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Abstract
Background: Despite prompt and appropriate care, Streptococcus pneumoniae (S. pneumoniae) meningitis 
remains a key cause of childhood morbidity and mortality. Recently, several studies suggested the possibility 
of microRNAs (miRNA) involvement in multiple brain and infectious diseases. This study aimed to investigate 
the expressional changes of brain-enriched miRNAs (124, 134, 9, and 138), and inflammation-related miRNAs 
(132, 181a, 221, and 222) in the cerebral cortex of acute S. pneumoniae meningitis in postnatal day 25 rats with 
and without treatment. Methodology: Quantitative polymerase chain reaction (qPCR) was used to measure the 
expression levels of the tested brain-enriched and inflammation-related miRNAs in the cerebral cortical tissues 
obtained from acute experimental meningitis rat model induced by intracranial inoculation of S. pneumoniae 
serotype 3 with and without treatment. Control rats inoculated with saline were also included. Results: Brain-
enriched miRNAs are significantly downregulated in untreated animals while after treatment with antibiotic 
and steroid for 24 hours, miR-124 and miR-9 expressions were nearly equal to the control, while miR-134 and 
miR-138 were significantly upregulated. Inflammation-related miR-132 was significantly downregulated in 
untreated and treated animals while miRNAs (181a, 221, and 222) were significantly upregulated in untreated 
and treated animals. Conclusion: Acute S. pneumoniae meningitis leads to significant changes in the cerebral 
cortical expressions of some brain-enriched and inflammation-related miRNAs. These miRNAs may play a role in 
the pathogenesis of acute bacterial meningitis.

Introduction

Acute bacterial meningitis (ABM) remains a 
potentially debilitating infection in children 
resulting in high mortality as well as long-
term disability in up to a third of the survivors 
[1]. Despite modern antibiotics and improved 
critical care, bacterial meningitis (BM) is still 
an unresolved problem in clinical medicine. Of 
all etiologic groups, Streptococcus pneumoniae 
(S. pneumoniae) has been the leading cause of 
ABM in young children. 

Neuronal damage in meningitis is clearly 
multifactorial, involving bacterial toxins, 
cytotoxic products of immune competent 
cells, and indirect pathology secondary to 
intracranial complications. Molecular basis of 
bacterial meningitis development are under 
intense study in the hope of identifying 
new therapies for preventing and treating 
meningitis.

MicroRNAs  (miRNAs) are small, non-coding 
RNAs that regulate post-transcriptional 
expression of protein-coding mRNAs, which 

may have key roles in the development of the 
central nervous system (CNS) and pathogenesis 
of neurological disorders in developing 
brains including epilepsy and hypoxic 
ischemic encephalopathy [2-5]. Furthermore, 
dysregulation of miRNAs has been implicated 
in the etiology of multiple acute and chronic 
pediatric disorders reviewed in [6-8]. 

miRNA expression is highly enriched in the 
nervous system with approximately 70% of 
experimentally detectable miRNAs expressed 
in the brain [9]. miRNAs are also involved in 
the regulation of several aspects of the innate, 
adaptive immune responses and inflammation-
related disorders. Studies uncovered a subset 
of miRNAs which are brain-enriched  including 
miRNAs (124, 134, 9, and 138) and inflammation- 
related miRNAs including (132, 181a, 221, and 
222) which were extensively studied in multiple 
brain disease in both developing and adult brains 
[4,10-12], and also in infectious diseases [13-15].

In light of being brain-enriched and their 
growing roles in the inflammation-related 
disorders, we hypothesize that these brain-

enriched miRNAs (124, 134, 9, and 138) and 
inflammation-related miRNAs (132, 181a, 221, 
and 222) expression levels could change in 
the cerebral cortex of acute S. pneumoniae 
induced meningitis in the developing brains 
with and without treatment and may have a 
role in the disease pathogenesis. In this study, 
we monitored for the first time, changes in 
the expressions of these 8 miRNAs in the 
cerebral cortex of acute S. pneumoniae induced 
meningitis in developing brains.

