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Abstract

Pneumococcal meningitis is a life-threatening infection of the central nervous system (CNS), and half of the survivors of
meningitis suffer from neurological sequelaec. We hypothesized that pneumococcal meningitis causes CNS inflammation via
the disruption of the blood-brain barrier (BBB) and by increasing the receptor for advanced glycation end product (RAGE)
expression in the brain, which causes glial cell activation, leading to cognitive impairment. To test our hypothesis, 60-day-old
Wistar rats were subjected to meningitis by receiving an intracisternal injection of Streptococcus pneumoniae or artificial
cerebrospinal fluid as a control group and were treated with a RAGE-specific inhibitor (FPS-ZM1) in saline. The rats also
received ceftriaxone 100 mg/kg intraperitoneally, bid, and fluid replacements. Experimental pneumococcal meningitis triggered
BBB disruption after meningitis induction, and FPS-ZM1 treatment significantly suppressed BBB disruption. Ten days after
meningitis induction, surviving animals were free from infection, but they presented increased levels of TNF-o and IL-1( in the
prefrontal cortex (PFC); high expression levels of RAGE, amyloid-3 (Af31_4), and microglial cell activation in the PFC and
hippocampus; and memory impairment, as evaluated by the open-field, novel object recognition task and Morris water maze
behavioral tasks. Targeted RAGE inhibition was able to reduce cytokine levels, decrease the expression of RAGE and A4,
inhibit microglial cell activation, and improve cognitive deficits in meningitis survivor rats. The sequence of events generated by
pneumococcal meningitis can persist long after recovery, triggering neurocognitive decline; however, RAGE blocker attenuated
the development of brain inflammation and cognitive impairment in experimental meningitis.
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Introduction

Pneumococcal meningitis is a life-threatening infection of the
central nervous system (CNS) with a case-fatality rate ranging
from 10 to 40% [1-3]. A high rate of neurological sequelae
was estimated to occur in 30 to 55% of meningitis survivors
[4, 5]. Streptococcus pneumoniae enters the cerebrospinal flu-
id (CSF) through the subarachnoid space by crossing the
blood-brain barrier (BBB) or the choroid plexus blood—CSF
barrier (BCSFB) or through an adjacent site of infection [6, 7].
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The invading pathogen multiplies and releases bacterial com-
pounds that are highly immunogenic, and the pattern recogni-
tion receptors (PRRs) recognize these bacterial components,
leading to the activation of the host immune response, thereby
increasing the disease severity [8].

The receptor for advanced glycation end products (RAGE)
is a multiligand transmembrane receptor that initiates several
immune pathways and triggers the migration and activation of


http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-020-00917-3&domain=pdf
http://orcid.org/0000-0001-7776-8454
mailto:Tatiana.Barichello@uth.tmc.edu

Receptor for Advanced Glycation End Products (RAGE) Mediates Cognitive Impairment Triggered by Pneumococcal... 641

immune cells [9]. RAGE is expressed in a variety of cells,
including endothelial cells, microglia [10], and astrocytes
[11], and can be activated by some ligands, such as advanced
glycation end products (AGEs), amyloid-f3 (Af3), and high
mobility group box-1 (HMGB-1) protein. RAGE mediates
Af3 peptide transference through the BBB, facilitating its de-
position in the brain, which is a critical risk factor for
Alzheimer’s disease (AD) [12]. Also, RAGE contributes to
the transport of A3 from the cell surface to the intracellular
space, thereby increasing Af3 toxicity and causing neuronal
dysfunction [13]. RAGE levels are low under homeostasis but
are highly expressed under inflammatory states when the
levels of various RAGE ligands are increased [14]. Because
RAGE plays an essential role in the pathogenesis of several
infectious and inflammatory diseases [14, 15], in this research
project, we aimed to explore the inhibition of the RAGE re-
ceptor by FPS-ZMI1 in an experimental pneumococcal men-
ingitis model and to characterize the neuroprotective effects of
FPS-ZM1 as well as prevention of BBB disruption and cog-
nitive impairment by FPS-ZM1.

Materials and Methods

Preparation of S. pneumoniae for Meningitis
Induction

The strain of serotype III S. pneumoniae was purchased from
Microbiologics (ATCC 6303), St Cloud, MN 56303. It was
cultured in 5 mL of Todd Hewitt Broth BBL™. The microor-
ganism was then diluted in fresh medium and allowed to grow
to the logarithmic phase. The culture was centrifuged for
10 min at 1200 rpm and resuspended in sterile pyrogen-free
saline to a concentration of 5 x 10° colony-forming units
(CFU) [16].

