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Abstract Astrocytes are most abundant glial cell type in
the brain and play a main defensive role in central nervous
system against glutamate-induced toxicity by virtue of
numerous transporters residing in their membranes and an
astrocyte-specific enzyme glutamine synthetase (GS). In
view of that, a dysregulation in the astrocytic activity fol-
lowing an insult may result in glutamate-mediated toxicity
accompanied with astrocyte and microglial activation. The
present study suggests that the lipopolysaccharide (LPS)-
induced inflammation results in significant astrocytic
apoptosis compared to other cell types in hippocampus and
minocycline could not efficiently restrict the glutamate-
mediated toxicity and apoptosis of astrocytes. Upon LPS
exposure 76 % astrocytes undergo degeneration followed
by 44 % oligodendrocytes, 26 % neurons and 10 %
microglia. The pronounced astrocytic apoptosis resulted
from the LPS-induced glutamate excitotoxicity leading to
their hyperactivation as evident from their hypertrophied
morphology, glutamate transporter 1 upregulation and
downregulation of GS. Therapeutic minocycline treatment
to LPS-infused rats efficiently restricted the inflammatory
response and degeneration of other cell types but could not
significantly combat with the apoptosis of astrocytes. Our
study demonstrates a novel finding on cellular degeneration
in the hippocampus revealing more of astrocytic death and
suggests a more careful consideration on the protective
efficacy of minocycline.
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Introduction

Astrocytes outnumber neurons by over fivefold and shape
the microarchitecture of brain by forming the backbone of
grey matter. They provide metabolic and trophic support to
neurons, control extracellular ionic and neurotransmitter
homoeostasis and protect neurons from oxidative stress and
excitotoxicity (Zhao and Flavin 2000; Haydon and Car-
mignoto 2006; Verkhratsky and Butt 2007). Moreover,
neuron astrocyte interaction associated release of neu-
rotrophins, growth factors and neurosteroids by astrocytes
are essential for the development and survival of neurons
(Blanc et al. 1998; Kirchhoff et al. 2001; Garcia-Segura
and McCarthy 2004). With much functional significance
for neurons, any alteration in astrocytic pathway conse-
quent to pathological stimuli may result in neuronal
dysfunction.

Apart from these functions astrocytes by means of GLT
transporters and astrocyte-specific enzyme glutamine syn-
thetase (GS) also play central defensive role in clearing
excessive toxic glutamate to non-toxic glutamine (Choi
et al. 1987; Danbolt 2001; Shaked et al. 2002; Maragakis
and Rothstein 2004), thereby preventing glutamate-induced
neurotoxicity. Among various subtypes 90 % of glutamate
uptake is carried by glutamate transporter 1 (GLT-1) sub-
type (Tanaka et al. 1997). Thus any stress to astrocytes can
impair this function and may cause glutamate-mediated
excitotoxicity. It has been reported that glutamate-medi-
ated toxicity is initiated with the activation of both astro-
cytes and microglia (Kreutzberg 1996; Schousboe et al.
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1997). Activated microglial cells release an array of
proinflammatory cytokines and free radicals which regulate
the expression of glutamate receptors (GluRs) and trans-
porters on activated astrocytes modulating glutamatergic
transmission and resulting in excitotoxic cellular damage
(Tilleux et al. 2007; Tilleux and Hermans 2008). A sus-
tained inflammatory response leading to increased level of
cytokines also causes neuropathological conditions with
impaired astrocytic function (Oliver et al. 1990; Huang and
O’Banion 1998). Such impairment in astrocytic functions
following glutamate excitotoxicity or an inflammatory
response causes their degeneration and in turn alter the
functions of nearby neurons and other astrocytes con-
tributing to the pathogenesis of many acute and chronic
neurological disorders (Suk et al. 2001; Chen and Swanson
2003; Takuma et al. 2004; Endale et al. 2010; Kim et al.
2010a, b). However, it is difficult to establish any direct
contribution to glial or neuronal damage in vivo (Felts et al.
2005).

Lipopolysaccharide (LPS), a bacterial endotoxin is
widely used to mimic systemic inflammatory conditions
with activation of glial cells (microglia and astrocytes) in
brain to synthesize and secrete a variety of neuroactive and
neurotoxic molecules, interleukins and free radicals (Henry
et al. 2008; Ghosh et al. 2014). Activated astrocytes pro-
liferate and produce a variety of inflammatory mediators
such as nitric oxide (NO), TNF-a, etc. that contribute to the
pathogenesis of various neurodegenerative diseases
(Sofroniew and Vinters 2010; Claycomb et al. 2013).
Although there are reports indicating NO-mediated apop-
tosis of astrocytes in rat primary astrocyte culture exposed
to a combination of LPS and inflammatory cytokines but
not by either alone (Suk et al. 2001; Caruso et al. 2007;
Quintas et al. 2014). In vivo studies stating intracere-
broventricular (into lateral ventricle) LPS-induced astro-
cytic response in the hippocampus are scanty.

Minocycline, a semisynthetic tetracycline derivative has
been proved to be neuroprotective by inhibition of micro-
glial activation, apoptosis and suppression of reactive
oxygen species production in various experimental models
of neurological disorders (Plane et al. 2010). In addition,
studies using experimental models of stroke also reported
protective effects of minocycline on astrogliosis (Leonardo
et al. 2008; Cai et al. 2010). Simultaneously other inves-
tigators indicated its ineffectiveness on astrogliosis and
astrocytic apoptosis in stroke model indicating a complex
action of this drug under same inflammatory conditions
(Yrjanheikki et al. 1998; Matsukawa et al. 2009).
Minocycline has also been reported to suppress LPS-in-
duced neuroinflammation by suppressing microglial acti-
vation and associated cascade (Henry et al. 2008), and
enhance oligodendroglial survival following LPS-induced
inflammation (Guimaraes et al. 2010). However, the clear
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evidences as to how minocycline influences the LPS-in-
duced astrocytic activation are still lacking.

