
ORIGINAL PAPER

Early Transplantation of Bone Marrow Mononuclear Cells
Promotes Neuroprotection and Modulation of Inflammation After
Status Epilepticus in Mice by Paracrine Mechanisms

Marcos Maurı́cio Tosta Leal • Zaquer Suzana Munhoz Costa-Ferro •

Bruno Solano de Freitas Souza • Carine Machado Azevedo • Thiago Meneses Carvalho •

Carla Martins Kaneto • Rejane Hughes Carvalho • Ricardo Ribeiro dos Santos •

Milena Botelho Pereira Soares

Received: 22 July 2013 / Revised: 29 November 2013 / Accepted: 7 December 2013 / Published online: 17 December 2013

� Springer Science+Business Media New York 2013

Abstract Status epilepticus (SE) is a severe clinical

manifestation of epilepsy associated with intense neuronal

loss and inflammation, two key factors involved in the

pathophysiology of temporal lobe epilepsy. Bone marrow

mononuclear cells (BMMC) attenuated the consequences of

pilocarpine-induced SE, including neuronal loss, in addition

to frequency and duration of seizures. Here we investigated

the effects of BMMC transplanted early after the onset of SE

in mice, as well as the involvement of soluble factors pro-

duced by BMMC in the effects of the cell therapy. Mice

were injected with pilocarpine for SE induction and ran-

domized into three groups: transplanted intravenously with

1 9 107 BMMC isolated from GFP transgenic mice, injec-

ted with BMMC lysate, and saline-treated controls. Cell

tracking, neuronal counting in hippocampal subfields and

cytokine analysis in the serum and brain were performed.

BMMC were found in the brain 4 h following transplanta-

tion and their numbers progressively decreased until 24 h

following transplantation. A reduction in hippocampal neu-

ronal loss after SE was found in mice treated with live

BMMC and BMMC lysate when compared to saline-treated,

SE-induced mice. Moreover, the expression of inflammatory

cytokines IL-1b, TNF-a, IL-6 was decreased after injection

of live BMMC and to a lesser extent, of BMMC lysate,

when compared to SE-induced controls. In contrast, IL-10

expression was increased. Analysis of markers for microglia

activation demonstrated a reduction of the expression of

genes related to type 1-activation. BMMC transplantation

promotes neuroprotection and mediates anti-inflammatory

effects following SE in mice, possibly through the secretion

of soluble factors.
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Abbreviations

CA1 Cornu ammonis region 1

CA3 Cornu ammonis region 3

i. v Intravenous

TNFa Tumor necrosis factor-a
IL-1b Interleukin 1b
IL-4 Interleukin 4

IL-6 Interleukin 6

IL-10 Interleukin 10

NOS2 Nitric oxide synthase 2

Chi3l3 Chitinase 3-like 3

MRC1 Mannose receptor C type 1

CCL 22 Chemokine (C–C motif) ligand 22

CCL 17 Chemokine (C–C motif) ligand 17

ARG1 Arginase 1

Introduction

Status epilepticus (SE) can be induced in rodents by sys-

temic administration of pilocarpine, a non-subtype-specific

partial muscarinic receptor agonist. This experimental
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model resembles human temporal lobe epilepsy (TLE) [1–

3]. SE is a severe clinical manifestation of epilepsy that can

lead to functional and structural consequences as a result of

the injured brain [4]. It is well known that a number of

physiological and neurochemical alterations take place

during the seizure activity [5].

Currently, experimental and clinical data have demon-

strated the involvement of the inflammatory processes in

TLE pathogenesis. Rodent and human TLE studies have

demonstrated a role for pro-epileptogenic inflammatory

cytokines, such as IL-6, TNFa, and the IL-1 family [6–11].

Microglia cells are major contributors to the inflammatory

process, as well as the establishment of epilepsy. Thus,

experimental strategies that suppress neuroinflammation,

directly within the central nervous system (CNS), or

modulate systemic inflammation, have both been shown to

promote amelioration of epilepsy [12–14].