Experimental procedures

Animal model preparation
We started our experiment with 30 Sprague 
Dawley (SD) at postnatal day 25 (PN25) from 
the Experimental Animal Center of Xiangya 
Medical College, Central South University. The 
animals were housed in a room with controlled 
temperature 20 ± 2° C and humidity (50 – 60%) 
and were kept on an alternating 12h light dark 
cycle. Animals had free access to food and 
water. The 30 rats were randomly divided into 

Received 24 April 2014 
accepted 13 May 2014

Keywords
 • Acute meningitis • Streptococcus pneumoniae • microRNAs • Developing brain

© Versita Sp. z o.o.



132

three groups: control group C (n = 10) and 
experimental group (E = 20), which sub-divided 
into two sub-groups, meningitis without 
treatment group (n =10), and meningitis with 
treatment (antibiotic and dexamethasone) 
group (n = 10). All procedures were approved 
by the Institutional Animal Care and Use 
Committee of Central South University.

Bacterial strain
S. pneumoniae serotype 3 was commercially 
bought from American Type Culture Collection 
(ATCC, Manassas, VA, USA). The bacteria was 
diluted in a dose of 0.2 mg/ml then cultured 
on solid blood agar medium. The blood agar 
was prepared according to the manufacturer’s 
instructions. On the solid blood agar, glistening 
colonies were formed after 18 hours, measuring 
about 1 mm each. S. pneumoniae strains were 
grown on Trypticase soy agar (TSA II, Becton, 
Dickinson and Company, Franklin Lakes, NJ, 
USA) supplemented with 5% sheep’s blood at 
37°C in 5% CO2 in liquid media. The growth was 
observed at 6, 12 and 18 hours. The bacteria 
were grown on a serial of 4 subsequent cultures 
on liquid blood agar. With initial growth 
beginning in optimal conditions, autolysis 
usually begins within 18-24 hours, with 
colonies collapsing in the centers. They were 
examined after 15 hours for solid residues in 
the tubes. The red blood cells were lysed and 
the cultures compared to the 0.5 - 5 McFarland 
bacterial comparator. 

Animal model
On PN 25, the experimental and control rats 
were given intraperitoneal chloral hydrate 
(10%, 5 ml/kg) to induce anesthesia and placed 
on stereotaxic frame. A central incision was 
made in the scalp and 10 μl cerebrospinal fluid 
(CSF) was obtained by puncture of the cisterna 
magna. For the experimental group (n = 20) 
the bacteria was inoculated in the intracranial 
route in a dose of 103 colony forming unit (CFU), 
of S. pneumoniae in 10 μl of 0.9% sterile saline 
using the microsyringe with a 26 mm gauge 
needle. After 1 hour, the rats were observed 
for signs of meningism including piloerection, 
irritability, hunched position, and decreased 
spontaneous activity. The experimental group 
was randomly subdivided into two subgroups, 

meningitis without treatment (n = 10), this 
group was observed for 24 hours without 
receiving any treatment (mortality = 40%) 
and meningitis with treatment group (n = 10) 
16 hours after bacterial inoculation this group 
received a single injection of subcutaneous 
ceftriaxone (100 mg/kg) and dexamethasone in 
a dose of 0.25mg/kg, and killed 24 hours after 
the bacterial inoculation (mortality = 20%). 
Meningitis was documented 16 hours after 
bacterial induction by a quantitative culture of 
5 μl of CSF obtained by puncture of the cisterna 
magna [16]. In the control group (n = 10), 10 μl 
of CSF was obtained but instead of the bacteria, 
normal saline was injected (mortality = 10%).