Animal Model of Meningitis

Male Wistar rats (8 weeks old) weighing 200 to 250 g were
purchased from Charles River and housed at a temperature of
20£2 °C and a humidity level of 30% on a 12-h light—dark
cycle (lights on 06:00 hours). Food and water were available
ad libitum. All protocols were approved by the Institutional
Animal Welfare Committee of the Center for Laboratory
Animal Medicine and Care (CLAMC) of the University of
Texas Health Science Center at Houston (UTHealth), TX,
USA (AWC-16-0106). The rat under anesthesia (2.5% vapor
concentration in O,) was placed in the center of the stereotaxic
apparatus, and the fixation bar was attached to the ears. The
preparation of the injection site was done by clipping the hair
from the injection site and disinfection of the skin using chlor-
hexidine or povidone—iodine. The position of the head was
adjusted until an angle of approximately 110° was reached

between the base of the stereotaxic and the snout of the rat.
This position allowed the easy identification of the cisterna
magna, which has a depressed rhomboid area between the oc-
cipital protuberance and the spine [17]. The stereotaxic coordi-
nates used were AP, — 1.5+ 1 mm, and M-L, 0 mm. The D-V
coordinate was not used, as the coordinates A—P and M—L were
adequate to identify the puncture site. The coordinates were
obtained from the stereotaxic zero point, which is defined as a
point where the 2 centralized ear bars meet [17]. A precise
aspiration was performed so that the colorless CSF would flow
through the needle to avoid any possible blood contamination
[18]. The sham control and meningitis rats received an
intracisternal (i.c.) injection of 10 uL of artificial CSF (aCSF,
Tocris Bioscience, Bristol, UK) as a placebo and an equivalent
volume of the serotype III S. pneumoniae suspension, respec-
tively. Eighteen hours after meningitis induction or aCSF inoc-
ulation, meningitis was confirmed by incubating a quantitative
culture of 5 puL of CSF at 35 °C with 5% CO, in sheep blood
agar [19], and afterward, the animals received ceftriaxone
(100 mg/kg, i.p., for 7 days) twice a day [20]. The rats were
also given buprenorphine 1 mL/kg as an analgesic.

Experimental Design

After acclimatization, the rats were randomly divided into 4
different groups: control/saline, control/FPS-ZM1, meningi-
tis/saline, and meningitis/FPS-ZM1. FPS-ZM1 was procured
from Millipore Sigma, MA (Cat no. 553030). The first exper-
iment involves the treatment of the animals with an intraper-
itoneal (i.p.) injection of 1.5 mg/kg of FPS-ZM1 or saline
immediately after meningitis induction or aCSF inoculation
[21]. The animals were then injected with Evan’s blue into
the femoral vein to investigate BBB integrity [22] 1 h before
being euthanized at 12, 18, and 24 h after meningitis induction
and FPS-ZM1 administration [21]. The animals did not re-
ceive antibiotic treatment.

In the second experiment, the animals submitted to behav-
ioral tests received intraperitoneal injections of 1.5 mg/kg of
FPS-ZM1 or saline from day 1 to day 5 [21], and the animals
also received ceftriaxone (100 mg/kg, i.p., for 7 days) twice a
day. A separate cohort of animals was subjected to an open-
field task, a novel object recognition task (NORT), and a
Morris water maze. On day 10, after the behavioral study,
the rats were euthanized using 4 to 5% isoflurane. For bio-
chemical evaluation, the brain was dissected, and the prefron-
tal cortex (PFC) and hippocampus were immediately isolated
and stored at — 80 °C until further processing. Note: After
validating that the control/saline and control/FPS-ZM1 groups
did not present statistically significant differences in the
Morris water maze (MWM) task, we removed the latter group
from the open field and NORT to decrease the number of
animals. The schematic diagram of the experimental design
is given in Fig. 1a.
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Fig. 1 (a) Schematic diagram of the experimental design. The integrity of
the blood-brain barrier (BBB) in the cerebral cortex (b) and hippocampus
(c) was obtained several times at 12, 18, and 24 h after meningitis induc-
tion. Results show the mean + SEM of animals (n=6) in each group

Behavioral Study
Open-Field Task

The apparatus was a 40 x 60-cm open field surrounded by 50-cm-
high dark gray walls and a front glass wall. Black lines divided the
floor of the open field into 9 rectangles. Each animal was gently
placed in the center of the open field and was left to explore the
arena for 5 min (training session). The number of crossings (the
number of times that the animal crossed the black lines, an assess-
ment of locomotor activity) and rearing movements (exploratory
behavior observed in rats subjected to a new environment) were
measured. Immediately after this procedure, the animals were tak-
en back to their home cage. Twenty-four hours later, the animals
were subjected to a training session, and the number of times the
animal crossed the black lines or reared was counted during a 5-
min period. The reduction in the number of crossings and rearings
between the 2 sessions was taken as a measure of the retention of
memory. The behavioral test was conducted by a person who was
blinded to the group treatments [23].

