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Abstract Background: Neonatal meningitis caused by Escherichia coli results in high mortality and neurological disabilities,

and the concomitant systemic bacteremia confounds its mortality and brain injury. This study developed an experi-

mental model of neonatal ventriculitis without concomitant systemic bacteremia by determining the bacterial inocu-

lum of K1 capsule-negative E. coli by intraventricular injection in newborn rats.

Methods: We carried out intraventricular injections 1 9 102 (low dose), 5 9 102 (medium dose), or 1 9 103 (high

dose) colony-forming units (CFU) of K1 (�) E. coli (EC5ME) in Sprague-Dawley rats at postnatal day (P) 11.

Ampicillin was started at P12. Blood and cerebrospinal fluid (CSF) cultures were performed at 6 h, 1 day, and

6 days after inoculation. Brain magnetic resonance imaging (MRI) was performed at P12 and P17. Survival was

monitored, and brain tissue was obtained for histological and biochemical analyses at P12 and P17.

Results: Survival was inoculum dose-dependent, with the lowest survival in the high-dose group (20%) compared

with the medium- (67%) or low- (73%) dose groups. CSF bacterial counts in the low- and medium-dose groups

were significantly lower than that in the high-dose group at 6 h, but not at 24 h after inoculation. No bacteria were

isolated from the blood throughout the experiment or from the CSF at P17. Brain MRI showed an inoculum dose-

dependent increase in the extent of brain injury and inflammatory responses.

Conclusions: We developed a newborn rat model of bacterial ventriculitis without concomitant systemic bacteremia

by intraventricular injection of EC5ME.
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Despite continuous improvements in antibiotic therapy and

intensive care medicine, bacterial meningitis remains a serious

disease at any age, and the prognosis is particularly poor in

newborn infants, with mortality rates of 20–40% and long-

term neurological sequelae, including deafness, blindness, sei-

zures, hydrocephalus, and cognitive impairment in up to 50%

of survivors.1–3 The precise mechanisms by which bacterial

infection and the ensuing inflammatory responses in the sub-

arachnoid space during neonatal bacterial meningitis lead to

neuronal injury, which could result in death or neurological

sequelae in survivors, are not completely delineated. There-

fore, a better understanding of the mechanism of brain damage

is necessary to prevent this neuronal injury and, consequently,

to reduce the mortality and morbidities associated with neona-

tal bacterial meningitis.

Developing an appropriate animal model that could simu-

late clinical bacterial meningitis in newborn infants is essential

to determine its pathogenesis and to test the efficacy of newly

developed adjuvant treatments, in addition to the use of antibi-

otics. Currently, several animal models of neonatal bacterial

meningitis, including newborn piglets,4 mice,5–7 rats,8,9 and

rabbits10 are available, and meningitis was induced by various

routes, including intraperitoneal,5,11 intranasal,6 intra-

venous,5,10,12 and intracisternal7–10,12 inoculation of bacteria.

However, these animal models have certain drawbacks, includ-

ing small sample size, low infectivity, high mortality, and/or

variable extent of brain injury.11 Furthermore, concomitant

bacteremia might aggravate the meningitis-induced brain

injury,9,13,14 thus increasing mortality.8,9,15 Therefore, in the

present study, we developed a newborn rat model of neonatal

bacterial ventriculitis to mimic the human clinical and neu-

ropathological meningitis, using 11-day-old newborn Sprague–
Dawley rats, with titrated intraventricular inoculation of

Escherichia coli, (E. coli) the most common gram-negative

pathogen of neonatal bacterial meningitis.3 We attempted to

determine the bacterial inoculum dose with maximal brain

injury and minimal mortality by using K1 capsule-negative

E. coli to confine the infection to the central nervous system,
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without concomitant systemic bacteremia.12,16 We inoculated

the bacteria intraventricularly using a stereotaxic frame to sim-

ulate the neuropathological progression of clinical neonatal

bacterial meningitis, which begins with ventriculitis.17,18 Brain

injury was monitored in vivo by brain magnetic resonance

imaging (MRI).19–22

Methods

Infecting organism

In this study we used EC5ME, an un-encapsulated mutant of

E. coli strain possessing the K1 capsular polysaccharide C5

(serotype 018:K1:H7) (a kind gift from Professor Kwang Sik

Kim, Johns Hopkins University, MD, USA)12,16 to induce only

bacterial ventriculitis. Bacteria were cultured overnight in

brain-heart infusion broth, diluted in fresh medium, and grown

for another 6 h to the mid-logarithmic phase. The culture was

centrifuged at 5,000 9 g for 10 min, re-suspended in sterile

normal saline to the desired concentration, and used for the

intraventricular injection. The accuracy of the inoculum size

was confirmed by serial dilution, overnight culture on blood

agar plates, followed by a count of colony-forming units

(CFU).