Rat tissue preparation for RNA 
isolation
The rats were sacrificed under deep anesthesia 
by an intraperitoneal injection of chloral 
hydrate (10%, 5 ml/kg) 24 hours after bacterial 
inoculation in the untreated group and 24 
hours after ceftriaxone and dexamethasone 
in the treated group. Control rats were also 
included. After decapitation, the cerebral 
cortex was removed quickly using RNase-free 
instruments. All materials were frozen on dry 
ice and stored at -80°C until use.

RNA isolation
For RNA isolation, frozen material was 
homogenized in 1 ml Trizol Reagent 
(Invitrogen, Carlsbad, CA, USA) for each 50 mg 
of hippocampal tissue. After adding 0.2 ml of 
chloroform, the aqueous phase was isolated 
using Phase Lock tubes (Eppendorf, Hamburg, 
Germany). RNA was precipitated with 0.5 ml 
isopropyl alcohol, washed twice with 75% 
ethanol, and dissolved in nuclease-free water. 
The concentration and purity of RNA were 
determined at 260/280 nm using a nanodrop 
spectrophotometer (Ocean Optics, Dunedin, 
FL, USA).

Assessment of brain-enriched miRNAs 
(124, 134, 9, and 138) and inflammation 
related miRNAs (132, 181a, 221, and 
222) relative expressions
All the miRNAs primers were purchased from 
GeneCopoeia Company (USA). cDNA synthesis 
was performed using the One Step PrimeScript® 

miRNA cDNA Synthesis Kit (TAKARA, Dalian, 
China), which includes three mixes (2×miRNA 
Reaction Buffer Mix, miRNA PrimeScript® RT 
Enzyme Mix and 0.1% BSA). A 10 μl reaction 
contained 5 μl 2×miRNA Reaction Buffer Mix, 1 
μl miRNA PrimeScript® RT Enzyme Mix and 1 μl 
0.1% BSA, 100 pg RNA, and DEPC-treated water 
up to 10 μl. The tube was incubated at 37°C for 
60 min, the reaction was terminated at 85°C for 
5 sec, and then the reaction was held at 4°C. 

Quantitative polymerase chain reaction 
(qPCR) reaction was performed using the 
SYBRR® Premix Ex Taq™ II (TAKARA, Dalian, 
China) kit. qPCR was performed in triplicates. 
The 10μl PCR reaction contained the following: 
5 μl SYBRR® Premix Ex Taq™ II, 0.4 μl Uni-
miR qPCR Primer, 2 μl miR Specific Primer 
(GeneCopoeia, USA), 1 μl cDNA, and 1.6 μl 
diethylpyrocarbonate (DEPC)-treated water. 
The PCR reactions were incubated at 50°C for 
2 min (uracyl-DNA glycosylase incubation) and 
95°C for 30 sec, followed by 40 cycles of 95°C for 
5 sec and 60°C for 30 sec, followed by melting 
curve analysis from 65.0 to 95.0 °C (increment 
0.5°C, 0:05). The relative expression level for 
each of the 8 miRNAs was calculated using the 
comparative CT method. The expression of the 
U6 small nucleolar RNA gene was used as the 
internal control.

Statistical analysis
All of the data are expressed as means ± 
standard deviation. A Student’s t test was 
performed to determine significant differences 
between two groups. One-way analysis of 
variance was utilized to determine significant 
differences among multiple groups. P < 0.05 
was considered to be statistically significant.

Results

Relative expression pattern of brain-
enriched miRNAs (124, 134, 9, and 
138)
qPCR results showed significant downregulation 
of miR-124 expression in the cerebral cortical 
tissue in the acute stage of S. pneumoniae 
meningitis group with mean 0.110 ± 0.020 
compared to control group mean of 0.450 ± 
0.050, while after treatment with (ceftriaxone 
and dexamethasone) its expression matched 
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the control with mean 0.450 ± 0.050 (Figure 1a). 
miR-134 expression showed significant 
downregulation in the meningitis group with 
mean 0.100 ± 0.0 compared to the control mean 
0.300±0.050, while after treatment it become 
significantly upregulated with mean 0.700 ± 
0.050 (Figure  1b). miR-9 expression was also 
downregulated in the meningitis group with 
mean 0.150 ± 0.050 compared to the control 
mean 0.400 ± 0.050, while after treatment its 

expression matched the control with mean 
0.450 ± 0.050 (Figure  1c). miR-138 expression 
was downregulated in the meningitis group 
with mean 0.200 ± 0.050 compared to the 
control mean, while after treatment its 
expression become significantly upregulated 
with mean 0.900 ± 0.100 (Figure 1d).