Novel Object Recognition Task

This task evaluates nonaversive and nonspatial memory. The
same apparatus used for the open-field task was used for the
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determined by 2-way ANOVA and Tukey’s test. *p < 0.05 indicates sta-
tistical significance compared to the control group; *p <0.05 indicates
statistical significance when compared to the meningitis group

NORT. All animals were subjected to a habituation session in
which they were allowed to freely explore the open field for
5 min; no objects were placed in the box during the habitua-
tion trial. The number of times the black lines were crossed
and the number of rearings that occurred in this session were
used as indicators of locomotor and exploratory activity, re-
spectively. Two identical objects (objects Al and A2, both
cubes) were placed in 2 adjacent corners, 10 cm from the
walls. In the long-term recognition memory test that was given
24 h after training, the rats explored the open field for 5 min in
the presence of 1 familiar object (A) and 1 novel object (B), a
pyramid with a square-shaped base. All of the objects were
similar in texture, color, and size but were distinctive in shape.
A recognition index was calculated for each animal and re-
ported as the ratio TB/(TA + TB), where TA = time spent ex-
ploring the familiar object A and TB =time spent exploring
the novel object B. Recognition memory was evaluated as in
the long-term memory test. Exploration was defined as
sniffing or touching the object with the nose or forepaws.

Morris Water Maze
A spatial memory test was performed using the MWM [24].

The MWM is performed in a circular pool with a diameter of
170 cm and a wall height of 65 cm. Briefly, the pool was filled
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with water to approximately 35 cm high, a platform (12.5 cm
diameter and 33 cm height) was kept in the pool, and the
temperature of the water was maintained at 20 + 2 °C to avoid
hypothermia. A camera connected to a computer was kept
above the pool to record the movement of the animal. The
pool was divided into 4 equal quadrants (I, II, III, and IV),
and a platform was kept in IV or a target quadrant. All rats
were given 4 trials each day during daily acquisition sessions
across 4 days. A trial started as soon as the rats were placed in
the tank, facing the walls. Each of the 4 starting points was
used once in a series of trials. The position of the platform was
not changed during the trial. The trial comes to an end as soon
as the rat reaches the platform or when 120 s elapses. The rats
were allowed to stay on the platform for 5 s. If the rats were
not able to find the platform within 120 s, they were guided to
the platform gently and allowed to stay there for 10 s. The rats
were then gently dried with a clean towel and returned to the
home cage after each trial. The time the rats took to reach the
platform was noted in all the trials. On the fifth day, a probe
trial or retention trial was carried out to detect the spatial
memory of the rats. The hidden platform was removed from
the tank, and the rats were given 120 s to swim and find the
platform. A record of the time spent swimming in the pool
quadrant in which the platform had been previously placed
was recorded.

Biochemical Evaluation
Blood-Brain Barrier Permeability by Evan’s Blue Dye

The BBB integrity was investigated using Evan’s blue dye
extravasations [22]. One hour before euthanization, 1% of
1 mL of Evan’s blue dye was injected into the femoral vein.
The chest was subsequently opened and transcardially per-
fused with 200 mL of saline through the left ventricle at
100 mmHg pressure until colorless perfusion fluid was obtain-
ed from the right atrium. The brain was weighed and placed in
a 50% trichloroacetic solution. Following homogenization
and centrifugation, the extracted dye was diluted with ethanol
(1:3), and its fluorescence was determined (excitation at
620 nm and emission at 680 nm) using a luminescence spec-
trophotometer (Hitachi 650-40, Tokyo, Japan). Calculations
were based on the external standard (62.5-500 ng/mL) with
the same solvent. The tissue containing Evan’s blue dye was
quantified with a standard linear line derived from known
amounts of the dye and was expressed per gram of tissue
[22]. BBB permeability was measured at 12, 18, and 24 h after
pneumococcal meningitis induction.

