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1 | INTRODUCTION

Summary

Aims: Streptococcus pneumoniae infection in acute bacterial meningitis can lead to
widespread brain damage and mortality. Inflammatory responses by immune cells in
the brain are thought to determine the degree of brain injury. Yet, the mechanisms
underlying host responses to pneumococcal meningitis are largely unknown. To ex-
plore host responses as a potential therapeutic target for preventing brain injury
after pneumococcal meningitis.

Methods: We evaluated signaling mechanisms that minimize neuronal damage
caused by pneumococcal infection; specifically, we assessed pathways related to
neuronal survival after enhancing estrogen receptor-$ (ER-B) expression using a natu-
ral therapeutic substance known as ginsenoside Rb1 and Rg3 enhanced ginseng.
Results: Tissue damage caused by bacterial infection was reduced in Rb1/Rg3-
treated mice as a result of microglial activation and the inhibition of apoptosis.
Furthermore, Rb1 upregulated the expression of brain-derived neurotrophic factor
(BDNF) as well as anti-apoptotic factors including Bcl-2 and Bcl-xL. Using BV2 micro-
glial cells in vitro, Rb1 treatment inhibited microglial apoptosis in a manner associated
with JAK2/STAT5 phosphorylation.

Conclusion: After S. pneumoniae infection in mice, particularly in female mice, Rb1-
containing ginseng increased bacterial clearance and survival. These findings inform

our understanding of the host immune response to pneumococcal meningitis.
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neuroinflammation

damage is beneficially associated with neuronal recovery through

wound-healing mechanisms, BDNF reduces mortality by inhibiting

Estrogen receptors (ERs) play several physiological roles including
anti-inflammatory functions. Among ER subtypes (ER-a and ER-f),
ER-B, but not ER-a, is mainly expressed in central nervous system
(CNS) microglia and regulates microglial activation.! ER-p activa-
tion induces the expression of brain-derived neurotrophic factor
(BDNF), a neuroprotective factor, to regulate the survival of local

neurons against trauma.? Although microglial survival after neuronal

the release of pro-inflammatory factors.® Similarly, in a clinical study,
serum BDNF levels were reduced in patients with increased levels
of pro-inflammatory factors such as IL-6 and TNF-a compared with
normal subjects.* The molecular mechanisms by which ER-p associ-
ated repression of neuro-inflammatory responses have not been es-
tablished, and the potential impact of ER-p function on the neuronal

cell death has not been evaluated.”®
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Ginseng is a traditional medicinal herb that has antioxi-
dant, anti-inflammatory, and thus neuroprotective properties.
Consequently, ginseng has been proposed as useful for the pre-
vention of bacterial meningitis by inhibiting neuroinflammation.’
Ginsenoside Rb1 (Rb1) is a bioactive component of ginseng that
exerts neuropharmacological effects by BDNF.® Rb1 attenuates
microglial activation, reducing the expression of pro-inflammatory
cytokines associated with the immune response including tumor
necrosis factor-a (TNF-a) and interleukin (IL)-1p with lipopoly-
saccharides (LPS). However, the mechanism and significance of
Rbl-related neuroinflammation and cell death are largely ob-
scure.’ Microglial activation and the associated production of
pro-inflammatory cytokines has been linked to neuronal death
and several neurodegenerative disease states in clinical studies.*°
Bacterial meningitis also produces microglial activation and the
release of inflammatory cytokines as well as microglial cell death
due to infection.!

Acute bacterial meningitis occurs due to bacterial infection of
the meninges and produces significant neuronal inflammation and
injury. Several reports indicate the rate of meningitis-associated
mortality in adults has remained the same despite the develop-
ment of new antibiotics.!?*3 Streptococcus pneumoniae (S. pneumo-
niae) is a bacterium that causes bacterial pneumonia, otitis media,
and sepsis, and the most important pathogenic cause of bacterial
meningitis.’* Bacterial meningitis caused by S. pneumoniae has a
high mortality rate; 30% of survivors experience significant brain
damage, cognitive impairment, hearing loss, and sensorimotor defi-
cits.'®> While other therapies using corticosteroids (dexamethasone)
have recently been developed, these approaches are costly and are
still being validated for clinical use. Therefore, existing therapeutic
strategies do not effectively prevent bacterial meningitis and are

limited in its treatment.'®

A better understanding of the mecha-
nisms underlying the damaging effects of acute bacterial meningitis
can facilitate the development of new prophylactic and therapeutic
strategies.?’