In rat tissues, miRNAs (124, 134, 9, and 138) 
expressions were normalized to that of the rat 
U6B small nuclear RNA gene (rnu6b) (P < 0.05).

Relative expression pattern of 
inflammation-related microRNAs 
(132, 181a, 221, and 222) 
qPCR results showed significant 
downregulation of miR-132 expression in the 
cerebral cortical tissue in the acute stage of 
S. pneumoniae meningitis group with mean 
0.250 ± 0.050 and also in the treatment group 
with mean 0.500 ± 0.050 compared to the 
control mean of 0.800 ± 0.100 (Figure  2a). 

Figure 1.  Relative expressions of brain-enriched microRNAs (124, 134, 9, and 138) in the cerebral cortex of acute S. pneumoniae meningitis model with and without treatment. 
a. miR-124 was significantly downregulated in the meningitis group, while it matched the control with treatment. b. miR-134 was significantly downregulated in 
the meningitis group, while it became significantly upregulated in the treatment group. c. miR-9 was significantly downregulated in the meningitis group, while 
it matched the control with treatment. d. miR-138 was significantly downregulated in the meningitis group, while it became significantly upregulared in the 
treatment group. N = 6 per group. The asterisk denotes P < 0.05.
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miR-181a expression showed also significant 
upregulation in the meningitis group with 
mean 0.650 ± 0.050 and also in the treatment 
group with mean 0.600 ± 0.100 compared to the 
control mean 0.200 ± 0.0 (Figure 2b). miR-221 
expression showed significant upregulation in 
the meningitis group with mean 0.500 ± 0.100 
and also in treatment group with mean 0.800 
± 0.050 compared to the control mean 0.200 ± 
0.050 (Figure  2c). miR-222 expression showed 
significant upregulation in the meningitis 
group with mean 0.617±0.028 and also in the 

treatment group with mean 0.517 ± 0.028 
compared to the control mean 0.183 ± 0.028 
(Figure 2d).

 In rat tissues, miRNAs (132, 181a, 221, and 
222) expressions were normalized to that of 
the rat U6B small nuclear RNA gene (rnu6b) 
(P < 0.05).

Discussion

Despite the significant advances in treatment, 
bacterial meningitis remains one of the most 

detrimental infectious diseases of the CNS with 
high mortality and morbidity. S. pneumoniae is 
one of the major causative pathogens of the 
most severe form of BM, in terms of mortality 
and morbidity [17]. A better understanding 
for the ABM molecular basis in the developing 
brains may result in strategies for the treatment 
of this infection.

 In addition to well-established miRNA 
functions in a wide range of pathological and 
physiological process, it is becoming clear that 
miRNAs also play crucial roles during microbial 

Figure 2.  Relative expressions of inflammation-related microRNAs (132, 181a, 221, and 222) in the cerebral cortex of acute S. pneumoniae meningitis model with and without 
treatment. a. miR-132 was significantly downregulated in both meningitis groups with and without treatment. b, c, d. miR-181a, miR-221, and miR-222 were 
significantly upregulated in both meningitis groups with and without treatment. n= 6/group. The asterisk denotes P < 0.05.

Translational Neuroscience



135

infections. Furthermore, the role of miRNAs 
in regulating the host response to bacterial 
infection is increasingly recognized [18]. When 
compared with viral and parasitic infections, 
the changes in miRNA expression in response 
to bacterial pathogens have been less explored, 
especially in BM.