Assessment of Cytokine Levels

The animals were euthanized, and the PFC and hippocampus
were removed for the evaluation of TNF-, IL-1f3, IL-6, and

IL-10 levels. Briefly, the hippocampus and PFC were homog-
enized in extraction solution containing aprotinin (100 mg of
tissue per 1 mL) containing 0.4 mol/L NaCl, 0.05% Tween 20,
0.5% 7 BSA, 0.1 mmol/L phenyl methyl sulfonyl fluoride,
0.1 mmol/L benzethonium chloride, 10 mmol/L EDTA, and
20 KI aprotinin using Ultra-Turrax (Fisher Scientific,
Pittsburgh, PA). The concentrations of cytokines/
chemokines in the PFC and hippocampus were determined
using commercially available ELISA assays, following the
instructions supplied by the manufacturer (DuoSet Kkits,
R&D Systems, Minneapolis, MN). The results were reported
in picograms/100 mg in the PFC and hippocampal tissue.
Protein was measured using the method of Lowry et al.
(1951) using bovine serum albumin as a standard [25].

Western Blot Analysis

Western blot analysis was performed as per the protocols of
the previous studies [26]. The PFC and hippocampus regions
of the brain were thawed and homogenized using Complete
Protease Inhibitor Cocktail tablets (Roche Diagnostics,
Indianapolis, IN). Then, the homogenate was centrifuged at
12,000 rpm for 20 min at 4 °C. A bicinchoninic acid (BCA)
assay was used to determine the protein concentrations in the
tissue. For the Western blot run, equal amounts of protein (30-
50 pg) for each sample were loaded in Mini-Protean TGX
precast gels (Bio-Rad, Hercules, CA). Proteins were trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
using a Trans-Blot® Turbo™ system (Bio-Rad). The PVDF
membranes were blocked with 5% nonfat dry milk (Bio-Rad)
in Tris-buffered saline plus 0.1% Tween 20 buffer (TBST,
Bio-Rad) for 1 h at room temperature (RT) and kept overnight
in a cold room on a shaker with primary antibodies. The pri-
mary antibodies used were A3 (1:1000, Abcam, ab62658),
GFAP (1:1000, Abcam, ab7260), CD11B (1:1000, Abcam,
ab75476), CD68 (1:1000, Abcam, ab201340), HMGB-1
(1:1000, Abcam, ab18256), RAGE (1:1000, Abcam,
ab216329), IBA-1 (1:2000, ab108539), and NLRP3
(1:1000, Novus, NBP2-12446). The following day, the blots
were washed 3 times in TBST and incubated with a horserad-
ish peroxidase-conjugated secondary antibody (1:10,000) for
1 h at RT. The blots were washed 3 times for 10 min using
TBST; then, the bands were detected using enhanced chemi-
luminescence (Clarity Western ECL Substrate; Bio-Rad) with
the ChemiDoc MP (Bio-Rad) Western blotting imaging sys-
tem. After imaging, the blots were incubated in a stripping
buffer (Thermo Fisher Scientific 46430, Rockford, IL) for
10 to 15 min at RT, followed by 3 washes with TBST. The
stripped blots were incubated in blocking solution (5% nonfat
dry milk in TBST) for 60 min and then incubated with the
primary antibody against (3-tubulin (1:5000, Abcam, ab6046)
as a loading control. The densitometric analysis of each pro-
tein was conducted using Image Lab™ software (Bio-Rad).
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The results were expressed as the ratio between the loading
control and the target protein.

Immunohistochemistry

For immunostaining, we used formalin-fixed, paraffin-
embedded brain tissue samples. Deparaffinization and rehy-
dration were carried out using a series of xylenes, graded
alcohols, and reagent-grade water. Heat-based antigen retriev-
al was performed using a 1% antigen retrieval sodium citrate
solution at pH 9 (Agilent Technologies, Santa Clara, CA) for
30 min at 95 °C, followed by 30 min on ice. Subsequent
washing steps were carried out using a 1x phosphate-
buffered saline solution (PBS) (Bio-Rad). A 3% hydrogen
peroxide solution (VWR International, Radnor, PA) was used
to block endogenous peroxidase for 10 min. The tissue sec-
tions were blocked at room temperature with 2.5% horse se-
rum (Vector Laboratories, Burlingame, CA). Following the
blocking step, primary antibodies for Af3(;_42) (Abcam,
ab10148, 1:1000), IBA-1 (Abcam, ab178846, 1:1000),
GFAP (Abcam, ab7260, 1:1000), and RAGE (Abcam,
216,329, 1:2000) were added and kept at 4 °C overnight.
The next day, slides were washed with PBS, and goat anti-
rabbit biotinylated secondary antibody (Millipore, Burlington,
MA) was applied for 1 h at room temperature. Then, avidin—
biotin complex (ABC) was added for 1 h. Following addition-
al washing steps, the target antigen was visualized using DAB
chromogen in substrate buffer (Vector, Burlingame, CA). For
counterstaining, hematoxylin was applied, and slides were
taken to xylene and mounted with Permount™ (Fischer
Chemicals). The staining was visualized using Nikon
ECLIPSE Ci-S (Nikon Instruments, Tokyo, Japan), and the
images were captured (magnification, x 40).