The experimental protocols described herein were reviewed

and approved by the Animal Care and Use Committee of

Samsung Biomedical Research Institute, Seoul, Korea. This

study was also performed in accordance with Institutional and

National Institutes of Health Guidelines for Laboratory Animal

Care.

Animal model of ventriculitis

Figure 1 shows details of the experimental schedule. The

experiment began at postnatal day (P) 11 and continued to

P17. To induce ventriculitis, newborn Sprague–Dawley rats

(Orient Co, Seoul, Korea) were anesthetized using 2% isoflu-

rane in oxygen-enriched air and a total of 10 µL EC5ME

inoculum in saline was slowly infused into the left ventricle

under stereotactic guidance (Digital Stereotaxic Instrument

with Fine Drive, MyNeurolab, St. Louis, MO, USA) coordi-

nates: x = �0.5, y = �1.0, z = �2.5 mm relative to the

bregma) at P11. To determine the optimal inoculum dose with

minimal mortality and maximal brain injury, we tested three

different inoculum doses of E. coli: a low inoculum (LE) dose

of 1 9 102 CFU EC5ME, a medium inoculum (ME) dose of

5 9 102 CFU EC5ME, and a high inoculum (HE) dose of

1 9 103 CFU EC5ME. For the normal control group (NC), an

equal volume of normal saline was given intraventricularly.

After the procedure, the rat pups were allowed to recover and

returned to their dams; there was no mortality associated with

the procedure.

Ten rat pups for each group were allocated to assess the

acute pathophysiological changes, and the survivors were

sacrificed at 24 h (P12) after bacterial inoculation for

histopathological assessment (n = 6, 5, 4, and 3 for the NC,

LE, ME, and HE groups, respectively) and biochemical analy-

ses (n = 4, 4, 4, and 3 for the NC, LE, ME, and HE groups,

respectively). Using these short-term groups, cerebrospinal

fluid (CSF) was obtained using a cisternal tap to determine

the bacterial titer at 6 and 24 h after bacterial injection. We

also conducted a time course experiment in 10 animals for

each group, to determine the survival rate until sacrifice of the

survivors at P17 for histopathological assessment (n = 5, 4, 4,

and 2 for the NC, LE, ME, and HE groups, respectively) and

biochemical analyses (n = 5, 3, 4, and 0 for the NC, LE, ME,

and HE groups, respectively). Intraperitoneal injection of

ampicillin (200 mg/kg/day) was started 6 h after bacterial

inoculation and continued for 3 days until P13. With these

long-term groups, CSF was also drawn before sacrifice at

6 days after ventriculitis induction (P17).

Intraperitoneal injection of ampicillin (200 mg/kg/day) was

started 24 h after bacterial inoculation and continued for

3 days. Brain MRI was performed at P12 and P17. The body

weight of all rats was measured daily and was sacrificed at

P12 and P17 under deep pentobarbital anesthesia (60 mg/kg,

intraperitoneal). Immediately after extracting the brain, fresh

brains were weighed. To assess the possible side effects of the

injection, brain histology at P17 was assessed after needle

injection into the ventricles only at P11 (Appendix S1).

Bacterial quantification

Bacterial concentrations from each study group were measured

in the CSF and blood at 6 h, 24 h, and 6 days after bacterial

inoculation for induction of ventriculitis. Bacteria CFU levels

in the CSF and blood were measured at dilutions of 10�4–
10�8 plated on brain heart infusion agar after overnight

incubation at 37°C.

