 12; ¢ test followed by post hoc

Mann-Whitney rank sum test).

(taz) = 10.597, p < 0.001), 24 months (t;z) = 3.666, p <
0.001) than their respective control animals. This sug-
gests that LPS exposure led to poor motor coordination
which persisted throughout their life span. Although the
age-associated impact was clearly evident in terms of in-
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creased duration of keeping balance on rotarod treadmill
or the latency time to fall from 3 to 12 months and subse-
quent decrease till 24 months, there was a highly signifi-
cant reduction in latency of neonatally LPS exposed rats
all age points studied (Fig. 5).
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Discussion

We tested our hypothesis that LPS-induced inflamma-
tion differentially impacts WM density, compactness,
and myelination leading to neurobehavioral deficits. Ear-
ly postnatal exposure of rats to LPS mimics the septicemia
in human infants [23, 24] that can negatively influence
the process of brain development. The developing brain
has several vulnerable and overlapping windows repre-
senting major brain developmental events in structural
formation and maturation. The rat brain develop rapidly
during its early postnatal life with oligodendrogenesis
and initiation of myelination by PND 10-PND 12 in cer-
ebellum with a peak at PND 20 [7]. A comparison of rat
vs. human brain development was projected earlier from
our group [25].

LPS exposure has been variously reported to cause
astrocytic and microglial activation. Prolonged over-ex-
pression of pro-inflammatory cytokines has been exten-
sively reported to cause neuronalloss [12,13,17,26-28].
The present study makes a novel attempt to answer the
questions concerning the long-term impact of early life
bacterial infection on myelination and behavior. Demy-
elinating changes observed in the 3- and 6-month-old
rats and increased WM damage in the corpus callosum
and cortex at 12, 18, and 24 months of age validates the
neuronal and WM degeneration, simulating the cystic
lesions and other severe changes following sepsis or pre-
natal brain injury in human septicemia [29, 30]. The
preferential loss of MOG in the cortical region at all the
time points are comparable with inflammatory demye-
linating lesions of MS, as presented by Lucchinetti et al.
[31, 32]. The histological data validating the loss of my-
elin by neonatal LPS exposure very well exemplifies the
decline in motor behavior. The rotarod task [22, 33, 34],
the notched balance beam test [35], and the grip strength
test [21, 36] have been useful in study of motor impair-
ments following CNS injury. We have also assessed the
impact of demyelination on the motor activity of rats
using grip strength and rotarod test. Poor neuromuscu-
lar strength and impaired motor coordination observed
in the young rats and further decline with age in adult
and senile rats (12 to 24 months) proves that the loss of
myelin caused motor deficits. Our results also explained
the demyelinating lesions in the WM. Cerebral cortex
governs motor activity, and lesions or disorganization in
the WM may promote the occurrence of motor disor-
ders. The WM like corpus callosum is composed of
nerve tracts consisting of myelinated axons, which link
different parts of the brain and transmit nervous influx
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between neurons [37]. WM lesions also hinder the neu-
rotransmission between cerebral structures [38]. The in-
ternal capsule is a link between the cortex and other ce-
rebral structures like the thalamus and basal ganglia in
both rodents and humans. In the latter, these regions
have been significantly correlated with general move-
ment disorders in children who suffered perinatal brain
injury [39]. Direct neonatal exposure of LPS to brain
showed irreversible decline in motor and cognitive ac-
tivities in rats [12]. In contrast to this, there were other
reports showing the motor dysfunction in neonates fol-
lowing maternal LPS exposure but functional recovery
in the adult rats. This shows that the first order bacte-
rial infections had more severe impact on the brain due
to chronic demyelination and neurodenegerative chang-
es. Demyelination and less efficient remyelination of de-
myelinated axons with age were also reported in the
CNS. Such effects were also seen in demyelinating dis-
eases like MS [40, 41]. In 2005, Altmann-Schneider et al.
[42] using magnetization transfer imaging techniques
reported a linear decrease in cortical gray and WM with
increasing chronological age. A progressive myelin
breakdown in the senile brain has been variously report-
ed. This is considered to be largely due to the lipid rich
feature of myelin sheath that renders the myelin more
vulnerable to environmental challenges, infection, mal-
nutrition, etc. At the same time, influence of such infec-
tions on the ultrastructural organization and the integ-
rity of the myelin sheath and their impact on myelin
protein expression remain to be explored in details [43,
44]. In the present study, the downregulation of MOG
has been recorded with advanceing age, following early
life exposure to LPS. MOG being the highly expressed
myelin protein in the mature WM, its reduction in the
corpus callosum and cortex indicates that the neonatal
LPS infection may have chronic effects by downregulat-
ing such myelin proteins, leading to the loss of myelin
compaction, subsequently causing demyelinating le-
sions during adulthood and senility. Thus, it can be in-
ferred that early life infection may have a strong bearing
on the motor ability of an individual during later life and
may be a serious threat toward the development of age-
related degenerative disorders.

Conclusions
Thus, it was concluded from the present study that

early life bacterial infections can cause demyelinating
changes at adulthhod and senilty by altering the expres-
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sion of myelinating proteins. Cortical fibers were found
to be more susceptible to demyelination than the thick
axonal bundle fibers of corpus callosum, and the rate and
extent of demyelination increased linearly with age with
relative decline in the motor activity. Further perspective
studies have to be carried out to understand the relative
impact of demyelination damages in the cognitive, sen-
sory, and behavioral deficits at different stages of the or-
ganism.
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