In this study, the therapeutic effects of Rb1/Rg3 in mice with
S. pneumoniae bacterial meningitis were investigated. Specifically, the
effects on ER-f activation were evaluated and the hypothesis that
Rb1/Rg3 induces BDNF expression via ER- and decreases microg-
lial apoptosis was tested. Additionally, rodent survival and bacterial
burden after treatment with Rb1/Rg3 were evaluated to determine
the potential clinical utility of Rb1/Rg3 and ginseng as a cost-effective

option in pneumococcal meningitis.

2 | METHODS

2.1 | Mice

Male and female C57BL/6 mice (6-8 weeks of age) were received from
Orient Bio Inc. (Seoul, Korea) and acclimatized to a temperature- and
humidity-controlled environment under a 12-hour light-dark cycle
with daily access to water and food. The care and use of animals as
well as the study protocol adhered to the guidelines of the Korean
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Academy of Medical Sciences and was regularly reviewed by the

Ethical Committee of Sungkyunkwan University.

2.2 | Treatments

Ginsenoside Rb1 (ab142646, Abcam) was dissolved in 0.9% saline
and administered intraperitoneally to the treatment group (50 mg/
kg) for 7 days. The control group received vehicle treatment (0.9%
saline). All injections were performed at the same time (10:00) each
day‘18 Furthermore, to examine the effects on survival, P. ginseng
from the Korea Ginseng Corporation (Seoul, Korea) was steamed
for 3 hours at 100°C and dried for extraction. The final product was
verified using ultra-performance liquid chromatography. Based on
our previous study using a model of bacterial sepsis, ginseng ex-
tract was administered at 4 doses (0, 50, 100, and 200 mg/kg) with
the following Korea Red Ginseng ingredients (mg/g + standard de-
viation): Rbl (4.62 + 0.05), Rb2 (1.83 + 0.02), Rc (2.41 +0.02), Rd
(0.89 £ 0.02), Re (0.93 +0.01), Rf (1.21 +0.02), Rg1 (0.71 + 0.01),
Rg2(r) (1.29 £ 0.02), Rg2(s) (1.92 + 0.03), Rg3(r) (0.91 + 0.02), Rg3(s)
(2.14 +0.01), and Rh1 (0.78 + 0.00),*”2° with the addition of Rg3
(17 mg/g) from the Korea Ginseng Corporation (Seoul, Korea) and
dissolved in 0.9% saline. Extract dilutions were orally administered
to mice at 10:00 and 16:00 every day for the duration of the sur-
vival study.

2.3 | Bacteria and bacterial meningitis model

Streptococcus pneumoniae D39  (serotype 2) was obtained
from Professor David E. Briles of the University of Alabama at
Birmingham.21 Bacteria were suspended in a solution of 3% Todd-
Hewitt broth, 0.5% yeast extract, and 1.5% agar (selectively), and
2% of the solution was inoculated into a sterilized culture medium
(15 minutes at 121°C) and cultured at 37°C in a humidified incubator.
We used a well-known pneumococcal meningitis model with some
modifications; briefly, 1 x 10° S. pneumoniae dissolved in 10 puLl 0.9%
saline was injected intracerebroventricularly at the soft point of the

cranium (1-2 mm anterior to the coronal suture) in mice.??

2.4 | Immunohistochemistry and
immunofluorescence

Mice were euthanized in a CO, chamber 16 hours after pneumococ-
cal infection. Brains were harvested and fixed with formalin using
a conventional method. Fixed tissues were stained with hematoxy-
lin and eosin. Microglia were detected using an anti-lbal antibody
(ab5076, Abcam). Brain sections were analyzed using light micros-
copy (Olympus BX50) or confocal laser scanning microscopy (Zeiss,
Seoul, Korea).