Bone marrow mononuclear cells (BMMC) are a heter-

ogeneous population comprised of both stem cells and

progenitor cells with potential therapeutic value to boost

tissue repair and regeneration in some disease conditions.

In the field of neurology, BMMC have been shown to

promote neuronal regeneration in ischemic cerebrovascular

diseases [15–17], spinal cord injury [18, 19], autoimmune

encephalomyelitis [20], multiple sclerosis [21], Parkinson’s

disease [22], Alzheimer’s disease [23], Huntington’s dis-

ease [24], amyotrophic lateral sclerosis [25, 26], and epi-

lepsy [27–29].

We have previously demonstrated that transplantation of

BMMC immediately after the onset of SE prevents neu-

ronal cell loss and development of spontaneous recurrent

seizures [27]. In this study we investigated the effects of

BMMC transplantation following SE by using an experi-

mental model of pilocarpine in mice. Moreover, we eval-

uated the mechanistic involvement of soluble factors in cell

therapy, by using lysate BMMC.

Materials and Methods

Animals and Experimental Procedures

This study was conducted after the approval from the local

Ethics Committee for Animal Care and Use from Hospital

São Rafael (05/2010). C57BL/6-Tg(CAG-EGFP)1Osb/J

(The Jackson Laboratory, ME, USA), which express the

enhanced Green Fluorescent Protein (GFP) under the

control of a chicken beta-actin promoter and cytomegalo-

virus enhancer, were used as bone marrow donors, and

Swiss Webster mice were used as recipients. All mice

included in this study weighted 25–35 g and were

6–8 weeks of age. The animals had free access to food and

water and were maintained in a room controlling for

temperature (22–24 �C), humidity (60 %), and light–dark

cycle (12 h).

In order to induce SE, mice received a single dose of

pilocarpine (220 mg/kg, i.p; Sigma-Aldrich, St. Louis,

MO, USA). To prevent peripheral cholinergic side effects,

methylscopolamine (1 mg/kg, i.p.; Sigma-Aldrich) was

administered 30 min prior to pilocarpine injection. Mice

were placed in cages and seizure occurrence and duration

were observed. Mice presenting stage V seizures, accord-

ing to Racine scale [30], were included in this study. Two

hours after the onset of SE, diazepam (10 mg/kg, i.p.

Cristália, Itapira, Brazil) was administered to block sei-

zures. These mice were randomized into different experi-

mental groups, administered with (1) BMMC; (2) BMMC

lysate or (3) saline. As controls, six age and sex-matched

mice were not submitted to SE-induction and received

equal volume of saline (i.p).

Isolation of BMMC and Transplantation

GFP-transgenic mice were euthanized by cervical dislo-

cation, under anesthesia with 200 ll of 8 % ketamine

hydrochloride (Cristália) and 2 % chlorpromazine (União

Quı́mica Farmacêutica Nacional, São Paulo, Brazil). Fresh

bone marrow was extracted from mouse femurs and tibiae

by flushing with 1 ml Dulbecco’s Modified Eagle Medium

(DMEM; Gibco, Grand Island, NY, USA) using a 25 G

needle. After centrifugation, cell pellet was resuspended

with DMEM and fractionated on a density gradient gen-

erated by centrifugation over a Ficoll-Hypaque solution

(GE Healthcare Life Sciences, Cleveland, OH, USA) at

1,500 g for 15 min at 15 �C. The mononuclear fraction was

collected and washed twice with DMEM. Viable cells were

counted by trypan blue exclusion using a Neubauer

chamber. In order to generate BMMC lysate, BMMC

(1 9 107 cells/ml) were submitted to five freeze–thaw

cycles (liquid nitrogen/37 �C water bath), as previously

described [31].