This study hypothesizes for the first time that LPS-in-
duced inflammation results in significant astrocytic apop-
tosis in the rat hippocampus via caspase-3-mediated
pathway. Further, we confirm that the astrocytic apoptosis
results from the LPS-induced glutamate excitotoxicity
leading to their hyperactivation as evident from their
hypertrophied morphology, GLT-1 upregulation and
downregulation of GS. However, minocycline could not
efficiently combat with this glutamate-mediated toxicity
and apoptosis of astrocytes.

Materials and Methods
Animals

Forty-five adult Wistar rats (200-210 g) were taken from
healthy stock of SOS in Neuroscience, Jiwaji University,
Gwalior, in housed animal colony. The care and mainte-
nance of all experimental animals was done as per
CPCSEA guidelines. The rats were randomly divided into
three groups as per the experimental design (Table 1).
Animals were housed 3 per cage with dust-free rice husk as
bedding material and maintained in standard conditions
viz., 12 h light:dark cycle and controlled temperature of
23 £ 2 °C. The animals were fed with standard rat pellet
diet and water ad libitum. All the experiments were pre-
approved by the Institutional Animal Ethics Committee
and the efforts were made to minimize the animal suffering
during the experimental procedures.

Induction of Bacterial Infection
by Intracerebroventricular Infusion of LPS

To create an in vivo LPS bacterial infection model, a single
intracerebroventricular injection of LPS was given to each
rat of 200-210 g body weight. The animals were deeply
anaesthetized with a mixture of ketamine and xylazine and
2 ng of LPS (LPS, Escherichia coli, serotype 0111: B4,
Sigma), dissolved in 2 pl of sterilized PBS was injected
unilaterally into the right lateral ventricle at the coordi-
nates: 0.8 mm posterior, 1.8 mm right to midline and
3.0 mm ventral to bregma (Paxinos and Watson 1982)
using a stepper motorized injector mounted on a stereotaxic
apparatus (Stoelting, USA) at a rate of 0.2 pl/min. The
animals were revived from anaesthesia and maintained in
sterilized cages. Half of the LPS-infused animals were
marked as group-II, while other half were therapeutically
treated with minocycline and constituted group-IIl. An
equal volume of PBS was infused similarly in a group of
animals which served as vehicle control group-I.
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Table 1 Experimental design Animal Pool
(Adult female Wistar rats. 3-4 months [age])
(n=33)
]
Control LPS
(n=3, Group |) (50pg/Kg body weight, i.c.v.. n=30)
]
|
LPS infused Minocycline (50mg/Kg) treatment, 72 hours Post-LPS infusion
(n=15, Group Il) (n=15. Group Ill)
| J

| !

Perfusion
(2% Paraformaldehyde)

7. 14, 21. 28 and 42 days post-LPS infusion (DPI)

Cryoprocessing and Cryosectioning

Immunohistochemical Studies

—

Immunoenzymatic method
(Iba 1, GFAP, Caspase-3)
Double Immunolabelling

Immunofluorescence method
Double immunolabelling
(GFAP+ GLT-1; GFAP+ GS)

(GFAP+ Caspase-3: Iba1+ Caspase-3;
NeuN+Caspase-3; MAB1580 + Caspase-3)

Therapeutic Treatment by Minocycline

72 h post-LPS infusion half of the LPS-infused animals
were treated with minocycline hydrochloride (Sigma)
twice daily for seven consecutive days at a dose of 50 mg/
kg body weight. Fresh solution of minocycline was pre-
pared each day by dissolving in sterile endotoxin-free
isotonic 0.9 % saline and administered intraperitoneally
(i.p.)- This group served as group-III.

Perfusion and Tissue Processing

In order to study the time course of the inflammatory
reaction, apoptosis and the protective efficacy of the drug,
rats were sacrificed at different time points, i.e. 7, 14, 21,
28 and 42 day post-LPS infusion (DPI) from all the three
groups. The rats were anaesthetized with diethyl ether and
perfused transcardially first with cold phosphate-buffered
saline followed by 2 % paraformaldehyde prepared in
phosphate buffer (0.01 M; pH 7.4). Fore brain tissues from
the occipitotemporal region were dissected out and post
fixed in the same fixative at 4 °C, overnight. The tissues
were then cryoprotected with sucrose gradients, i.e. 10, 20

and 30 % sucrose in phosphate buffer. Coronal sections of
forebrain from occipitotemporal region through hip-
pocampus were cut at a thickness of 15 um using a Leica
Cryotome CM1900 and collected on chromalum gelatin-
coated slides. The slides were further stored at —20 °C for
immunohistochemical analysis.