In this experiment, we focused for the first 
time on the expressional changes of brain-
enriched miRNAs (124, 134, 9, and 138) and 
inflammation-related miRNAs (132, 181a, 221, 
and 222) in the cerebral cortical tissues of acute 
S. pneumoniae meningitis with and without 
treatment in the PN25 rats.

 Our results revealed that the most abundant 
brain-specific miR-124 and miR-9 which play 
a major role in brain development nearly 
takes the same pattern of expression to be 
significantly downregulated in untreated 
animals, while with treatment there expression 
nearly return to the level of control. Recently, 
Ma et al. (2014) suggested that miR-124 is a 
potential target for preventive and therapeutic 
intervention against pulmonary tuberculosis 
through modulation of the Toll-like receptor 
(TLR) signalling cascade [19]. Glucocorticoid 
treatment induced expression of miR-124 in 
T-cells [20]. This could explain the expression 
change of miR-124 with treatment in our model. 
miR-9 was also found to be dysregulated in 
progressive human immunodeficiency virus 
(HIV) infection [21]. Modulation of miR-124 and 
miR-9 expression in models of meningitis in the 
developing brains may explore important roles 
for these miRNAs in pathogenesis and response 
to treatment. 

 miR-134 and miR-138 shows almost the same 
pattern of expression to be downregulated 
without treatment and then upregulated with 

treatment. Wippel et al. outlined for the first time 
the occurrence of synaptic pathology in human 
S. pneumoniae meningitis autopsy cases and in 
an animal model [22]. The observed long-term 
cognitive decline in survivors of pneumococcal 
meningitis may relate to synaptic damage and 
loss. miR-134 was the first miRNA shown to be 
involved in synapse formation [23]. miR-134 
silencing reduces spine density in hippocampal 
pyramidal neurons in vivo and protecting from 
epileptic seizure [11]. miR-138 is a neuron-
specific miRNA, which dynamically regulates 
neural development by controlling the shape 
and size of dendrites and thereby influences 
long-term memory [24]. miR-138 was also found 
to be downregulated in the seizure-related 
stages of the mesial temporal lobe epilepsy 
(MTLE) model in the developing brains [10]. 
miR-134 and miR-138 may be good candidates 
to study the long term cognitive abnormalities 
and epilepsy development which complicate 
bacterial meningitis. Neuronal activity in vitro 
and in vivo can trigger increased degradation 
of miRNAs [25], this may explain the down-
regulation of the four brain-enriched miRNAs 
in untreated animals. 

 miR-132 that is known to be TLR-responsive 
and potentiates anti-inflammatory signaling 
[26], was the only miRNA in our experiment 
which downregulated in the treated and 
untreated animals. Recently, Yu et al. suggested 
a role for miR-132 in CNS inflammation induced 
by Angiostrongylus cantonensis [14]. 

TLR4 related miR-146a was also significantly 
downregulated in acute Escherichia 
coli  meningitis  of immature rat models [27]. 
It will be interesting to determine if miR-132 
downregulation plays an anti-inflammatory 
effect in the meningitis animal model. 

 Other inflammation-related miRNAs (181a, 
221, and 222) were upregulated in the treated 
and untreated animals. In our previous work we 
found significant upregulation in these miRNAs 
expressions in the astrocytes stimulated 
with lipopolysaccharides (LPS) [28] and also 
in microglia exposed to oxygen glucose 
deprivation (OGD) [29]. Further experiments 
will need to prove if these miRNAs have a pro-
inflammatory function or not in this animal 
model.

 In conclusion, our study shows that S. 
pneumoniae meningitis with and without 
treatment leads to significant changes in 
the expression of some brain-enriched and 
inflammation-related miRNAs. Modulation in 
the expression of these miRNAs may be a novel 
molecular target for S. pneumoniae bacterial 
meningitis treatment in developing brains.
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