The phenotypic characterization of BMMCs was per-

formed by flow cytometry analysis. Briefly, BMMC were

washed with PBS and incubated at 4 �C with fluoro-

chrome-conjugated antibodies: CD34-PE, CD90-PE,

CD45-APC, CD11b-APC, CD44-PE, CD117-Cy5, CD45-

APC, Sca1-Cy5 (anti-mouse, 1:100, BD Biosciences,

Franklin Lakes, NJ, USA). Data acquisition and analysis

were performed using a FACScalibur cytometer and the

CellQuest software, respectively (BD Biosciences). At

least 50,000 events were collected and analyzed. The

described cell markers were present in BMMCs at the

following frequencies: CD45 (96.3 %), CD11b (56.4 %),

CD117 (1.1 %), CD34 (1.6 %) CD90 (3.1 %), CD44

(97 %) and Sca1 (18 %).
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One hour following diazepam administration, group (1)

mice were injected with BMMC (1 9 107 cells/ml; total

volume of 200 ll. BMMC lysate, in the same volume, was

injected in group (2), while the control group (3), received

a saline injection. In all groups, injections were performed

via the retro-orbital plexus.

Histological Analysis

Mice were deeply anesthetized with ketamine (100 mg/kg

i.p.)/xylazine (10 mg/kg i.p.) and euthanized at 4, 8, 12,

24 h or 7 days following transplantation. The brains were

harvested and immersed in 10 % formaldehyde for 24 h.

After fixation, brains were dehydrated and embedded in

paraffin. Serial coronal sections (5 lm) were cut from at

the specific coordinates of -1.28 to -3.64 mm from

bregma, according to Franklin and Paxinos [32], mounted

on glass slides and air-dried. For immunostaining, the

following primary antibodies were used: anti-NeuN (1:100,

Chemicon international, Temecula, CA, USA), anti-GFAP

(1:400, anti–glial fibrillary acidic protein, GFAP; Chem-

icon International), anti-vonWillebrand Factor (1:50,

Zymed Laboratories, San Francisco, CA, USA) and Phal-

loidin-633 (1:200, Molecular Probes, Carlsbad, CA, USA).

Primary antibodies were incubated overnight at 4 �C. The

next day, the following secondary antibodies were applied

at a 1:200 dilution: anti-rabbit Alexa Fluor 568 conjugated,

anti-rat Alexa Fluor 568 conjugated and Streptavidin-

Alexa Fluor 555 (all from Molecular Probes). Nuclei were

counterstained with 4,6-diamidino-2-phenylindole (DAPI)

(Vector Labs, Burlingame, CA, USA). Images were col-

lected using a confocal microscope FluoView 1000

(Olympus, Tokyo, Japan).

The migration of donor cells to the brain was evaluated

by either direct observation of GFP? cells by confocal

microscopy analysis. For migration analysis, groups of

mice were selected at 4, 8, and 24 h (n = 3 per time point)

following BMMC transplantation. Mice were transcardia-

cly perfused through the ascending aorta with saline, fol-

lowed by 4 % paraformaldehyde (PFA). Then, the left

hemisphere was isolated and post-fixed with 4 % PFA

overnight, followed by a dehydration step by incubation in

30 % sucrose solution for 24 h. Then, the hemispheres

were embedded in OCT and stored at -80 �C. The GFP?

cells were counted in nine equidistant sections of the brain,

obtained at intervals of 100 lm. Left hemisphere sections

were obtained from Bregma -1.28 to -3.64, in the groups

euthanized 4 and 8 h following cell transplantation. Sec-

tions were mounted with Vectashield mounting medium

containing 4,6-diamidino-2-phenylindole (DAPI; Vector

Laboratories, Burlingame, CA, USA) for nuclear counter-

staining. Slides were analyzed and images were captured

on a FV1000 confocal microscope (Olympus, Tokyo,

Japan). Data are expressed as number of GFP? cells per

section (Mean ± SEM).