In vivo brain MRI assessment

Brain MRI was performed while the rats were kept in an anes-

thetized state by the administration of 1.5–2% isoflurane in

Fig. 1 Experimental protocol. E. coli was injected intra-cere-
broventricularly on postnatal day (P) 11 at different doses for
each group: low dose 1 9 102 colony-forming units (CFU), med-
ium dose 5 9 102 CFU, and high dose 1 9 103 CFU. Brain mag-
netic resonance imaging was performed before the rats were
sacrificed. CSF, cerebrospinal fluid.
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oxygen-enriched air using a facemask. All MRI was per-

formed using a 7.0-tesla MRI System (Bruker-Biospin, F€allan-

den, Switzerland) prepared with a 20 cm gradient set capable

of providing a rising time of 400 mTm-1. The MR images

were acquired with 1.0-mm slice thickness, and a total of 12

slices were acquired. Brain MRI was performed at P12

(n = 10, 9, 8, and 6 in the NC, LE, ME, and HE groups,

respectively) and at P17 (n = 11, 7, 8, and 2 in the NC, LE,

ME, and HE groups, respectively). After MRI , the rat pups

were allowed to recover and were returned to their dams.

Measurement of the extent of brain injury by MRI

All MR images were analyzed using Image J software

(National Institutes of Health). The infarcted lesion was well

identified by the hyperintense areas in T2-weighted imaging at

P12 and P17. The area of infarcted hyperintense cortical

lesion, lateral ventricles, and whole brain were measured in

serial brain MRI sections and the areas were summed to calcu-

late volume. The ratio of the infarcted regional volume to the

whole brain volume was calculated as a parameter of brain

injury, injury area volume ratio. The ratio of the ventricle vol-

ume to the whole brain volume was also calculated as the

ventriculomegaly volume ratio.

Tissue preparation

Brain tissue preparation procedures were performed in the sur-

viving rats until P12 (n = 10, 9, 8, and 6 in the NC, LE, ME,

and HE groups, respectively) and P17 (n = 10, 7, 8, and 2 in

the NC, LE, ME, and HE groups, respectively). The animals

were anesthetized with sodium pentobarbital (100 mg/kg), and

their brains were isolated after thoracotomy and transcardiac

perfusion with ice-cold 4% paraformaldehyde in 0.1 mol/L

phosphate-buffered saline. The brains were carefully removed

from the animals and fixed overnight with 4% formaldehyde

solution at room temperature. The brains were embedded in

paraffin and coronal serial sections (4-lm thick) were taken

from the paraffin blocks for morphometric analyses at the

level of the medial septum area (+0.95 mm to �0.11/bregma)

and the hippocampal area (�2.85 to � 3.70 mm). The sec-

tions were stained with hematoxylin and eosin to assess the

extent of neuronal damage.

TUNEL assay

Cell death in the hippocampal region was assessed using the

immunofluorescent terminal deoxynucleotidyl transferase-me-

diated deoxyuridine triphosphate nick-end labeling (TUNEL)

technique (kit G3250, Promega, Madison, WI, USA). The

slides were mounted with Vectashield mounting solution with

40, 60-diamidino-2-phenylindole dihydrochloride hydrate

(DAPI; H-1200; Vector) and visualized by 209 (dentate

gyrus) and 59 tile-scan confocal microscopy (Leica, Wetzlar,

Germany). A blinded evaluator counted the density of

TUNEL-positive nuclei in whole brain on coronal brain

sections. Six coronal sections (+0.95 mm to �0.11 mm/

bregma) were counted from each brain.

Immunohistochemistry

Immunohistochemistry of gliosis (neuronal-specific glial fibril-

lary acidic protein [GFAP]) and reactive microglia (ED-1) was

performed on deparaffinized 4-lm thick brain sections. The

slices were incubated with the primary anti-GFAP antibodies

(rabbit polyclonal; Dako, Glostrup, Denmark), overnight, 4°C,
1:1,000 in phosphate-buffered saline (PBS) with 1% bovine

serum albumin and the anti-ED-1 antibodies (mouse poly-

clonal; (Millipore, CA, USA), overnight, 4°C, 1:500 in PBS

with 1% bovine serum albumin. After three rinses (same buf-

fer), each section was incubated with Alexa Fluor 568 (red)

conjugated anti-rabbit immunoglobulin 90 min, diluted 1:50;

(Molecular Probes, Eugene, OR, USA) and Alexa Fluor 568

(red) conjugated anti-mouse immunoglobulin 90 min, diluted

1:500 (Molecular Probes). After three rinses, the sections were

mounted with Vectashield mounting solution containing 40, 60-
diamidino-2-phenylindole dihydrochloride hydrate and visual-

ized by 209 (dentate gyrus) and 59 tile-scan confocal

microscopy (Leica). The density of GFAP-positive cells and

the number of ED-1-positive cells were determined by a

blinded observer in whole tile-scan fields of each animal’s

brain, using ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)

IL-1a, IL-1b, IL-6, and TNF-a concentrations in tissue homo-

genates were measured at P12 and P17 using the Milliplex

MAP ELISA Kit (Millipore, Billerica, MA, USA) according

to the manufacturer’s protocol.