Immunohistochemical Studies

Immunohistochemical studies through immunoenzymatic
method were performed to assess the neuroinflammatory
response following LPS infusion at various time points.
Randomly selected cryocut sections from each parameter
were dried at room temperature (RT) and permeabilised
with 1 % triton X 100 (Sigma) in PBS for 30 min. The
tissues were treated with 1 % hydrogen peroxide (Quali-
gens) in PBS for endogenous peroxidase blocking followed
by washing with PBS. Non-specific proteins were blocked
by incubating sections in 1 % normal goat serum (Sigma)
to minimize background staining. The sections were then
incubated with the primary antibodies [anti-Ibal(rabbit
polyclonal, 1:400; Wako, Japan) for microglial activation,
anti-OX-6 (mouse monoclonal, 1:100, Serotec) for MHC I1
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expressing antigen-presenting cells, anti-GFAP (rabbit
polyclonal, 1:2000; Dako, Denmark) for astrocytic activity
and anti-active Caspase-3 (rabbit polyclonal, 1:4000; R&D
Systems) for localizing apoptotic cells] diluted in 1 %
Bovine Serum albumin (BSA, Himedia) in PBS at 4 °C
overnight. Next day the sections were brought to RT
washed in PBS, incubated with anti-rabbit/anti-mouse
biotin-labelled secondary antibody (Sigma) for 60 min at
RT. After washing with PBS, the sections were incubated
with streptavidin—biotin HRP complex (SABC, 1:200;
Amersham) for 60 min. The antigens were visualized by
incubating the sections in chromogen solution containing
0.025 % 3, 3’-diaminobenzidine tetrahydrochloride (DAB,
Sigma) or with 0.025 % DAB enhanced with 2.5 % nickel
sulphate hexahydrate (NiSO,, Sigma) and 0.06 % H,0, for
20 min. The reaction was terminated by washing the sec-
tions with water. The sections were then air dried, dehy-
drated, cleared in xylene, covered with DPX and
coverslipped.

Double Immunolabelling by Immunoenzymatic
Method

To determine the proportion of cell types undergoing
Caspase-3-mediated apoptosis, a sequential staining pro-
tocol was used to avoid problems related to cross reactiv-
ity. The sections were incubated first with primary
antibody, i.e. rabbit polyclonal anti-GFAP (1:10,000;
Dako)/rabbit polyclonal anti-Ibal (1:800; Wako)/mouse
monoclonal anti-NeuN (1:100; Chemicon)/mouse mono-
clonal anti MAB 1580 (1:2000; Oligodendrocyte marker;
Chemicon) prepared in 1 %BSA in PBS overnight at 4 °C.
Next day the sections were buffer washed and incubated
with the appropriate biotin-labelled secondary antibody
(1:100; Sigma) followed by incubation in streptavidin—bi-
otin HRP complex (SABC, 1:200; Amersham). The anti-
gens were finally visualized with 0.025 % 3, 3'-
diaminobenzidine tetrahydrochloride (DAB; Sigma) and
0.06 % hydrogen peroxide. For completely eluting the
primary and secondary antibodies from first staining, the
sections were rigorously washed and incubated with 1 %
NGS for 2 h at RT to block the non-specific protein and
then incubated with second primary antibody, i.e. rabbit
polyclonal anti-active caspase-3 (1:4000; R&D) antibody
at 4 °C, overnight. Third day, the sections were brought to
RT, incubated with anti-rabbit biotin-labelled (1:100;
Sigma) secondary antibody followed by washing with
buffer and further incubation with streptavidin-biotin-HRP
complex (1:200; Amersham). Sections were finally incu-
bated with nickel-enhanced DAB (0.025 %
DAB + 0.06 % H,0, and 2.5 % NiSO, dissolve in 100 ml
of buffer) for antigen visualization. Each of the above steps
was followed by three 5-min rinses in PBS. The sections
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were finally washed with distilled water, air dried, dehy-
drated, cleared in xylene and coverslipped with DPX.

Immunohistochemistry for Glutamine Synthetase
(GS) and Glutamate Transporter-1 (GLT-1)

The expression of GS and GLT-1 in astrocytes was
examined through simultaneous staining double
immunofluorescence method. Cryocut sections selected
from various parameters were air dried at RT and perme-
abilised with 1 % triton X-100. Non-specific proteins were
blocked using 5 % BSA in PBS for 1 h prior to incubation
in cocktail of primary antibodies i.e. guinea pig polyclonal
anti-GLT-1 (1:2000; Chemicon) + rabbit polyclonal anti-
GFAP (1:2000; Dako) and mouse monoclonal anti-GS
(1:2000;  Chemicon) + rabbit polyclonal anti-GFAP
(1:2000; Dako) at 4 °C for 48 h. After 48 h incubation the
sections were washed and further incubated with an
appropriate combination of fluorochrome-tagged secondary
antibodies (Cy3-labelled goat anti-guinea pig IgG 1:500;
Sigma + FITC conjugate anti-rabbit IgG or TRITC con-
jugate anti-mouse IgG + FITC conjugate anti-rabbit IgG)
at a dilution of 1:500 for 1 h in dark. The sections after
proper washing in PBS were finally mounted with Vector
mounting medium i.e. hardset with DAPI and stored at
4 °C in dark.

Quantification and Image Analysis

All immunostained slides were visualized using Leica DM
6000 microscope and the images were captured with a
Leica DFC420 RC digital camera attached to it using Leica
application suite (LAS) software (Leica, Germany). Images
from each parameter were taken from distinct areas of
hippocampus i.e. Cornu Ammonis (CA1, CA2, CA3) and
dentate gyrus (DG) with a total of eight different images,
two per region. Immunoreactivity was quantified using
interactive method of Leica QWin software (Leica, Ger-
many). A total of 8 frames of hippocampal region per
section were randomly selected. The area of each frame
was defined by 21670.9 pm? in order to maintain unifor-
mity for cell count for each representative image. The data
obtained were then converted to number of immunostained
cells per mm? and the mean was calculated. All images
subjected to quantification studies were captured using
identical exposure limit, gain, saturation, shading and filter
to abolish inconsistency in background intensity or false-
positive immunoreactivity across sections.