For quantification of neuronal density, six equidistant

coronal sections were obtained from each animal (from

Bregma -1.28 to -2.67), stained for NeuN, and analyzed

in the rostral-caudal orientation. The images were obtained

on a confocal microscope (FV1000; Olympus) with a 409

lens, and NeuN positive cells were counted within a framed

area of 1,089 lm2, using Image-Pro Plus analysis software

v.7.0 (Media Cybernetics, Inc. Bethesda, MD, USA).

Neuronal densities were calculated and corrected according

to Abercrombie’s formula [33–35]. Quantifications of

neuronal densities were performed in the hippocampal

subfields CA1, CA3 and hilus.

Analysis of Cytokine Production and Gene Expression

Total RNA was isolated from either the whole brain or isolated

hippocampus with TRIzol reagent (Invitrogen), and the con-

centration was determined through photometric measure-

ment. High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Foster City, CA) was used to synthesize

cDNA from 1 lg of RNA following the manufacturer’s rec-

ommendations. qRT-PCR assays were performed to detect the

expression levels of TNFa, IL-1b, IL-4, IL-6, IL-10, NOS2,

Chi3l3, MRC1, CCL22, CCL 17 and ARG1 genes. RT-qPCR

amplification mixtures contained 20 ng of cDNA template,

10 ll of Taqman Master Mix (Applied Biosystems) with

probes, and TNF-a (Mm00443258_m1), IL-1b (Mm004

34228_m1), IL-4 (Mm 00445259_m1) IL-6 (Mm0044

6190_m1) and IL-10 (Mm00439616_m1), Chi3l3 (Mm

00657889_mH), MRC1 (Mm 00485148_m1), CCL22 (Mm

00436439_m1), CCL17 (Mm 00516136_m1) and ARG1 (Mm

00469812_m1) resulting in a final volume of 20 ll. To detect

transplanted mouse BMMC, GFP expression was also eval-

uated. All reactions were performed in duplicate on an

ABI7500 Sequence Detection System (Applied Biosystems)

under standard thermal cycling conditions. Experiments with

coefficients of variation greater than 5 % were excluded. A

no-template control (NTC) and no-reverse transcription con-

trol (No-RT) were also included. The results are presented as

the fold-increase of expression from the individual mRNAs,

with the target internal control GADPH, using the cycle

threshold method.

For quantification of GFP expression in the brain and iso-

lated hippocampus, qPCR was performed in triplicate using a

SybrGreen assay with primers for GFP (F-50GCACG

ACTTCTTCAAGTCCGCCATGCC 30; R-50 GCGGATC

TTGAAGTTCACCTTGATGCC 30) and GAPDH (F-50GAC

TCCACTCACGGCAAATTCA 30, R-50CTGGAAGATGG

TGATGGGCTTC 30). Primer conditions were previously

optimized to achieve between 1.98 and 2.0 amplification

efficiency for both genes (data not shown). RT-qPCR was
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performed in a 20 ll final volume using SybrGreen PCR

master mix (Applied Biosystems, Foster City, CA), 0.2 lM

final concentration of each primer and 25 ng of cDNA.

Fold change expression was calculated as previously descri-

bed [36].

Mice selected to be euthanized 24 h after SE were

submitted to blood collection by cardiac puncture, under

general anesthesia. Serum concentrations of TNF-a, IL-4

and IL-10 were determined by an enzyme-linked immu-

nosorbent assay (ELISA). All cytokines were measured in

duplicate using specific antibody kits (R&D Systems,

Minneapolis, MN, USA) according to manufacturer’s

instructions.

Statistical Analysis

Data were expressed as mean ± SD or mean ± SE, as

indicates in figure legends. One-way analysis of variance

and 2-way analysis of variance (ANOVA) with Tukey and

Bonferroni post-tests were applied respectively, to assess

the time variables of the treatment effectiveness. Statistical

analysis was performed using Prism version 4.0 (Graph Pad

Software, San Diego, CA, USA) software. Differences

were considered significant with p \ 0.05.