Statistical analyses

Statistical analyses were performed using SPSS, version 18.0

(IBM Corp., Armonk, NY, USA). Data are expressed as the

mean � standard error of the mean. For continuous variables,

statistical comparison between groups was performed using

one-way analysis of variance (ANOVA) and Tukey’s post hoc

analysis. P < 0.05 was considered statistically significant

Results

Survival rates and weight

Figure 1 shows the details of the experimental schedule. The

experiment began at P11 and continued through to P17. To

induce ventriculitis, at P11, three different doses of E. coli were

injected into the cerebroventricles of newborn rats; LE dose of

1 9 102 CFU EC5ME, an ME dose of 5 9 102 CFU EC5ME,

and an HE dose of 1 9 103 CFU EC5ME . The survival rate

after induction of bacterial ventriculitis was bacterial inoculum

dose-dependent, showing the lowest survival rate up to P17 of

20% for the HE dose and 67% and 73% for the ME and LE
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doses, respectively (Fig. 2a). While the survival rate up to P17

in the HE group was significantly lower compared to that in the

NC group, the survival rate of the LE and ME groups was not

significantly reduced compared with the NC group.

While birth body and brain weight in each study group was

not significantly different between the study groups; the body

weight gain at P17 in the LE, ME, and HE groups was signifi-

cantly lower, the brain weight gain in the ME and HE groups

was significantly lower, and the brain/body weight ratio in the

ME and HE groups was significantly higher compared with

the those in the NC group. The least body and brain weight

gain, and the highest brain/body ratio, were observed in the

HE group compared with those in the LE and ME groups

(Fig. 2b–d).

Bacterial counts

At 6 h (P11) and 24 h (P12) after bacterial injection, to evalu-

ate the bacterial burdens, the CFU were counted in the CSF

and blood from each study group before sacrifice. Also, at

6 days after induction of ventriculitis (P17), CSF was drawn

from each study group before sacrifice. While no bacterial

growth in the blood was detected in all study groups through-

out the experiment, the bacterial counts in the CSF at 6 h after

the induction of ventriculitis in both the LE and ME were sig-

nificantly lower compared with that in the HE group. There-

after, the bacterial counts in the CSF of all study groups

increased significantly compared with that at 6 h, and there

were no significant inter-group differences at 24 h after the

induction of ventriculitis (Fig. 3). No bacterial growth in the

CSF was detected in any of the study groups at 6 days after

the induction of ventriculitis.

Brain MRI

To assess the extent of ventriculitis-induced brain infarction and

hydrocephalus, in vivo brain MRI was performed. The degree

of the brain infarct in the ipsilateral cortex and the dilatation of

the ventricle to whole brain, as evidenced by the hyperintense

areas in the diffusion-weighted MRI, performed at P12 and by

T2-weighted MRI, performed at P17 were measured.

The brain infarct volume ratios at P12 and P17 were bacte-

rial inoculum dose-dependently increased, showing the highest

ratio in the HE group, and a seemingly increased ratio in the

Fig. 2 Survival rates. (A) Survival rates in each group were determined using Kaplan–Meier analysis followed by a log-rank test group.
(B) Brain weight and (C) body weight were measured at postnatal day (P)17 in each group (n = 11, 7, 9, and 2 in the normal control
(NC), low-dose (LE), medium-dose (ME), and high-dose (HE), respectively). Both weights decreased significantly depending on the
E. coli dose. (D) The ratio of brain weight: body weight significantly increased in the HE group compared with the other groups. Data
are presented as the mean � standard error of the mean (SEM). *P < 0.05 compared with the normal control (NC) group, #P < 0.05
compared with the LE group, $P < 0.05 compared with the ME group.
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ME group compared with that in the LE group that did not

reach statistical significance (Fig. 4). The ventriculomegaly

volume ratios at P12 were bacterial inoculum dose-depen-

dently increased, showing the highest increase in the HE

group compared with the LE and ME groups. In addition,

although the absolute extent of ventriculomegaly was signifi-

cantly reduced compared with P12, the ventriculomegaly vol-

ume ratios at P17 were also bacterial inoculum dose-

dependently increased, showing the highest increase in the HE

group compared with the LE and ME groups (Fig. 4).