Statistical Analysis

In order to examine the level of significance the data
recorded was analysed statistically using One Way
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Fig. 1 Light microscopic images depicting LPS-induced microglial
activation and MHC II expression in the CA3 subfield of rat
hippocampus: Microglial activation indicated by activated pheno-
types with shorter and thicker processes, larger cell soma and strong
Iba 1 labelling (blue arrows) and some full blown phagocytic or
amoeboid microglia (green arrow; b) as compared to resting or
ramified microglia with small cell soma and several thin and long
processes in controls (red arrows; a), minocycline treatment effec-
tively attenuated the LPS-induced microglial activation (¢); Enhanced
MHC II expression as revelled by intense OX-6 labelling throughout

Analysis of Variance (ANOVA) followed by Tukey’s post
hoc test using Sigma Stat 3.5 software. Statistical signifi-
cance was preset at P < 0.05.

Results

Protective Approach of Minocycline on Innate
Immune Response Following LPS Infusion

LPS infusion resulted in profound microglial activation as
depicted by the activated and amoeboid morphology in con-
trast to the normal ramified microglia in vehicle controls
(Fig. 1a, b). Some of the microglia got transformed into the

LPS+ Mino

7DPI =i
7DPI

20000
18000 +*

B: MHC II expressing cells

®LPS ®LPS+Mino

Control

7DPI 14DPI 21DP1 28DPI
Days Post LPS Infusion

420DPI

the region (e) in contrast to almost nil in controls (d), minocycline
treatment completely restricted MHC II expression (f). Scale bar
50 um. Morphometric studies revealed a significant increase in both
Iba-1-labelled microglia (A) and MHC II expressing cells (B) after
LPS infusion. The cell count was significantly reduced after
minocycline treatment. Values are expressed as mean £ SEM;
*P < 0.05, **P <0.01, ***P < 0.001 with respect to controls;
#P < 0.05, ¥P < 0.01, "*p < 0.0001 with respect to LPS group
(Color figure online)

antigen-presenting cells as evident by the MHC II expression
on their surface following OX-6 labelling (Fig. 1e). However,
no MHC 1II expressing cells were noted in the respective
controls (Fig. 1d). The cell count for both the total number of
microglia (Fig. 1A)and the MHC Il expressing cells (Fig. 1B)
increased significantly in the hippocampus of LPS group
animals. Astrocytic activation was also observed both in terms
of hyperplasia and hypertrophy. The reactive astrocytes
appeared hypertrophic with numerous longer and thickened
processes and enhanced GFAP expression (Fig. 2b) in con-
trast to the normal morphology in the vehicle controls
(Fig. 2a). A sizeable number of GFAP-labelled dystrophic
astrocytes were also recorded indicating the degenerative
changes. The hyperplasia was evident from a significant
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Fig. 2 GFAP immunostaining revealed astrocytic activation with
hypertrophied (blue arrow) and dystrophic astrocytes (red arrow)
after LPS treatment (b) in comparison with normal star-shaped
astrocytes in controls (a) and reduced activation after minocycline
treatment (c); active caspase-3 immunostaining revealed a large
number of strongly caspase-3-labelled cells in LPS-infused sections
(e) in contrast to controls (d) and drastically reduced after minocy-
cline treatment (f). Scale bar 50 pm. Morphometric studies revealed

increase in cell count of astroglia throughout the hippocampus
(Fig. 2A). Such changes were most prominent in CA3 region
followed by DG and CA 1. Therapeutic minocycline treatment
to LPS-infused animals could effectively restrict the activa-
tion of both microglia (Fig. 1c, f) and astrocytes (Fig. 2c, f) as
well as reduced the population of microglia (Figs. 1A, B) and
astrocytes (Fig. 2A) thereby, suggesting its protective ability
to ameliorate inflammatory response in brain.

Minocycline Restricts LPS-Induced Caspase-3
Mediated Apoptosis

LPS infusion resulted in a significant active caspase-3
immunolabelling that revealed a strong positivity in a large
number of cells throughout the hippocampus (Fig. 2e).
However, a few very mildly labelled cells were also seen in
respective vehicle control group preparations (Fig. 2d).
Cell count analysis of active caspase-3-labelled cells
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astrocytic (A) as evaluated by the counting of GFAP-labelled cells
and increased apoptosis as evident from the number of active
Caspase-3-labelled cells (B). The cell count of these cell types was
reduced after minocycline treatment. Values are expressed as
mean £ SEM; **P < 0.01, ***P < 0.001, ****P < (0.0001 with
respect to  controls; P <005, P <001, P <0.001,
###p < 0.0001 with respect to LPS group (Color figure online)

indicated a significant and time-dependent linear increase
following LPS infusion with a peak number of apoptotic
cells at 14DPI (Fig. 2B) indicating an activation-induced
cell death. Minocycline administration effectively limited
the apoptosis of cells by restricting the LPS-induced glial
activation (Fig. 2f, B).

Keeping in view that LPS infusion resulted in an
appreciable increase in the number of caspase-3-positive
cells, we further focussed to determine the proportion of
different cell types undergoing apoptosis using cocktail of
antibodies in both the infected and therapeutic groups.