Results

Pilocarpine-Induced SE and Mortality Rate of Mice

Administration of pilocarpine rapidly induced robust con-

vulsive SE in mice (latency: 22 ± 10 min) that progressed

to continuous category 5 seizures (i.e., SE). Thirty-five

percent of the mice died during the first 3 days following

SE, with no differences between experimental groups.

BMMC Migration to the Brain

Transplanted BMMC were found mainly in the perivas-

cular areas 4 h post-SE, and began to be seen within the

brain parenchyma 8 h post-SE. Quantification of BMMC in

the brain demonstrated that numbers of GFP? cells were

reduced by approximately 60 % from 4 to 8 h following

SE (Fig. 1c). In contrast, GFP expression increased in the

hippocampus, comparing 4–8 h conditions. After 12 h,

levels of GFP mRNA were dramatically reduced (Fig. 1d).

Twenty-four hours following SE, GFP? cells were

observed in the cortex, and in hippocampal subfields

(Fig. 1e, f). Most GFP? cells were positive for CD11b,

displayed a mononuclear phenotype, and did not express

GFAP or NeuN (Fig. 1f, inset). While at 24 h GFP? cells

were frequently observed,and their presence was rarely

detected 7 days after transplantation.

Evaluation of Neuronal Loss

A marked reduction in neuronal density of CA1, CA3 and

DG hilus subfield of the hippocampus was observed in

saline-treated, SE-induced mice when compared to non-SE

control mice. The neuronal density in CA1 was preserved

in mice treated with BMMC at 24 h and 7 days following

SE (Fig. 2a; p \ 0.001) and in BMMC lysate at 24 h

(Fig. 2a; p \ 0.05). A higher CA3 neuronal density was

observed in mice treated with BMMC, 24 h and 7 days

after SE. Treatment with BMMC, but not with BMMC

lysate, preserved neuronal density in the DG hilus in mice

at both time points analyzed (Fig. 2c).

BMMC-Induced Modulation of Cytokine Production

and Gene Expression

To investigate the effects of BMMC transplantation in the

inflammatory process within the brain following SE,

cytokine gene expression was evaluated 12, 24 h and

7 days post-SE. The highest expression of IL-1b was

observed at 12 h, whereas expression levels were not

different in the non-SE control groups at 24 h and 7 days.

Induction of SE resulted in the elevation of IL-6 and

TNFa mRNA expression, when compared to non-SE

controls at 12 and 24 h post-SE (Fig. 3 a, b, c). In

BMMC-treated mice, results showed a significant down-

regulation of IL-1b expression at 24 h as well as in IL-6

at 12 and 24 h post-SE (Fig. 3a, b). TNF-a mRNA

expression was significantly reduced in mice treated with

BMMC and BMMC lysate, but only at 24 h post-SE

induction (Fig. 3c).

The analysis of the anti-inflammatory cytokines IL-4

and IL-10 showed no increase in mRNA transcripts in SE-

induced mice compared to non-SE controls in any of the

time points analyzed (Fig. 3d, e, f). However, IL-4 mRNA

expression was significantly increased 12 h after SE in

mice treated with either BMMC or BMMC lysate (Fig. 3d

and F0). IL-10 mRNA expression was significantly

increased in mice treated with BMMC or BMMC lysate 12

and 24 h after SE induction compared to the non-SE con-

trol group and at 12 h compared to the SE-group (Fig. 3e).

In order to investigate the effects of BMMC in the

periphery, cytokines serum levels were measured 24 h

post-SE induction. A significant increase in TNF-a, but not

IL-4 or IL-10, was found in saline-treated mice when

compared to non-SE mice (Fig. 4a). Treatment with

BMMC resulted in a decrease in TNF-a levels (Fig. 4a). In

addition, both IL-4 and IL-10 serum levels were increased

in mice treated with BMMC or BMMC lysate group, when

compared to saline-treated SE mice and to non-SE controls

(Fig. 4b, c).
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Analysis of Gene Expression Associated

with Microglial Activation

The effects of BMMC transplantation on gene expression

of markers from classic (type 1) and alternative (type 2)