2.5 | Immunoblotting

Mice brains were harvested as described above, and tissues
were lysed with a lysis buffer (Abcam) containing protease and
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phosphatase inhibitors. Proteins were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to a ni-
trocellulose/polyvinylidene fluoride membrane using a Trans-Blot®
Turbo™ Transfer System (Bio-Rad). Membranes were blocked in
skim milk or BSA for 2 hours and subsequently incubated overnight
with one of the following primary antibodies: anti-ER-p (gtx70174,
Gentex), anti-Bcl-2 (gtx100064, Gentex), anti-BDNF (sc-546, Santa
Cruz), anti-Nurrl (sc-991, Santa Cruz), anti-Bax (sc-493, Santa Cruz),
anti-Bcl-xL (sc-8392, Santa Cruz), p-actin (sc-47778, Santa Cruz),
TNF-a (sc-1350, Santa Cruz), phospho-Jak2 (#3776, Cell Signaling),
Jak2 (#3230, Cell Signaling), phospho-Stat5 (#9359 Cell Signaling),
or Stat5 (#94205, Cell Signaling). Then, blots were washed with Tris-
buffered saline containing Tween 20, treated with either anti-mouse
or anti-rabbit secondary antibody as appropriate, and visualized
with an electrochemiluminescence solution (GenDEPOT). Semi-
quantification of blot bands was performed using Image J 2.1.4.6
software (Wayne Rasband, National Institutes of Health, Bethesda,
MD).

2.6 | Cell culture

For in vitro studies, the mouse microglial BV-2 cell line was ob-
tained from Professor Choon-gon Jang of the School of Pharmacy at
Sungkyunkwan University.?® BV2 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) containing 10% heat-inactivated
fetal bovine serum (30-2020, ATCC) and antibiotics (100 pug/mL
streptomycin and 100 IU/mL penicillin, Gibco). Cells were main-
tained in an incubator at 37°C under a humidified atmosphere of
5% CO,,.

2.7 | RNA extraction and siRNA

RNA was extracted from BV-2 cells using an RNeasy Plus Mini Kit
(74134, Qiagen), and cDNA was synthesized using the RNA to cDNA
EcoDry Premix (639546, Takara). Ab Step One Plus Real-time PCR
(Abcam) was performed with the following primers: Bcl-2 forward
5-ACG AGT GGG ATG GGG GAG ATG TG-3', BCL-2 reverse 5'-GCG
GTA GCG GCG GGA GAA GTC-3', BDNF forward 5'-TCA AGT TGG
AAG CCT GAA TGA ATG-3', BDNF reverse 5'-CTG ATG CTC AGG
AAC CCA GGA-3', ER-p forward 5-TGA GCC ACC CAA TGT GCT
A-3’, ER-B reverse 5-AAC AGG CTG AGC TCC ACA AAG-3'. Fold
changes in mRNA expression were calculated.

siRNA suspensions were prepared with control (scrambled)
siRNA or siRNAs targeting the mouse estrogen receptor beta (ESR2)
(L-065564-01-0005, Dharmacon) and a transfection reagent (mir
2700, Mirus) and used in accordance with SMARTpool siRNA re-
agent manufacturer’s specifications.

2.8 | Enzyme-linked immunosorbent assay (ELISA)

Cytokines in brain homogenates were assayed using the mouse IL-13
ELISA Kit (88-7013-76, Invitrogen) and mouse IL-10 ELISA kit (88-
7105-76, Invitrogen) in accordance with manufacturer specifications.

2.9 | Statistical analysis

Differences between groups were analyzed using Mann-Whitney
rank sum tests or a 1-way or 2-way analysis of variance. Mouse sur-
vival was analyzed using log-rank tests. All data were analyzed across
a minimum of 3 trials. Statistical significance was set at P < 0.05. All
analyses were conducted using GraphPad Prism software version
5.01.

3 | RESULTS

3.1 | Ginseng promotes survival after bacterial
meningitis

As the effects of ginseng on bacteria-induced neuroinflammation
have not been previously reported, the therapeutic utility of gin-
seng supplementation in pneumococcal meningitis was evaluated
utilizing the pathogenic S. pneumoniae as inflammation factors.
Ginseng extract (100 mg/kg or 200 mg/kg) was orally adminis-
tered to both sexes of a murine mice model of bacterial meningi-
tis, and survival was evaluated. In male mice, the untreated group
died within 140 hours of infection. Regarding ginseng treatment,
the 100 mg/kg treatment group showed better survival than the
200 mg/kg treatment group (18% survival vs 9% survival, re-
spectively) (Figure 1A). In female mice, ginseng administration
not only increased survival in a dose-dependent manner but also
had a statistically significant effect on mortality (Figure 1B, left
panel). Furthermore, administration of ginseng (200 mg/kg) sup-
plemented with Rg3, a component of ginseng, to female mice in-
creased the survival rate from 16% in the regular ginseng group to
33% (Figure 1B, right panel). The results show the effects of gin-
seng and Rg3 were therapeutically more useful in female mice than
in male mice, thereby improving survival. Moreover, we performed
colonization at 24 hours postinfection to measure changes in brain
bacterial burden after treatment. The results showed that bacte-
rial burden was slightly reduced in the ginseng group compared
with the control group in male mice, whereas ginseng significantly
increased bacterial clearance in female mice (Figure 1C). The abil-
ity of ginseng to limit bacterial burden was dose-dependent in the
early phase of infection in female mice (Figure 1C,D). As brain in-
flammation was caused by pro-inflammatory IL-1p expression,24
we investigated IL-1p levels in mice brains. Ginseng treatment
significantly impaired IL-1p expression at 16 hours postinfection
compared with wild type (WT; Figure 1E), demonstrating the in-
creased survival rate due to ginseng might be associated with de-
creased IL-1pB levels. Moreover, when anti-inflammatory cytokine
IL-10, which maintains homeostasis of the inflammatory response