Therapeutic Minocycline Administration Partially
Effective on Activation-Induced Apoptosis
of Astrocytes

In the first set of experiment on colabelling study, colo-
calization of GFAP and active caspase-3 in hypertrophied
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Fig. 3 Astrocytic and oligodendroglial apoptosis shown by double
immunolabelling for active Caspase-3 and their specific markers, i.e.
GFAP (a—¢) and oligodendrocytes (d-f), respectively in the CA3
region of hippocampus. Red arrows indicate colabelled cells, blue
arrows show non-colabelled astrocytes or oligodendroglia, while
black arrows present non-colabelled caspase-3-positive cells. Scale
bar 50 pm. Histograms showing the number of apoptotic astrocytes

astrocytes indicated the apoptosis of activated astrocytes.
The results showed a significant increase (64 %) in the
number of colabelled cells throughout hippocampus at
7DPI  with reference to the controls (Fig. 3A;
Fi137) = 13.616; P < 0.0001). By 14DPI, a further
increase in the number of apoptotic astrocytes (76 %) was
recorded which was highly significant with respect to
controls (Figs. 3a, 5a; F, 137y = 15.21; P < 0.0001) where
only 20 % of the astrocytes were colabelled with active
caspase-3 (Figs. 3A, 6). In the hippocampus, these cola-
belled cells were more pronounced in the CA3 (Figs. 3b,
5b, 10a, b) and DG (Fig. 10g, h) regions, while only a very
few cells were recorded in the other hippocampal subfields,
i.e. CAl and CA2. From 21DPI onwards these colabelled
astrocytes decreased linearly up to 42DPI. At 42DPI the
difference in colabelled cell count was not significant with

6000 - B: Number of apoptotic oligodendrocytes
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(A) as the mean total astrocytes colabelled with caspase-3 and the
number of apoptotic oligodendroglia (B) as the mean total oligoden-
drocytes colabelled with caspase-3. Values are expressed as
mean £ SEM.*P < 0.05, **P < 0.01, ***P <0.001, **¥*P <
0.0001 with respect to controls; *p < 0.05, #p < 0.01,
###p < 0.001, with respect to LPS group (Color figure online)

respect to the vehicle controls indicating a restoration of
normal conditions (Figs. 3A, 4).

Minocycline treatment to the LPS-infused rats signifi-
cantly attenuated the LPS-induced caspase-3-mediated
apoptosis (Fig. 2B), as well as astrocytic apoptosis
(Fig. 3A). This reduction in the number of apoptotic astro-
cytes was quite evident and highly significant at 14DPI
(F2,137) = 4.290; P < 0.05) when a peak number of apop-
totic astrocytes were recorded following LPS infusion.
Although there was an overall decrease in the number of
apoptotic astrocytes following minocycline treatment, the
percent population of active caspase-3 colabelled astrocytes
did not alter much. A 67 % of reactive astrocytes still cola-
belled with caspase-3 at 14DPI (Figs. 3A, c, 5¢) in com-
parison with the 76 % colabelled astrocytes in LPS alone
(Fig. 6), indicating thereby that although minocycline acts as
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Fig. 4 A very few neurons and microglia undergo apoptosis as
depicted by colabelling studies for caspase-3 with NeuN for neurons
(a—c) and Ibal for microglia (d—f) in the CA3 region of hippocampus
at 14DPI. Red arrows indicate colabelled cells, blue arrows non-
colabelled cells while black arrows non-colabelled caspase-3-positive
cells. Scale bar 50 pm. Graphs (A) represent the mean total neurons

an apoptotic inhibitor, it does not influence the astrocytic
apoptosis effectively.

Minocycline Administration Improved Glutamine
Synthetase (GS) Expression in Hippocampal
Astroglia

To further understand the mechanism of the astrocytic
apoptosis following LPS infusion, the expression of
markers for astrocytic activity like GLT-1 and GS was
studied. GS, an astrocyte-specific enzyme converts gluta-
mate to glutamine and thus participates in glutamate
clearance. Since our results indicate the LPS-induced
hypertrophy and apoptosis of astrocytes in the areas rich in
glutamatergic synapses, the expression of GS in these
astrocytes was examined.

@ Springer

LPS LPS + Mino

2500 - B: Number of apoptotic microglia

.

2000 "LPS ®LPS+Mino

1500

1000

No. of Cells/mm2

500 |

Control 7DPI

14DPI 21DPI 28DPI 42DPI
Days Post LPS Infusion

colabelled with caspase-3 and the mean total microglia (B) colabelled
with caspase-3 in hippocampus region of three groups. Values are
expressed as mean £ SEM *P < 0.05, **P < 0.01, ***P < 0.001,
#EExP < (0.0001 with respect to controls; #p < 0.05, P < 0.01,
###p < 0.001, with respect to LPS group (Color figure online)

As shown in Fig. 7a-d, most of the resting astrocytes
(93 %) in controls colabelled clearly for GFAP and GS. In
contrast, in the hippocampus of the rats 7-day post-LPS
infusion, there was a significant downregulation in GS
expression (Fig. 9; F(2137) = 6.223; P < 0.01] along with
a decrease in number of astrocytes expressing GS (49 %)
as compared with the vehicle controls. A further decrease
in GS expression was noticed by 14DPI (Fig. §;
F2,137) = 8.015; P <0.001) where only 30 % of the
astrocytes were expressing GS. Most of the GS-negative
cells were either hypertrophied or dystrophic, restricted
mostly to the CA3 (Figs. 7e-h, 10d) and DG region
(Fig. 10j) in their location as compared to normal GS
expressing astrocytes of control group (Figs. 7a, 10c, 1).
However, at 21DPI and thereafter the GS expression was
effectively resumed along with a decrease in the number of
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Caspase 3

NeuN
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Fig. 5 Dual immunofluorescence images with GFAP + caspase-3
(a—c); MAB 1580 + caspase-3 (d—f); and NeuN + caspase-3 (g-i) in
CA3 region of the hippocampus summarizing selective astrocytic

Fig. 6 Histogram showing the 90 -

comparative view on the 80

percentage of apoptotic cells 70

from the total number of m
. . 60

respective glial or neuronal cells

at 14DPI. Astrocytic apoptosis 50 ] (m
predominates following LPS 40
infusion followed by 30

oligodendrocytes with
negligible neuronal and
microglial apoptosis.