macrophages/microglia activation were evaluated. The

expression levels of type 1-associated gene inducible nitric

oxide synthase (NOS2), and type 2-associated genes Ym1

(Chi3l3), mannose receptor 1 (MRC1), arginase 1 (ARG1),

in addition to chemokines CCL22 and CCL17 were

determined (Fig. 5). Expression of NOS2 mRNA in brain

tissues obtained from SE-saline group was markedly up-

regulated after 12 and 24 h of SE, compared to non-SE

control group. Expression was higher in the SE-lysate

group following 12 h when compared to the non-SE con-

trol and SE-saline groups (Fig. 5a). Injection of BMMC

and BMMC lysate decreased mRNA expression of NOS2

at 24 h of SE (Fig. 5a).

CCL22 mRNA was increased in all groups 12 h after SE

when compared to non-SE controls, followed by expres-

sion normalization at 24 h (Fig. 5b). Chi3l3 mRNA levels

were significantly higher only in mice treated with BMMC

lysate at 12 h and 24 h when compared to the non-SE

control (Fig. 5c). The highest expression of CCL17 mRNA

was observed at 12 and 24 h in all SE groups compared to

the non-SE control group (Fig. 5d). MRC1 mRNA levels

from BMMC and BMMC lysate groups were decreased at

12 and 24 h after SE onset compared to SE-saline

(respectively, Fig. 5e). ARG1 mRNA expression was not

significantly altered in any of the experimental groups

(Fig. 5f).

Discussion

We recently demonstrated that BMMC are able to prevent

epileptogenesis in the rat model, resulting in reduced sei-

zures, neuronal loss, gliosis and abnormal network forma-

tion in the acute phase of TLE (Costa-Ferro et al. 2011). We

also have previously reported that BMMC transplantation

decreased proinflammatory cytokines levels (TNF-a, IL-1b
and IL-6) and increased anti-inflammatory cytokine (IL-10)

levels in the brain and serum. Moreover, BMMC therapy

reduced neuronal loss and gliosis, as well as increased the

proliferation of newborn neurons in epileptic rats treated

during the chronic phase. (Costa-Ferro et al. 2012). In the

present study we investigated the effects of acute (i.v.)

administration of BMMC and BMMC lysate following SE

in mice. We found that BMMC significantly decreased cell

death and modulated the production of critical inflammatory

Fig. 1 Migration of BMMC to the brain after SE. Images show

representative brain sections, at different time points following

BMMC transplantation. a, b GFP? (green) BMMC in close proximity

to vessels (von Willebrand factor staining in red) 4 h after

transplantation. c Quantification of GFP? cells, by confocal micros-

copy analysis, in brain sections of mice euthanized 4 and 8 h

following transplantation of BMMC. d Expression of GFP mRNA in

the brain, at different time-points, evaluated by qPCR. e GFP? cells

(inset) observed in hippocampal CA1 subfield (GFAP staining in red),

24 h after transplantation of BMMCs. f GFP? cells seen in

hippocampal parenchyma (e F-actin staining in red) and expressed

CD11b (inset) (CD11b staining in red). Sections were counterstained

with DAPI (blue) for nuclear visualization. g Expression of GFP

mRNA in the isolated hippocampus of mice euthanized 4 and 8 h

following transplantation of BMMC, as evaluated by qPCR. The data

represent the mean ± SEM of 3–4 mice per group per timepoint.

****p \ 0.0001; **p \ 0.001, *p \ 0.05. Scale bars 50 lm (a, e),

20 lm (f) or 10 lm (Color figure online)
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mediators, despite the absence of BMMC differentiation into

neurons in damaged areas.

Sparse populations of BMMC were found in the hip-

pocampal and cortical regions in the hours following

transplantation, and were almost completely lost 7 days

after SE induction. We have previously studied the

migration of BMMC transplanted at different time points

post-SE, and reported that a small number of these cells

migrate and remain within the brain [27, 37]. In fact, it has

been shown that intravenously transplanted BMMC pri-

marily migrate to the bone marrow, spleen and lungs.