Statistical Analysis

All data were submitted to normal (Gaussian) distribution
using the Shapiro—Wilk normality test as a method to test
the distribution. Data from open-field task groups were com-
pared using the paired Student’s ¢ test (training and test) and 1-
way analysis of variance (ANOV A) followed by Tukey’s post
hoc test which was used to compare the variables between
groups. We also used the Kruskal-Wallis H (comparisons
between groups) and Wilcoxon’s tests (comparisons be-
tween training and the same group test). For the BBB,
cytokines, MWM, Western blotting, and IHC, 2-way
ANOVA and Tukey’s test were used. The results are
expressed as the mean + SEM. Statistically significant
results are indicated by *p <0.05. All statistical analyses
were performed using GraphPad Prism 8.0 (GraphPad
Software, Inc., La Jolla, CA).
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Results
RAGE Inhibition Improves BBB Integrity

Figure 1b, ¢ demonstrates the BBB integrity targeting RAGE
inhibition in experimental pneumococcal meningitis in the
cerebral cortex and hippocampus. Previously, we reported
BBB breakdown at 12 h after pneumococcal meningitis in-
duction [27]. In this study, RAGE inhibition prevented BBB
breakdown at 12, 18, and 24 h after pneumococcal meningitis
induction in the cerebral cortex (Fig. 1b, F' (3, 16)=65.158,
p<0.001; F (3, 16)=49.255, p<0.001; F (3, 16)="70.146,
p <0.001, respectively) and hippocampus (Fig. 1c, F (3, 15) =
32.372, p<0.001; F (3, 15)=38.606, p<0.001; F (3, 15)=
30.797, p < 0.001, respectively).

RAGE Inhibition Improves Cognitive Impairment

Pneumococcal meningitis triggers cognitive impairment [28],
and in Figs. 2 and 3, we demonstrated whether RAGE inhibi-
tion improves cognitive impairment mediated by pneumococ-
cal meningitis. At 10 days after meningitis induction, the an-
imals were subjected to the open-field task to investigate ha-
bituation memory. The meningitis group did not show a dif-
ference in behavior between the training and test sessions. In
contrast, the control groups demonstrated habituation memory
by spending significantly less time exploring in the test ses-
sion. However, RAGE inhibition prevented habituation mem-
ory impairment triggered by pneumococcal meningitis
(Fig. 2a, F (2, 24)=2.641, p<0.05). Recognition memory
was evaluated by subjecting the animals to the NORT. The
more time the animal explores the novel object reveals im-
proved learning and recognition memory. The meningitis
group did not recognize the new object; however, the menin-
gitis group treated with RAGE inhibitor spent more time ex-
ploring the new object placed in the field, demonstrating rec-
ognition memory (Fig. 2b, p <0.05). The MWM task was
utilized to test spatial memory after RAGE inhibitor treatment.
We found no difference between groups during the training
trial. However, in the probe trial, the time spent in the target
quadrant was significantly reduced in the meningitis group
rats. RAGE inhibition increased the time spent in the target
quadrant and improved spatial memory in the meningitis
group (Fig. 3, F(3,31)=5.505, p<0.003).

RAGE Inhibition Reduces Cytokine Levels, Glial
Activation, and Amyloid Expression

Further, we investigated the effect of RAGE inhibition on the
levels of TNF-«, IL-1§3, IL-6, and IL-10 in the PFC and hip-
pocampus at 10 days after pneumococcal meningitis induction
as demonstrated in Fig. 4. The levels of TNF-oc and IL-1f3 in
the PFC were higher than those of the control group (Fig. 4a, F’
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Fig. 2 (a) Effects of RAGE inhibition on habituation to the open field
task in adult Wistar rats 10 days after pneumococcal meningitis induction.
The numbers of crossings and rearing movements are reported as the
mean + SEM and were analyzed by the paired Student’s ¢ test [10].
*p < 0.05 statistically different from the training session. (b) Novel object
recognition test in Wistar rats 10 days after submission to pneumococcal