Percentage of cells

LPS +Mino

apoptosis following LPS infusion. Red arrows indicate colabelled
cells, yellow arrows non-colabelled cells. Scale bar 50 pm (Color
figure online)
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10 ]
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also depicted more of astrocytic LPS
degeneration

LPS+Mino

GFAP + Caspase-3

hypertrophied astrocytes and was quite similar to controls
by 42DPL

This was evident from 7DPI when 84 % of astrocytes in
the hippocampus were brightly labelled with GS showing
normal morphology. By 14DPI, there was a further
decrease in the number of GS colabelled astrocytes with
only 70 % astrocytes coexpressing GFAP and GS. These
GS-negative astrocytes were hypertrophied and were visi-
ble in the CA3 and DG regions. Following minocycline

LPS LPS+Mmo

NeuN + Caspase-:

LPS+Mino

Iba1 + Caspase-3 Oligo + Caspase-3

Different group with their colabelling studies

treatment although the intensity of GS labelling improved
both at 7 and 14DPI (Fig. 9; F137) = 4.823, 4.462;
P <0.01, P <0.05) from the respective LPS group but
was yet significantly low at 14DPI as compared to the
controls (Fig. 9; F(2,137) = 5.40; P < 0.05]. From 21DPI
onwards up to 42DPI, such dystrophic and hypertrophied
astrocytes lacking GS activity were almost negligible with
quite similar expression to vehicle controls in both the LPS
and LPS + minocycline groups.
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GS GFAP GFAP + GS GFAP + GS

Control
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Fig. 7 Dual immunofluorescence staining with GFAP and GS in the (e) in hypertrophied astrocytes (f) following LPS infusion which was
CA3 region of the hippocampus. GS (red, a, e, i) and GFAP (green; b, restored after minocycline treatment (i, j). Images d, h and i are the

f, j). Overlay images (c, g, k) indicate the expression of GS in higher magnification images of the boxed areas in images ¢, g and K,
GFAP + astrocytes (red arrows). GS expression is downregulated respectively. Scale bar 50 pm (Color figure online)
GLT 1 GFAP GFAP +GLT 1
a
Control
e ~ “
LPS '
LPS
+
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Fig. 8 Dual immunofluorescence staining with GFAP and GLT-1 in LPS infusion which was restored to near control (a) after minocycline
the CA3 region of the hippocampus. GLT-1 (red, a, e, i), GFAP treatment (i). Images d, h and i are the higher magnification images of
(green; b, f, j) and merged images (c, g, k). GLT-1 expression was the boxed areas in images ¢, g and Kk, respectively. Scale bar 50 pm
upregulated (e) in hypertrophied astrocytes (red arrows; f) following (Color figure online)
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Fig. 10 Double immunostaining images summarizing the LPS-
induced astrocytic apoptosis, GS downregulation and GLT-1 upreg-
ulation following LPS infusion in CA3 (a—f) and DG (g-1) regions of
the hippocampus. Red arrow indicates colabelled astrocyte, green

Protective Approach of Minocycline by Limiting
the Expression and Activity of GLT-1
in Hippocampal Astrocytes

One of the major functions of reactive astrocytes is to
regulate extracellular levels of glutamate in areas of brain

7DPI 14DPI

21DPI 28DPI 42DPI

Days Post LPS Infusion

DG
Control

arrow shows non-colabelled astrocyte and black arrow indicates non-
colabelled caspase-3-positive cell. Scale bar 50 um (Color figure
online)

injury and thus potentially mitigating excitotoxic injury via
efficient glutamate transport carried out by GLT-1 trans-
porters. Keeping the LPS-induced reactive astrogliosis in
view, the expression of GLT-1 transporters on astrocytes
was evaluated. The results revealed considerable expres-
sion of GLT-1 transporters both on the membrane of the
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cell body and processes of astrocytes in controls as
revealed by colabelling with GFAP (Fig. 8a—d). Consistent
with an increase in the number of reactive astrocytes at
7DPI an increase in GLT-1 transporter was also evident.
By 14DPI a sharp increase in GLT-1 expression on reactive
astrocytes in CA3 region (Figs. 8e, 10f) was noticed fol-
lowed by DG (Fig. 10i) as compared to vehicle controls
(Fig. 10e, k). Most of the hypertrophied astrocytes were
heavily expressing GLT-1 transporters (Fig. 7e). Further-
more, this GLT-1 expression was also noticed in the spaces
between pyramidal neurons, indicating the processes of
astrocytes to be tightly surrounding them. From 21DPI
onwards, a decline in GLT-1 expression was noticed
throughout the hippocampal regions and appeared to be
returning to normal conditions as no difference with
vehicle controls was noticed by 42DPI post-LPS infusion.

Minocycline treatment to LPS-infused rats effectively
downregulated the expression of GLT-1 in the hippocampus.
The downregulation in GLT-1 expression on astrocytes both
at 7 and 14DPI in minocycline-treated LPS-infused rats was
sharply demarcated. However, at 14DPI, few hypertrophied
astrocytes in CA3 region were still brightly labelled with
GLT-1 (Figs. 8i-1). By 21DPI and thereafter these hyper-
trophied astrocytes as well as GLT-1 expression was less
with no difference in GLT-1 expression on astrocytes at
42DPI with respect to vehicle controls.

Minocycline Effectively Attenuated
Oligodendroglial Apoptosis Triggered by LPS
Administration

In order to examine the influence of LPS infusion on the
oligodendrocyte population in the hippocampus, dual
immunolabelling for oligodendrocytes and active caspase-3
was performed. In controls, only 5 % oligodendroglia
expressed caspase-3 (Figs. 3d, 5d). However, with LPS
infusion there was a gradual increase in the number of
colabelled cells in the hippocampus as compared to the
controls (Figs. 3e, 5¢). The morphometeric studies revealed
that 44 % of the total oligodendroglial population at 14DPI
co-expressed MAB1580 and active caspase-3 (Fig. 3B;
F137y = 9.775; P < 0.001; Fig. 6) and most of these cells
were in close proximity to CA3 region only (Fig. 3e). The
number of apoptotic oligodendrocytes decreased from
21DPI onwards up to 42DPI with no significant difference
from their respective controls (Fig. 3B).