2526 \was evaluated,

to pathogen invasion or neuronal damage,
ginseng treatment significantly increased IL-10 levels at 16 hours
postinfection in the brains of female mice (Figure 1F). Therefore,
ginseng increased the survival of female mice infected with bacte-
rial meningitis by diminishing the inflammatory response of a host

defense.
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FIGURE 1 Ginseng extract promotes survival after pneumococcal meningitis in a mouse model. Survival was evaluated after

oral administration of ginseng extract or Rg3-supplemented ginseng extract (0, 100, or 200 mg/kg; n = 12) for 15 d and subsequent
Streptococcus pneumoniae infection in (A) male and (B) female mice. (C) Colonization (n = 9) at 24 h postinfection of S. pneumoniae.
(D) Colonization over time, (E) brain IL-1p content, and (F) brain IL-10 cytokine level content in the early phase of infection measured
using ELISA (<16 h, n = 4). (E, F) Data are representative of 3 independent samples at each time point. Results are representative of 2
separate experiments. *P < 0.05 and **P < 0.01, 1-way or 2-way analysis of variance

actions by releasing growth factors such as BDNF after brain in-

3.2 | Ginseng with supplemented Rg3, an Rb1-

s 27 . . .
. . .. ury.”” Thus, we examined whether other ginsenosides also have
derivative, also reduced apoptosis via the ER-f Jury &

anti-apoptotic effects through ER-B/BDNF signaling (Figure 2B).

Because of its structural similarity to Rg3, Rb1 is easily converted As expected, Rg3-supplemented ginseng extract significantly in-
to Rg3 by catalyzing the addition of glucose with a hydrolyzing creased the expression levels of BDNF, Bcl-2, Bcl-xL, and ER-f in
enzyme (Figure 2A). Early studies indicated microglia play a caus- BV2 cells after S. pneumoniae infection compared with the control
ative pro-inflammatory role in the early phase of infection; how- group (Figure 2C-F). As the survival of microglia after neuronal

ever, microglia are currently known to also exert neuroprotective damage promotes neuronal recovery,® these findings confirmed
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Rb1 and its derivative Rg3 promote survival signaling in infection-

challenged microglial cells by upregulating ER-p.

3.3 | Rb1 promotes Bcl-2/Bcl-xL expression in
microglia via the ER-f

Microglial apoptosis is more detrimental than microglial activa-
tion in response to inflammatory challenge.?® The neuroprotective
effects of Rb1 have been confirmed in several studies; however,
the mechanism of Rb1l interacting with microglia is largely un-
known.??3% Thus, we evaluated the ability of Rbl to affect mi-
croglial apoptosis in cultured BV2 microglial cells infected with
S. pneumoniae. Rb1 treatment significantly increased the expres-
sion of ER-B, BDNF (Figure 3A,C,D), and the antiapoptosis path-
ways Bcl-2 and Bcl-xL (Figure 3A,E,F) after infection compared
with vehicle treatment. Furthermore, several studies showed
JAK2/STATS signaling controls cell survival by inhibiting apoptosis
through Bcl-2 and Bcl-xL.3132 However, how JAK2/STAT5 signal-
ing manipulates microglia against neuronal inflammation factors
remains largely unknown. Thus, we examined whether ginseng/
ginsenosides could mediate JAK2/STAT5 signaling in microglia.
Results showed Rb1 treatment increased phosphorylation of JAK2
and STATS5 in response to infection compared with the control
group (Figure 3B).