(3, 15)=3.965, p<0.05, and b F (3, 17)=9.876, p <0.05);
however, targeted RAGE inhibition decreased the levels of
these cytokines. In the hippocampus, RAGE inhibition in-
creased IL-10 levels compared to those in the control group
(Fig. 4d, F (3, 19)=2.710, p < 0.05). Using the Western blot
technique, we evaluated RAGE, Af;_4,, and HMGB-1
(RAGE ligands); CD11B (microglia and macrophage mark-
er); GFAP (astrocyte marker); CD68 (monocyte, microglia,
and tissue macrophage marker); and NLRP3 inflammasome
(AGE ligands) in the PFC and hippocampus of animals sub-
mitted to pneumococcal meningitis as represented in Figs. 5
and 6. In the PFC, RAGE (F (3, 13)=7.271,p < 0.004), A3,
4 (F (3, 13)=6.438, p<0.006), CD11B (F (3, 13)=6.248
p<0.007), and CD68 (F' (3, 12)=5.154, p < 0.01) and expres-
sion levels increased at 10 days after meningitis induction;
however, RAGE inhibition decreased the expression levels
of RAGE (p<0.01), A3 42 (p <0.05), and CD68 (p <0.05)
levels (Fig. 5). The hippocampus showed high expression
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Fig.3 Effects of RAGE inhibition on spatial memory using Morris water
maze in adult Wistar rats 10 days after pneumococcal meningitis
induction. Morris water maze training (a) and probe trial (b). *p <0.05

meningitis and treated or not with RAGE. Data were presented as median
and interquartile range. Comparisons among groups for the object recog-
nition test were performed using a Mann-Whitney U test. The intragroup
comparisons were performed using Wilcoxon’s tests (n = 10). *p <0.05
indicates statistically significant when compared to the training and test
sessions

levels of RAGE (F (3, 14)=5.646, p <0.009), AR 42, (F
(3, 14)=4.721, p<0.01), CD11B (F (3, 14)=4.404,
p<0.02), CD68 (F (3, 13)=4.703, p<0.01), and NLRP3 (F
(3, 13)=4.815, p<0.01) compared to those in the control
group; however, RAGE inhibitor treatment decreased the ex-
pression of RAGE, CD11B, and NLRP3 markers (Fig. 6,
p<0.05). Using the IHC technique, we localized and recog-
nized protein markers for microglia (IBA-1), astrocytes
(GFAP), RAGE, and Af3;_4, in the PFC and hippocampus
10 days after pneumococcal meningitis induction (Figs. 7, 8,
9,10, 11, 12, 13, and 14). We found a higher number of cells
immunostained for IBA-1 in the meningitis group than that in
the control group in the PFC (F (3, 8)=27.38, p < 0.0003) and
hippocampus (F (3, 8)=5.710, p<0.02) (Figs. 7 and 8).
However, RAGE inhibitor treatment decreased IBA-1 expres-
sion levels in both brain structures (Figs. 7 and 8). GFAP
staining did not reveal differences among the groups (PFC,
F (3, 8)=3.095, and hippocampus F (3, 8) = 6.740, p < 0.40)
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indicates statistical significance compared to the control group; *p < 0.05
indicates statistical significance when compared to the meningitis group
(n=28-10)
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Fig. 4 Levels of TNF-« (a), IL-1p (b), IL-6 (c), and IL-10 (d) in the
prefrontal cortex and hippocampus of adult Wistar rats 10 days after
submission to pneumococcal meningitis treated or not with RAGE

(Figs. 9 and 10). RAGE immunostaining increased in the
meningitis group compared with that in the control group in
the PFC (F (3, 8)=51.78, p < 0.0001) and hippocampus (F (3,
8)=19.42, p<0.0005) (Figs. 11 and 12). RAGE inhibitor
treatment decreased RAGE immunostaining in both brain
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inhibitor. Data were presented as mean £ SEM and analyzed by 2-way
ANOVA. #p <0.05; *p <0.05 indicate statistical significance when com-
pared to the meningitis group (1 = 5-6)

structures compared to the meningitis group (Figs. 11 and
12). AP31_4, immunostaining increased in the meningitis
group in both the PFC (F (3, 8) =20.41, p < 0.0004) and hip-
pocampus (F (3, 8)=13.63, p<0.001) brain structures com-
pared with that in the control group (Figs. 13 and 14). As
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Fig. 5 Expression of NLRP3 (a), RAGE (b), HMGBI (c), CD68 (d),
CD11B (e), GFAP (f), and (3-amyloid (g) in the prefrontal cortex of
Wistar rats 10 days after submission to S. pneumoniae meningitis and
treated with RAGE or not. Data were expressed as mean = SEM, and
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expected, the RAGE inhibitor decreased Af;_4» immuno-
staining compared to the meningitis group (Figs. 13 and 14).