TUNEL staining and immunohistochemistry

To assess the extent of bacterial ventriculitis-induced cell

death, reactivate gliosis, and microglia in the brain, the num-

ber of TUNEL- and ED-1 (Ectodysplasin A)-positive cells,

and the density of GFAP-positive cells in the hippocampus

were estimated at 24 h after induction of ventriculitis (P12).

The number of TUNEL- and ED-1-positive cells, and the

intensity of GFAP-positive cells in the hippocampus at P12

were bacterial inoculum dose-dependently increased com-

pared with the NC group, showing the highest increase in

the HE group. The increased number of TUNEL-positive

cells and the intensity of GFAP-positive cells in the ME

group were significantly higher compared with those in the

LE group (Fig. 5).

Inflammatory cytokines in brain

Levels of inflammatory cytokines, such as interleukin (IL)-1a,
IL-1b, IL-6, and tumor necrosis factor alpha (TNF-a), mea-

sured in the periventricular brain tissue homogenates at P12

revealed a bacterial inoculum dose-dependent increase, show-

ing the highest increase in the HE group. The inflammatory

cytokine levels in the ME group were significantly higher

compared with those in the LE group (Fig. 6). Although the

brain homogenates of the HE group were not available for

measurement because of their high mortality at P17, and the

absolute levels of the inflammatory cytokines were signifi-

cantly reduced compared with P12, the inflammatory cytoki-

nes were bacterial inoculum dose-dependently increased,

showing significantly higher levels in the ME group compared

with those in the LE group.

Discussion

Despite recent improvements in neonatal intensive care medi-

cine and the development of highly active new antibiotics,

neonatal bacterial meningitis remains a serious disease with

high mortality and neurological morbidities in survivors.1,3

Currently, few effective adjuvant therapies are available to

improve the prognosis of this intractable and devastating

neonatal disorder. Therefore, developing an appropriate animal

model to simulate clinical bacterial meningitis in newborn

infants is an essential first step to determining its pathophysio-

logical mechanisms, and to test the therapeutic efficacy of any

potential new treatments. However, the limitations of currently

available experimental models of meningitis lie in the wide

variability among the species, the inoculation methods, and

the age of the animal models.11

In this study, we used P11 rats as an animal model of

neonatal ventriculitis because the rat brain at P11 is compara-

ble in terms of maturation to the human brain at birth.23 The

large litter size provides a considerable number of rat pups per

experimental induction of meningitis setup. Also, the larger

size of rat pups compared with mice enables easier surgical

manipulation at an earlier age and a larger amount of brain

tissues obtained at harvest. Furthermore, with our already

established newborn rat model of severe intraventricular hem-

orrhage (IVH),20–22 middle cerebral arterial occlusion,24 and

hypoxic-ischemic encephalopathy25 with in vivo brain MRI

and histopathological analyses, the pathophysiological mecha-

nisms and therapeutic efficacy could be easily extrapolated to

develop a newborn rat model of ventriculitis in this study. To

inject bacteria into the brain ventricles, the identical injection

technique using stereotaxic guidance that we used in our pre-

vious study, induced severe IVH by intraventricular injection

of blood in the much younger newborn rat at P420 than the

newborn rat at P11 used in this study. Overall, the findings of

the present study suggested that the newborn rat pup model is

suitable and appropriate to research the pathogenesis of neona-

tal bacterial ventriculitis and to test the efficacy of new

treatments.

In a clinical setting, newborn meningitis usually develops

with concomitant sepsis. The concomitant bacteremia with

meningitis in the newborn rat pup animal model is associated

with high mortality and, thus, it was hard to generate and

evaluate meningitis-induced brain injury in live rats. In addi-

tion, though brain damage was primarily caused by local

meningeal infection, accompanying sepsis might exacerbate

the severity of brain injury and mortality.