However, apart from the hypothesis that BMMC can pro-

mote a bystander effect in the brain through the release of

trophic factors and cytokines promoting tissue repair and

regeneration, it is also possible that these cells exert

peripheral actions resulting in repercussions in the brain, as

previously shown [38]. Here we demonstrated a reduction

in the inflammatory cytokine, TNF-a, and increased levels

of anti-inflammatory cytokines, IL-10 and IL-4 in the

periphery, which may reflect the modulation of cytokine

production in the brain as well as systemically.

bFig. 2 Neuronal densities in selected hippocampal regions. Nissl-

stained section of the hippocampus, squares represent the evaluated

areas a. Representative images of NeuN staining (red) in CA1 (b–e),

CA3 (g–j), and DG hilus (j–o) in Control, SE-Saline, SE-Lysate, and

SE-BMMC mice, 24 h after SE. Nuclei are counterstained with DAPI

(blue). Scale bar 50 lm. Neuronal hippocampal cell densities were

quantified 24 h and 7 days after SE in CA1 area (f); CA3 area (k);

dentate gyrus (p). ***p \ 0.001; **p \ 0.01; *p \ 0.05: statistical

analysis of each group compared to control and ###p \ 0.001;
#p \ 0.05, compared to SE-saline groups. The data represent the

mean ± SEM of 5 mice per group analyzed by two-way ANOVA and

post hoc Bonferroni test (Color figure online)

Fig. 3 mRNA expression in brain tissue at different time points after

status epilepticus induction. IL-1b (a), IL-6 (b), TNF-a (c), IL-4

(d) and IL-10 (e) expression was analyzed in brains at 12, 24 h and

7 days after SE. Symbols represent the mean ± SEM; n = 5–7 mice

per group. ***p \ 0.001; **p \ 0.01; *p \ 0.05 versus control group

and ###p \ 0.001; ##p \ 0.01 versus SE-saline group (two-way

ANOVA and post hoc Bonferroni test)

Fig. 4 Effects of BMMC in serum cytokine levels. Serum TNF-a (a),

IL-4 (b), and IL-10 (c) levels 24 h after SE were assayed by ELISA.

Symbols represent the mean ± SEM of 5–6 mice per group. Data

were analyzed by one-way ANOVA and Tukey’s multiple compar-

ison test. ***p \ 0.001; **p \ 0.01; *p \ 0.05 versus control and
###p \ 0.001; #p \ 0.05 versus SE-saline groups
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Neuronal loss, resulting from SE, may influence the pro-

cess of epileptogenesis. Therefore, neuroprotection may have

an antiepileptogenic function. In the present study, we showed

that neurodegeneration affected mainly the hippocampal

subfields CA1, CA3 and DG hilus, and that administration of

BMMC shortly after SE exerted neuroprotective effects.

Neuroprotection is one of the described effects promoted by

bone marrow cells in different experimental settings [39–41].

However, cell therapy can act through a number of other

paracrine actions that may impact the pathogenesis of the

disease, including neuroinflammation modulation [37].

There is evidence that neuroinflammation can contribute

to neuronal death and the formation of hyper excitable

circuits [6]. Although microglia is the primary cells of the

innate immunity in the brain, astrocytes are also known

sources of inflammatory cytokines in the brain. Microglial

cells are activated by the binding of pattern recognition

receptors to damage-associated molecular patterns

(DAMPs). In fact, following SE, neuronal death generates

DAMPs which trigger microglia activation in an experi-

mental model of epilepsy [14].

In addition to its neurodegenerative effects, we dem-

onstrated that SE up-regulates the expression of genes

related to inflammation and classical (type 1) activation of

microglia/macrophages. As previously seen in experimen-

tal models of epilepsy, this phenomenon is often associated

with extensive neuronal injury and production of IL-1b,

through classically activated microglial cells [42, 43].