Discussion
Cytokines may play a significant role in the pathogenesis of

bacterial meningitis, and proinflammatory cytokines such as
TNF-«, IL-[3, and IL-6 are associated with poor outcomes in
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Fig. 7 Immunohistochemical staining of IBA-1 in rat brain prefrontal
cortex. (a) Representative microscopic field images (magnification x
400) immunostained with IBA-1. (b) Data are presented as the mean +
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were compared using 2-way ANOVA and Tukey’s test. *p <0.05 and
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#p <0.05 indicates statistical significance when compared to the menin-
gitis group (n =4-5)
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bacterial meningitis. In this study, TNF-o and IL-f3 levels
remained elevated in the PFC at 10 days after meningitis in-
duction, corroborating our previous reports demonstrating that
TNF-o levels remained higher after antibiotic treatment in the
frontal cortex [29]; this increase was also associated with
long-term cognitive impairment [6, 16]. In an in vitro study,
the interaction between RAGE and its ligands induced
TNF-«, IL-6, IL-1, and iNOS expression in microglial cell
culture [30], and this study demonstrated that blocking
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Fig.8 Immunohistochemical staining of IBA-1 in rat brain hippocampus.
(a) Representative microscopic field images (magnification x 100 and x
400) immunostained with IBA-1. (b) Data are presented as the mean +

RAGE prevented an increase in the levels of these cytokines.
Brain inflammation and high levels of proinflammatory cyto-
kines are also associated with the disruption of the BBB [31],
and we demonstrated that blocking RAGE could prevent BBB
disruption. Wand and collaborators found that FPS-ZM1
treatment inhibited A3 influx across the BBB and reduced
the expression of RAGE, consequently decreasing hippocam-
pal AP_4; levels in a mouse model of leptin deficiency [32].
In our study, FPS-ZM1 treatment prevented BBB disruption,
reduced RAGE expression, and diminished the accumulation
of AP|_4, in the brains of meningitis survivor rats.
Microglial activation is a critical step in the development of
brain inflammation [33]. Microglial cells are highly

f
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specialized tissue macrophages of the CNS [34], and the dys-
regulation of this cell type triggers neuropsychiatric, neurode-
generative, and neuroinflammatory diseases [35]. Using pos-
itron emission tomography (PET) imaging with [''C]JPBR28,
a radiotracer ligand that binds to 18-KDa translocator protein
(TSPO), we identified in vivo microglia activation 10 days
after meningitis induction [36] . Similarly, in this research
strategy, microglia cells (IBA-1 and CD11B) were activated
at 10 days after meningitis induction concomitant with an
increase in RAGE and A3, 4, expression in the PFC and
hippocampus of meningitis survivor rats. RAGE expression
intensifies microglial activation and the immune response in
the brains of different experimental models, such as sepsis
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Fig. 9 Immunohistochemical staining of GFAP in rat brain prefrontal cortex. (a) Representative microscopic field images (magnification x 400)
immunostained with GFAP. (b) Data are presented as the mean + SEM (n = 3-4). No significant changes between groups
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Fig. 10 Immunohistochemical staining of GFAP in rat brain hippocampus. (a) Representative microscopic field images (magnification x 100 and x 400)
immunostained with GFAP. (b) Data are presented as the mean + SEM (n = 3-4). No significant changes between groups

[15], type 2 diabetes mellitus [32], and AD [37, 38]. However,
there was no change in astrocyte expression observed as mea-
sured by GFAP expression after meningitis induction.
Increasing RAGE expression can initiate several actions, such
as the transport of circulating A3 into the brain; the increased
production of TNF-¢, IL-1(3, and IL-6; facilitation via im-
mune cell trafficking across the BBB; and increased
neuroinflammatory response by endothelial cells; and the on-
set and development of AD [39, 40]. We found that the inhi-
bition of RAGE prevented BBB disruption in the first hours
after meningitis induction, and after meningitis recovery,

a

Fig. 11 Immunohistochemical staining of RAGE in rat brain prefrontal
cortex. (a) Representative microscopic field images (magnification, x
400) immunostained with RAGE. (b) Data are presented as the mean +

RAGE inhibition by FPS-ZM1 treatment decreased RAGE
and A3; 4, expression, reduced cytokine levels, decreased
microglial cell activation in the brain, and improved cognitive
deficits in meningitis survivor rats. Similarly, in the AD
mouse model, Deane et al. reported that treatment with FPS-
ZM1 inhibited RAGE-mediated influx of circulating A {340
and A(342 into the brain. In the brain, FPS-ZM1 inhibited (3-
secretase activity and A3 production and suppressed microg-
lia activation and the neuroinflammatory response [21]. In an
intracerebral hemorrhage model, FPS-ZM1 treatment signifi-
cantly reduced the BBB damage, brain edema, and cytokine

b

[Jcn [ ven

D CTL/FPS-ZM1 - MEN/FPS-ZM1

2.5+

hkkk

2.0+
#i#

RAGE expression
relative to control
>
L

SEM (n=3-4). ***%p <(0.0001 as compared to the control group.
###1) < 0.001 as compared to the meningitis group

@ Springer



Giridharan et al.