Fig. 3 Bacterial counts in the cerebrospinal fluid (CSF). Bacte-
rial counts in the CSF obtained at 6 and 24 h after bacterial inoc-
ulation and before initiation of antibiotic treatment. Data are
presented as the mean � SEM. E. coli groups: #P < 0.05 com-
pared to the LE group, $P < 0.05 compared to the ME group NC,
normal control; LE, low-dose; ME, medium-dose; HE, high-dose
(E. coli groups); h, hour.
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Fig. 4 Evolution of brain injury at postnatal day (P)12 and P17. (a) Representative brain magnetic resonance imaging (MRI) of the nor-
mal control (NC) (no E. coli control) (left column), low-dose (LE) E. coli group (middle left column), medium-dose (ME) E. coli group
(middle right column), and high-dose (HE) E. coli group (right column) groups from the medial septal area on day 1 and day 6 after
meningitis (P12 and P17). (b) The intact volume of the cortex area-to-whole brain ratio and (c) the ventriculomegaly volume ratio were
measured by MRI at P12 and P17. Data are presented as the mean � SEM. *P < 0.05 compared with the NC group, #P < 0.05 compared
with the LE group, $P < 0.05 compared with the ME group.
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Fig. 5 Immunostaining in the hippocampus region. Representative photomicrographs of (A) terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick-end labeling (TUNEL), (C) glial fibrillary acidic protein (GFAP) intensity, and (E) reactive microglia
(ED-1)-positive cells in the brain hippocampus of postnatal day (P)12 rats at low magnification (upper panel) and high magnification
(lower panel) in each group. TUNEL intensity was labeled with fluorescein isothiocyanate (FITC; green); GFAP and ED-1-positive cells
were labeled with tetramethylrhodamine isothiocynate (TRITC; red). The cell nuclei were labeled with 40,6-diamidino- 2-phenylindole
(DAPI; blue) (Scale bar = 25 lm). The average intensity of observed (B) TUNEL and (D) GFAP, and the average number of (F) ED-1-
positive cells per high-power field in each group are also represented. Data are presented as the mean � SEM. *P < 0.05 compared with
the normal control (NC) group, #P < 0.05 compared with the LE group, $P < 0.05 compared with the ME group. LE, low-dose; ME,
medium-dose; HE, high-dose (E. coli groups).
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To reduce the meningitis-induced sequelae and to improve

outcome and survival, we aimed to make a theoretical model

that can dissect meningitis injury from systemic septic shock

and, thus, make it possible to assess and monitor the degree of

meningitis-induced brain damage.

The presence of K1 capsule and a high degree of bacterial

concentration (>104 CFU/mL), but not the collapse of the

blood-brain barrier (BBB), are two key determinants for the

development of E. coli meningitis and secondary bacteremia.

Thus, our data of no concomitant K1 capsule-negative E. coli

secondary bacteremia, despite their high bacterial concentra-

tions in the CSF also confirms the critical role of K1 capsule

without impairment of BBB for inducing E. coli bacterial ven-

triculitis and secondary bacteremia. In the present study, by

using K1 capsule-negative E. coli we could induce neonatal

bacterial ventriculitis in the new rat pup model and prevented

the confounding aggravation of mortality and brain injury by

concomitant bacteremia.

The neuropathology of neonatal bacterial meningitis begins

with choroid plexitis and ventriculitis 18,26,27 and progresses to

arachnoiditis and vasculitis, leading to brain edema, hydro-

cephalus, infarction, and periventricular leukomalacia.28 In the

present study, K1 (�) E. coli was injected intraventricularly to

induce ventriculitis and it bypasses the natural hematogenous

bacterial invasion across the BBB into the CNS. This model

appears to be similar to the condition of ventriculitis that typi-

cally happens to ventriculo-peritoneal shunt patients with

shunt infection. Furthermore, the neuropathology of neonatal

bacterial meningitis begins with choroid plexitis and ventri-

culitis17,18,27 and progresses to arachnoiditis and vasculitis,

leading to brain edema, hydrocephalus, infarction, and

periventricular leukomalacia.28 In the present study, K1 (�)

E. coli was injected intraventricularly to induce ventriculitis.

Although it bypasses the natural hematogenous bacterial inva-

sion across the BBB into the CNS, it might first cause ventri-

culitis, which simulates neonatal bacterial meningitis in the

clinical setting.

In the present study, we tested three different doses of K1

(�) E. coli for the induction of ventriculitis to determine the

optimal inoculum dose with minimal mortality and maximal

brain injury; 1 9 102 CFU for the LE group, 5 9 102 CFU

for the ME group, and 1 9 103 CFUs for the HE group.