0.1 transcription 5

Next, mRNA expression levels were analyzed to confirm the re-
lationship among Rb1 treatment, ER-B expression, and decreased
apoptosis. Consistent with the protein data, Rb1 treatment signifi-
cantly increased mRNA levels of ER-B, BDNF, and Bcl-2 after S. pneu-
moniae infection compared with the control group. (Figure 4A-C);
notably, these mRNA changes occurred prior to significant alter-
ations in protein.

To corroborate ER-B-dependent increase in cell survival, protein
expression levels were evaluated after siRNA knockdown of ER-p.
Compared to BV2 cells treated with control scrambled siRNA, cells
treated with ER-p siRNA did not show elevated Bcl-2 or Bcl-xL, but
exhibited increases in pro-inflammatory cytokines including TNF-«
in response to Rb1 treatment (Figure 4D). Taken together, these re-
sults showed Rb1 treatment decreased microglial apoptosis via the

ER-p upregulation.

3.4 | Rb1 exerts protective effects against
bacterial meningitis

We evaluated hematoxylin and eosin-stained brain sections from bac-
terial meningitis model mice treated with Rb1 or vehicle to visualize
the protective effects of Rb1 in pneumococcal meningitis. The con-
trol group showed staining patterns consistent with acute meningitis,

while the Rb1 group tended to show recovery from pneumococcal
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FIGURE 4 Rb1 promotes antiapoptosis activation by upregulating ER-p-dependent Bcl-2 protein family. (A-C) RT-PCR was performed
on RNA extracted at 0, 15, 30, and 60 min postinfection. mMRNA expression levels of ER-B, BDNF, and Bcl-2. (D) Western blot of BDNF,
Bcl-2, Bel-xL, and TNF-a after treatment with scrambled control siRNA or siRNA against ER-B. Data are representative of 4 independent
samples. Results are representative of 3 separate experiments. *P < 0.05 and **P < 0.01, 2-way analysis of variance. BDNF, brain-derived
neurotrophic factor; ER-B, estrogen receptor beta; JAK2, Janus kinase 2; STATS5, signal transducer and activator of transcription 5

infection®® (Figure 5A). Compared with the control group, the Rb1l
group showed decreased Bax expression and increased expression of
ER-B, BDNF, and Nurr1 in the early stages of infection (Figure 5B). In

particular, ER-B expression was significantly increased at 4, 8 hours

postinfection in the Rb1l group compared with the control group
(Figure 5C). These data showed Rb1 exerts protective effects in a mu-
rine model of pneumococcal meningitis through a mechanism involv-

ing ER-B upregulation.
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4 | DISCUSSION

In the present study, we demonstrated the potential therapeutic
utility of Rb1, ginseng, and Rg3-supplemented ginseng in S. pneu-
moniae bacterial meningitis. Rb1 and Rg3 enhanced the expres-
sion of ER-B, anti-apoptotic factors Bcl-2 and Bcl-xL, and BDNF
in BV2 microglial cells and in a fatal murine model of S. pneumo-
niae bacterial meningitis. Moreover, these effects were associated
with JAK2/STATS5 activation and required ER-p expression in BV2
cultures.

Although sex has not been identified as a protective factor in
bacteria-induced neuroinflammation, previous animal and clinical
studies have substantiated the hypothesis that females have in-
creased neuroprotective capacity and often exhibit better survival
compared with males in Alzheimer’s disease, Parkinson’s disease,
and stroke.®**° In our murine model, female mice responded more
favorably to the administration of ginseng extract, exhibiting pro-
longed survival and decreased brain bacterial burden. Collectively,
these results showed ginseng enhances an endogenous host defense
mechanism involving the ER-B expressed on microglia (Figure 6).

Ginsenoside Rb1 exerts neuroprotective effects against CNS
injury. However, the underlying neuronal mechanism remains un-
clear.*? ER-p activation is one mechanism that protects microglia by
downregulating NF-xB signa\ling.1 Increased ER-f signaling leads to
activation of the PIBK/AKT pathway, which in turn promotes BDNF

neurotrophic factor; ER-f, estrogen
receptor beta; hpi, hours postinfection

Rb1 (50 mg/kg)

release as part of a pro-survival mechanism.*? Furthermore, ER-p
was shown to regulate apoptosis via Bcl-2 family proteins.*® These
reports are consistent with the present study results showing the
ER-p/BDNF/Bcl-2 signaling pathway is an important pathway for
promoting microglial survival and reducing pathological alterations
associated with bacterial meningitis.