Fig. 12 Immunohistochemical staining of RAGE in rat brain
hippocampus. (a) Representative microscopic field images (magnifica-
tion % 100 and x 400) immunostained with RAGE. (b) Data are presented

levels. Additionally, FPS-ZM1 demonstrated no toxic effect at
500-fold higher than its therapeutic dose of 1 mg/kg, intraper-
itoneally, utilized in APP™” mice. In the present study, we
intraperitoneally injected 1.5 mg/kg of FPS-ZM1 for 5 days
which demonstrated decreased glial activation and A} pro-
duction [41].

RAGE mediates Af-induced perturbations in the BBB,
neurons, and microglia in AD [21], in which sporadic onset
accounts for 95% of cases [42]. The infection has the potential
to play a role in sporadic cases of AD [43]. Salmonella

Fig. 13 Immunohistochemical staining of A3, 4, in rat brain prefrontal
cortex. (a) Representative microscopic field images (magnification x 400)
immunostained with Af3;_45. (b) Data are presented as the mean + SEM
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serotype Typhimurium injected into the brains of transgenic
5XFAD mice resulted in the fast deposition of A3 colocalized
with invading bacteria [44]. In experimental sepsis, RAGE,
A3, and microglia markers were increased in the wild-type rat
brain. Despite sepsis triggering brain inflammation and cog-
nitive impairment, the intracerebral injection of RAGE anti-
body into the hippocampus reduced A3 accumulation, de-
creased RAGE expression and microglial cell activation, and
prevented behavioral deficits evaluated by the inhibitory
avoidance and novel object recognition tasks associated with
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1

Fig. 14 Immunohistochemical staining of Af; 4, in rat brain
hippocampus. (a) Representative microscopic field images (magnifica-
tion X 100 and x 400) immunostained with A3;_4,. (b) Data are presented

cognitive impairment in sepsis survivors [15]. In our study, we
also verify that the RAGE inhibition improved recognition
memory, habituation memory, and spatial memory as mea-
sured by the novel object recognition task, open-field task,
and MWM task, respectively, by using separate cohorts of
animals. Although there is no difference between the groups
during the training trial, the probe trial demonstrated a signif-
icant difference between meningitis and control rats. The
RAGE inhibitor-treated rats spent more in the target quadrant.
In the AD transgenic mice model, APP/PS1, the RAGE inhi-
bition by the blocking RAGE/Af axis improved cognitive
deficits evaluate by MWM [45].

The possibility is that A3 acts as an antimicrobial peptide, and
the pathogen triggers A3 production and deposition in the brain,
starting with the pathological cascade associated with AD [46].
Other studies also support the hypothesis of the role of infectious
agents in AD pathology, such as Porphyromonas gingivalis [47],
Toxoplasma gondii [48], and herpes simplex virus type 1 (HSV-
1) [49] infections. The inflammatory hypothesis has recently
been reinforced by genome-wide association studies that identi-
fied genes for immune receptors, triggering receptors expressed
on myeloid cells-2 (TREM-2) [50] and CD33 [51], which are
associated with an increased risk of AD. We also observed in-
creased levels of the inflammasome (NLRP-3 expression) and
CD68 markers in meningitis survivors as compared to the control
group. Regardless of the cause, this sequence of events generated
by pneumococcal meningitis persists long after the resolution of
the infection and recovery; however, these events can trigger a
neurocognitive decline. The RAGE-Af axis is a common fea-
ture underlying many infections and neurodegenerative diseases.
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A better understanding of this critical mechanism may help pre-
vent cognitive impairment in patients who are survivors of infec-
tious diseases.

Conclusion and Future Perspectives

In this study, we demonstrated that experimental pneumococ-
cal meningitis increased RAGE and Af3 expression, triggered
BBB disruption, caused microglial cell activation, and result-
ed in cognitive impairment in experimental meningitis.
Targeted RAGE inhibition by FPS-ZM1 was able to reduce
cytokine levels, decrease the expression levels of AP ;_4,, in-
hibit microglial cell activation, and improve cognitive deficits
in meningitis survivor rats. Future directions should replicate
these data using an AD mouse model subjected to meningitis.
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