Minocycline effectively restricted the oligodendroglial
apoptosis as evident from our morphometric studies and
only 9.6 % of the total oligodendroglia colabelled with
caspase-3 at 14DPI (Figs. 3f, B, 5f; F(3137) = 8.980;
P < 0.001; Fig. 6) in contrast to the 44 % in LPS-alone
group animals. In all other parameters i.e. 21, 28 and
42DPI, the colabelled cells were very occasional.

@ Springer

Therapeutic Minocycline Administration Treatment
Improves Neuronal Survival

Following LPS infusion only a slight difference in the
number of caspase-3-labelled neurons was observed with
respect to the vehicle controls (Figs. 4a, b) and the dif-
ference was only moderately significant at 14DPI (Fig. 4A,
6; F(2,137) = 3.827; P < 0.05]. These 26 % colabelled cells
were largely observed in the CA3 and DG regions only.
However, a large number of non-colabelled caspase-3-
positive cells in the entire hippocampal subfields pointed
towards the apoptosis of non-neuronal cells.

Minocycline treatment to LPS-infused rats effectively
inhibited the caspase-3-mediated neuronal apoptosis in the
hippocampus at all-time points studied. Results showed
only 10-12 % of active caspase-3-labelled neuronal cells
throughout the hippocampus in minocycline-treated LPS-
infused rats which was almost similar to the 10 % in
controls (Fig. 6). Neuronal apoptosis evident at 14DPI
following LPS infusion was significantly inhibited after
minocycline treatment (Figs. 4c, A, 5i; F(2,137) = 4.533;
P < 0.05] and was maintained to the normal control values
thereafter.

Minoycline Treatment Effectively Ameliorated
Microglial Apoptosis in the LPS Exposed Animals

We next sought to determine whether LPS infusion caused
microglial apoptosis by employing double immunola-
belling with Ibal and active caspase-3. To our surprise only
10 % of the total microglia colabelled with active caspase-
3 quite similar to the controls (Fig. 4d, e), indicating that
only a few microglial cells undergo LPS-induced caspase-
3-mediated apoptosis as compared to 76 % astrocytes
(Fig. 6). However, the total number of apoptotic microglia
still remained significantly high at 7, 14 and 21DPI as
compared to the controls (Fig. 4B; F(5 137y = 7.152, 4.563,
4.362; P < 0.01 and P < 0.05). These colabelled micro-
glia were found evenly scattered throughout the hip-
pocampus. A gradual reduction in the number of colabelled
cells was evaluated from 7DPI to 42DPI, and the values
were restored near to the controls. Minocycline treatment
to LPS-infused rats significantly reduced the caspase-
3 + microglia population from 7-21 DPI, when peak
number of colabelled cells were observed (Fig. 4f, B).

Discussion

In the present study we hypothesize that the LPS-induced
inflammatory stimulus leads to an enhanced apoptosis of
the activated astrocytes via caspase-3-mediated pathway.
Minocycline treatment could effectively ameliorate the
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LPS-induced inflammatory response in the hippocampus
but could prevent astrocytic apoptosis only partially. Such
selective astrocytic apoptosis could be primarily because of
the glutamate-mediated excitotoxicity as evident from the
increased expression of the EAAT2/GLT-1 transporter on
the surface of the astrocytes following LPS infusion and
downregulation of an astrocytic-specific enzyme, GS. Our
study also confirms the earlier findings for the astrocytic
and microglial activation and associated degeneration fol-
lowing LPS infusion (Castano et al. 1998; Saijo et al. 2009)
and attenuatuation of apoptosis by minocycline treatment
via inhibition of microglial activation in turn exerting its
protective influence (Domercq and Matute 2004; Siq et al.
2004; Dutta and Basu 2011). Astrocytes being an important
component of the tripartite synapse modulate neurotrans-
mission and control extracellular level of neuroinflamma-
tion (Wegrzynowicz et al. 2011). The extracellular
glutamate is efficiently uptaken through glutamate trans-
porter EAAT2/GLT-1 (Tanaka et al. 1997), and is con-
verted by GS into non-toxic glutamine which is then
transported back to neurons (Choi et al. 1987; Shaked et al.
2002).

Growing evidences indicate that the inflammation and
related excitotoxicity act as potential pathogenic factors in
many central nervous system (CNS) diseases including
neurodegenerative diseases and infections (Giovavnini
et al. 2003; Zadori et al. 2012). Any stimulus leading to
the glial activation would lead to the production of
cytokines and inflammatory mediators that trigger neural
damage (Blanco et al. 2005). The bacterial endototoxin, a
major component of the Gram-negative bacterial cell wall
has been extensively used as a glial activator for the
induction of neuroinflammation and subsequent damage
(Dutta et al. 2008; Burguillos et al. 2011; Patro et al.
2013). Astrocytes and microglia are regarded as
immunocompetent cells of the innate immune system and
respond to the LPS via Toll-like receptor-4 (TLR-4),
producing inflammatory mediators ultimately leading to
cellular apoptosis (Schubert and Ferroni 2003; Pickering
et al. 2005; Lu et al. 2010). These findings thus support
our results of increased microglial and astrocytic activa-
tion and consequent caspase-3-mediated apoptosis fol-
lowing LPS inflammation.