Other reports have shown that inflammatory mediators

were elevated in the brain shortly after SE, including

TNFa, which is highly expressed following seizure [10,

44], and IL-6, shown to be rapidly elevated in the hippo-

campus [45]. In this study we analyzed the expression of

genes associated with inflammation in the brain 12, 24 h

and 7 days post-SE and observed that transplantation with

BMMC led to the reduced expression of IL-1b, IL-6 and

TNFa, indicating a suppressive effect on the production of

pro-inflammatory cytokines following SE.

Fig. 5 Analysis of gene

expression associated with

microglial activation.

Expression of a Nitric oxide

synthase 2 (NOS2), b C–C

motif chemokine 22 (CCL22),

c chitinase 3-like 3 (Chi3l3),

d Chemokine (C–C motif)

ligand 17 (CCL 17), e Mannose

receptor (MRC1), and

f Arginase 1 genes in the brain

12 h and 24 h after SE. The

mRNA expression is quantified

by real-time PCR and

normalized to the levels of

GAPDH. Symbols represent the

mean ± SEM; n = 5–8 mice

per group. ***p \ 0.001;

**p \ 0.01; *p \ 0.05 versus

control group and ###p \ 0.001;
#p \ 0.05; ##p \ 0.01 versus

SE-saline group (two-way

ANOVA and post hoc

Bonferroni test)
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Reduced neuronal loss by itself may cause a decrease in

classical activation of microglia and neuroinflammation. In a

chronic model of epilepsy, BMMC decreased the expression

of TNFa, IL-1b and IL-6, which are known to exacerbate

the disease in its chronic phase [37]. Here, we showed that

modulation of the inflammatory response during epilepto-

genesis is also a mechanism of action of BMMC when

transplanted after SE. Moreover, we observed an increased

expression of anti-inflammatory mediators, such as IL-4 and

IL-10. Previous studies have suggested that bone marrow-

derived cells are able to release several trophic factors and

cytokines that are involved in tissue repair and regeneration

in the injured brain [6, 37, 38, 46].

Among the inflammatory mediators evaluated in this

study, NOS2 mRNA, characteristic of type 1 microglia, was

inhibited by transplanted BMMC exclusively at the 24 h

post-SE time point. The type 2 activation macrophage

marker, mannose receptor 1 (MRC1), was decreased at 24 h

post-BMMC transplantation. The expression of other genes

related to type 2 activation was not modulated by BMMC

transplantation when compared to the SE-saline group.

However, all of the type 2-associated genes that were

evaluated demonstrated an increase in expression in every

group, post-SE induction. This is consistent with the acti-

vation of a physiologic, negative feedback, anti-inflamma-

tory response, concomitant to the inflammatory response

that follows SE. The suppression of type 1-associated genes,

along with the observation of increased expression of type 2

activation genes, in BMMC-treated mice suggests a polari-

zation towards the alternative activation. A recent study also

showed that BMMC transplantation increases the expression

of the mannose receptor in phagocytic macrophages/

microglia within the lesion boundary zone in the unilateral

focal cortical ischemia model [45].

To investigate whether the protective effects of BMMC

were dependent on cellular integrity or soluble factors

derived from the cells, the administration of BMMC lysate

was also assessed. BMMC lysate induced an effect similar

to BMMC in some parameters, such as prevention of

neuronal cell loss in the CA1 region 24 h post-SE. The

effects of BMMC lysate demonstrated in this study were, in

some aspects absent, partial or comparable to the effects of

viable BMMC, which could be explained by the fact that

live cells may release protective mediators over an exten-

ded period. In fact, increased blood–brain barrier perme-

ability is involved in the establishment of SE and it is also

sustained by it, thus allowing the entrance of soluble fac-

tors and cells into the CNS [10].

In conclusion, the present study provides experimental

evidence that suggests that BMMC transplantation pro-

motes neuroprotection by modulating the production of

important inflammatory mediators, which are known to

play a role in epileptogenesis.
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