BDNF is a member of the neurotrophin family that gener-
ally promotes neuronal survival. Brains with reduced levels of
BDNF become vulnerable to neurodegenerative disorders such
as Alzheimer’s disease, Huntington’s disease, and Parkinson’s dis-
ease.*** Although previous reports indicated BDNF is an effec-
tive therapeutic substance against bacterial meningitis, the exact
mechanism of its efficacy remains unclear.*® In a previous study,
Rb1 activated BDNF through cAMP/protein kinase A (PKA) signal-
ing in a model of Alzheimer’s disease.*’ Our study contributes to
this knowledge by showing Rb1 increases brain BDNF expression
as well as cell survival in a manner associated with ER-f induction
and reduced neuroinflammation in a model of infection. Treatment
with ginseng extract increased IL-10 levels in the brain. This anti-
inflammatory cytokine balances neuroimmune response against
neurotoxicity.?>2% Rb1 treatment similarly increased the expres-
sion of Nurrl in meningitis model mice; Nurrl not only showed
anti-inflammatory effects by inhibiting microglial IL-18 and TNF-«
release, but also regulated the generation of ROS by microglia and

astrocytes, increasing protection against neuronal cell death.?
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FIGURE 6 Pathway summary of a host defense mechanism response to bacterial meningitis caused by Streptococcus pneumoniae.
Resting microglia are activated by S. pneumoniae. Rb1-treated microglia express high levels of surface ER- to bind estrogen, which induces
BDNF generation via Nurrl as a pro-survival signal for neurons. Microglial survival is increased through JAK2/STAT5 phosphorylation, and
surviving microglia produce anti-inflammatory mediators and facilitate bacterial clearance. In the absence of these survival signals, microglia
promote neuronal death by creating harmful inflammation in the meninges

Additionally, Nurrl is an essential factor inhibiting microglial apop-
tosis, as evidenced by the increased expression of proapoptotic Bax
protein in Nurrl-KO mice.*® Notably, Nurrl expression is depen-
dent on PKA/cAMP signaling, consistent with the abovementioned
result showing Rb1 regulates the PKA/cAMP pathway.** BDNF is
also known to regulate Nurrl expression.50 Future studies should
use multilateral approaches to investigate associations among ER-,
Nurrl, and BDNF in neuroprotection.

In the present study, ginseng administration was significantly
more effective for increasing survival in female mice than in male
mice. Female mice exhibited dose-dependent improvement in sur-
vival and decrease in brain bacterial burden with ginseng treatment.
Sex differences in the efficacy of ginseng and Rb1/Rg3 may have
been associated with the importance of ER-B/BDNF/Bcl-2 signaling
as a primary mechanism of neuroprotection. While females can di-
rectly synthesize and utilize estrogen as a ligand for ER-B, males must
convert testosterone into estrogen; this potentially represents a sex
difference in endogenous host defense mechanisms.>152 Therefore,
the present study results showed a potential sex difference in the
efficacy of Rb1 and associated effects mediated through the ER-p in
bacterial meningitis.

The phosphorylation of JAK2/STATS5 plays an important role in
microglial activation.’®>* In particular, STAT5 reportedly activates
AKT phosphorylation, a key factor determining neuronal cell sur-

vival. Activation of STAT5 in neurons similarly promotes neuronal

survival by interacting with the AKT pathway and facilitating anti-
apoptotic Bcl-xL expression. Further, STAT5 upregulates BDNF
by interacting with cAMP.* Based on these results and because
Rb1 increased JAK2/STAT5 phosphorylation, we hypothesize Rb1
increases AKT signaling as a pro-survival signal synergizes with
BDNF effects, and these mechanisms underlie the increased sur-
vival observed after ginseng treatment for bacterial meningitis.
Future studies evaluating ER-p signaling in this context should also
examine relationships of Nurrl and PKA/cAMP with BDNF, thus
allowing identification of more detailed disease mechanisms and
treatment targets.

In summary, we showed Rb1 reduces microglial cell death and
promotes survival through ER-B/BDNF signaling. We also confirmed
the neuroprotective effects of Rb1/Rg3 as bioactive components
of ginseng in a murine model of S. pneumoniae bacterial meningitis.
Finally, we propose ER-B/BDNF signaling represents an important
endogenous host defense mechanism against bacterial meningitis,

especially in females.
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