Survival rates, body and brain weight gain, the extent of

inflammatory responses, and brain injury correlated signifi-

cantly with the inoculum dose used to induce ventriculitis,

showing highest mortality, extent of inflammatory responses,

and brain injury, and the least body and brain weight gain in

the HE group. We also observed higher inflammatory

responses and the least extent of brain injury in the ME and

LE groups, respectively. The mortality rate was positively

correlated with the inoculum dose and the extent of inflam-

matory responses and brain injury. As blood culture was neg-

ative throughout the experiment, the inoculum dose-

dependent increase in mortality, inflammatory responses, and

brain injury solely reflects the virulence of EC5ME ventri-

culitis, without the confounding effects of the concomitant

systemic bacteremia. Overall, these findings suggest that ME

(5 9 102 CFU) of E.coli might be optimal inoculum dose to

induce neonatal ventriculitis.

Because of the limitation stemming from the small sample

size, the survival rate of the LE and ME groups may not be

significantly different to that of NC group. Thus, for the next

step, a large group experiment would be required. Further-

more, because of the small size of the rat pups, the CSF

obtained with a cisternal tap was very small. It has been used

primarily for bacterial culture but not enough CSF is obtained

for measuring cytokines. We thus measured cytokine levels in

brain tissue homogenates in this study. Using this model, to

assess the long-term developmental delays including learning

disability, memory deficit, or hearing abnormality, long-term

follow-up study would be needed as a next step.

Fig. 6 Inflammatory cytokines of brain. Interleukin [IL]-1a, IL-
1b, IL-6, and tumor necrosis factor [TNF]-a concentrations in
brain tissue homogenates at (A) postnatal day (P) P12 and (B)
P17, were measured using enzyme-linked immunosorbent assay
(ELISA) in each group. Data are presented as the mean � SEM.
*P < 0.05 compared with the NC group, #P < 0.05 compared
with the LE group, $P < 0.05 compared with the ME group. LE,
low-dose; ME, medium-dose; HE, high-dose (E. coli groups).

© 2019 The Authors. Pediatrics International published by John Wiley & Sons Australia, Ltd on behalf of Japan Pediatric Society

354 SY Ahn et al.



In infants with bacterial meningitis, brain MRI showed

abnormalities including cerebral infarct, subdural empyema,

cerebritis, and hydrocephalus.19 Increased brain ventricu-

lomegaly in the acute phase of bacterial meningitis in adults

was associated with increased mortality.29 In agreement with

the clinical findings,19,29 an acute inoculum dose-dependent

increase in ventriculomegaly and cerebral infarct was observed

at 1 day after the induction of ventriculitis. In addition,

although a less absolute extent of ventriculomegaly and a

higher extent of cerebral infarct were observed compared with

post-inoculation day 1, the inoculum dose-dependent abnor-

malities persisted at 6 days after the induction of ventriculitis.

Taken together, these findings suggested that brain MRI could

be an early prognostic indicator that would be useful in identi-

fying patients requiring further therapeutic interventions, and

to assess the therapeutic efficacy of any new treatments, both

in clinical and experimental settings of meningitis.19,29

Brain injuries observed in experimental models of neonatal

meningitis are unique in consistently reproducing both hip-

pocampal damage and cortical necrosis.7–9 Inflammatory

responses are primarily responsible for the ensuing brain

injury in bacterial meningitis.3,7,8,16 In the present study, the

extent of inflammatory responses, both at post-inoculation day

1 and 6, and the increased number of TUNEL, GFAP, and

ED-1-positive cells in the hippocampus at 1 day after induc-

tion of ventriculitis, were associated with the bacterial inocu-

lum dose. Antibiotic treatment was started 24 h after bacterial

inoculation and continued for 3 days; no bacteria were iso-

lated, even in the CSF, at 5 days after the induction of ventri-

culitis. These findings suggest that increased inflammatory

responses, but not increased bacterial proliferation and dissem-

ination, triggered by a higher bacterial inoculum, are primarily

responsible for the ensuing brain injury.

In summary, we successfully developed a newborn rat

model of neonatal bacterial ventriculitis, without concomitant

systemic bacteremia, by intraventricular injection of K1 cap-

sule-negative E. coli at P11. We also determined that a bacte-

rial inoculum dose of 5 9 102 CFU of EC5ME had the

minimum mortality, and maximal inflammatory responses and

ensuing brain injury. This animal model could provide the

basis for both pathophysiology and intervention studies for

neonatal bacterial ventriculitis not confounded by simultaneous

systemic bacteremia. Hopefully, our newly developed newborn

rat model of neonatal ventriculitis will lead to more detailed

knowledge of, and new treatments for, this intractable and

devastating disorder.
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logic section in P17 rats those received needle injection proce-

dure only without any treatment.
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