A significant reduction in the number of GS-positive
astrocytes by 14DPI following LPS infusion in hip-
pocampus is parallel to the increase in the number of
apoptotic astrocytes evaluated which was also significant at
14DPI. In conditions of reduced GS expression the acti-
vated hypertrophied astrocytes fail to convert glutamate
into glutamine leading to its retention and impaired glu-
tamate homoeostatic system. Thus, increased GLT-1 and
reduced GS expression seems to be major reasons for the
apoptosis of activated astrocytes.

A unique mechanism of cellular injury in the CNS is
excitotoxicity caused by excessive extracellular glutamate
and the enhanced NMDA dependent signalling (al-Sha-
banah et al. 1996; McDonald et al. 1998; Wang and White
1999; Fern and Moller 2000; Domercq et al. 2007).
Treatment of cultured mouse astrocytes with bacterial
endotoxin LPS has been reported to cause an increased
glutamate uptake as a result of altered expression and
redistribution of EAATs/GLT-1 (Bowman et al. 2003;
O’Shea et al. 2006; Liang et al. 2008; Tilleux and Hermans
2008). The elimination of activated astrocytes by apoptosis
or the deactivation has been proposed to be a mechanism of
autoregulation of activated astrocytes (Suk et al. 2001).
Thus, the increase in GLT-1 expression on astrocytes in
hippocampus following LPS (i.c.v) infusion indicates an
increased glutamate uptake leading to their hypertrophy
and activation. Such increased glutamate uptake in the
conditions of reduced GS exerts its gliotoxic action on the
hippocampal astrocytes leading to their apoptosis. These
reports are in line with the earlier reports (Chen et al. 2000;
Kim et al. 2010a, b; Paquet et al. 2013) indicating the
astrocytic apoptosis via the oxidative stress-mediated
apoptotic signalling pathway activated by gliotoxic action
of glutamate. Olabarria et al. (2011) reported an age-de-
pendent decrease in GS expression in the hippocampal
astroglia of the triple-transgenic Alzheimer’s disease
mouse model and hypothesized that such astroglia fail to
support neurons and control synapses due to the disease-
associated pathological burden. Such changes in GS
immunoreactivity indicate AD-related impairments of
glutamate homoeostatic system, which may affect the
efficacy of glutamatergic transmission contributing to
cognitive deficiency. Thus, we propose GS as neuropro-
tective and its downregulation results in astroglial apop-
tosis as both the intracellular glutamate concentration and
uptake of extracellular glutamate is dependent on gluta-
mate metabolizing pathways.

Therapeutic minocycline treatment could not prevent
the inflammation-associated astrocytic degeneration in
LPS-treated rats. The results are in line with the studies
stating that minocycline was ineffective in dampening the
astrocytic activation (Tikka et al. 2001; Yoon et al. 2012;
Haber et al. 2013). Matsukawa et al. (2009) were also
reported that low-dose minocycline was protective to
neurons in both in vivo and in vitro experimental models of
stroke, while it provided no protection to astrocytes in the
same models. These reports further support our finding that
minocycline could not effectively combat both astrocytic
activation and degeneration.

Microglia themselves are least susceptible to excito-
toxicity because they express GluRs only when they are
reactive, thus could be spared by glutamate-induced exci-
totoxicity following LPS infusion as occurs after ischaemia
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(Gottlieb and Matute 1997) and in Alzheimer’s disease
(Kingham et al. 1999). However, an excessive and sus-
tained activation of microglia is detrimental to neurons and
oligodendrocytes both (Merrill et al. 1993; Bezzi et al.
2001; Polazzi and Contestabile 2002). Further the LPS-
activated microglia are known to induce the death of
oligodendroglia by releasing proinflammatory cytokines
and chemokines and other intermediary molecules like
reactive oxygen species and NO (Sherwin and Fern 2005;
Li et al. 2005, 2008).

Oligodendrocytes are themselves vulnerable to excito-
toxicity (Oka et al. 1993) and prolonged activation of GluRs
is toxic to these cells in vitro and in vivo (Matute et al. 1997,
2006) thus explaining a sizeable number of oligodendroglial
death occurring followed by LPS infusion. Domercq et al.
(2007) also proposed that activated microglia compromise
glutamate homoeostasis in cultured oligodendrocytes by
blocking glutamate transporters leading to an increase in
extracellular glutamate and subsequent death. In this study as
well, the peak oligodendrocytic death recorded was at 14DPI
preceding peak microglial activation at 7DPI in the LPS-
infused animals, supporting thereby that the activated
microglia release toxic molecules that in turn induce oligo-
dendroglial excitotoxicity and death.

Minocycline reported to be a potent inhibitor of
microglial activation (Kim and Suh 2009; Plane et al.
2010) and it inhibits LPS-induced microglial activation and
subsequent cellular degeneration thereby exerting its neu-
roprotective influence by suppressing the associated
inflammatory cascade (Domercq and Matute 2004; Siq
et al. 2004; Dutta and Basu 2011). However, astrocytic
activation and their subsequent apoptosis need further
attention and therapeutic intervention.

In conclusion our data suggest that the efficient role of
astrocytes in the prevention of glutamate-induced excito-
toxic damage depends entirely on their ability to metaboli-
cally convert glutamate to glutamine by GS. In the conditions
of increased GLT-1 and reduced GS expression following
LPS exposure the activated hypertrophied astrocytes fail to
effectively convert glutamate into glutamine, leading to its
retention. This seems to be a major reason for the apoptosis of
activated astrocytes via caspase-3-mediated pathway. In
addition, this study also reveals that minocycline alone is not
efficacious in reversing astrocytic degeneration caused by
bacterial infection. Thus, future studies are required in which
combinational therapy with glioprotectancts can be explored
for their promising efficacy.
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