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SUMMARY

Aims: In previous studies, transplantation of bone marrow mononuclear cells (BMMCs) in

epileptic animals has been found to be neuroprotective. However, the mechanism by which

the BMMCs act remains unclear. We hypothesize that BMMCs may provide neuroprotec-

tion to the epileptic brain through trophic support. To test our hypothesis, we studied the

temporal expression of neurotrophins after BMMC transplantation in the epileptic rat hip-

pocampus. Methods: Chronically epileptic rats were intravenously transplanted with

1 9 107 BMMCs isolated from GFP transgenic mice. Expression levels of BDNF, GDNF,

NGF, VEGF, and TGF-b1, and their receptors, were evaluated by ELISA and/or qRT-PCR

analysis. Results: Our data revealed increased protein expression of BDNF, GDNF, NGF,

and VEGF and reduced levels of TGF-b1 in the hippocampus of transplanted epileptic ani-

mals. Additionally, an increase in the mRNA expression of BDNF, GDNF, and VEGF, a

reduction in TGF-b1, and a decrease in mRNA levels of the TrkA and TGFR-b1 receptors

were also observed. Conclusion: The gain provided by transplanted BMMCs in the epilep-

tic brain may be related to the ability of these cells in modulating the network of neurotro-

phins and angiogenic signals.

Introduction

Temporal lobe epilepsy (TLE) is the most frequent form of epilepsy

in adults [1]. It is characterized by the progressive occurrence of

spontaneous recurrent seizures (SRS) and affects mainly the hip-

pocampus [2]. Unfortunately, 30% of the patients become refrac-

tory to the antiepileptic drugs [3]. Surgical treatment is a

therapeutic option for these patients, but it is restricted due to pos-

sible brain function sequelae.

Cellular therapy-based studies have grown exponentially in the

field of epilepsy research and have shown benefits in experimen-

tal models [4–15]. We have previously reported that bone marrow

mononuclear cells (BMMCs) that are intravenously transplanted

reduce seizure frequency and improve cognitive deficits in chronic

epileptic rats [8,13]. However, the grafted cells uptake in the brain

is low and poorly explains the benefits of the cellular treatment

[7,8,13]. Trophic factors are key elements during embryogenesis

[16] and together with their receptors are selectively expressed in

different parts of the central nervous system (CNS) during devel-

opment. It has been demonstrated that stem cells have the ability

to generate a variety of growth factors both in vitro and in vivo [17–

19]. Therefore, it is possible that the transplanted BMMCs could

secrete and/or promote the cerebral expression of trophic factors

that subsequently stimulate endogenous mechanisms of neuro-

protection.

Bao et al. [20] showed that increased levels of neurotrophic fac-

tors were associated with functional improvement following

transplantation of human bone marrow-derived mesenchymal

stem cells in ischemic rats. Furthermore, a large array of growth

factors was shown to improve cognitive deficits and to be
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neuroprotective in animal models of epilepsy [21]. To understand

better the mechanisms of action of cellular treatment in epilepsy,

we investigated whether BMMC transplantation modulates brain

expression of brain-derived neurotrophic factor (BDNF), glial cell-

derived neurotrophic factor (GDNF), neural growth factor (NGF),

vascular endothelial growth factor (VEGF), or transforming

growth factor b1 (TGF-b1), and whether they modulate the recep-

tors of these proteins, in rats subjected to pilocarpine-induced

chronic epilepsy.

Materials and Methods

Animals

Adult male Wistar rats (40–50 days of age, 150–200 g) were used

for the epilepsy and controls groups. Enhanced green fluorescent

protein (eGFP) transgenic adult male C57BL/6 mice were used as

BMMC donors. This study was performed in accordance with the

NIH Guide for the Care and Use of Laboratory Animals and

approved by the Animal Care and Use Committee of Pontif�ıcia

Universidade Católica do Rio Grande do Sul (11/00265).

Epilepsy Model

Epilepsy was induced by pilocarpine injection to produce SRS

[22]. Rats were treated with methylscopolamine (1 mg/kg i.p.;

Sigma-Aldrich, St. Louis, MO, USA) 15–30 min prior to pilocar-

pine (320 mg/kg, i.p.; Sigma-Aldrich) to minimize peripheral side

effects. Systemic administration of pilocarpine induced status epi-

lepticus (SE). The seizures score was obtained from Racine scale

[23], and only animals that were scored as grade 5 were included

in the study. Seizures were controlled with diazepam (10 mg/kg,

i.p.) 90 min after administration of pilocarpine. SRS were video-

monitored from day 15 to 21 (8 h/day) after pilocarpine injection.

Animals that did not exhibit SRS were excluded from the study

[13].

Isolation and Processing of BMMCs

BMMCs were obtained from C57BL/6 mice expressing eGFP. The

animals were euthanized, and fresh bone marrow was extracted

from the long bones. The material was centrifuged at 400 9 g for

10 min. The cell pellet was resuspended with RPMI 1640 medium

and fractionated on a density gradient generated by centrifugation

at 400 9 g over a Ficoll-Paque solution (Histopaque 11191;

Sigma-Aldrich). The mononuclear fraction was collected and

washed with DPBS. Cell concentrations were determined with

Neubauer counting chamber and the number of viable cells by

trypan blue exclusion. For the detection of surface antigens,

BMMCs were incubated with conjugated antibodies against CD34,

CD11b, CD117, CD45, and Sca1 (BD Biosciences, San Jose, CA,

USA). Labeled cells were collected and analyzed using a FACSCal-

ibur cytometer [13].

Transplantation of BMMCs

Pilocarpine-injected animals were randomly divided into two

groups: Pilo (pilocarpine-treated rats receiving a saline injection)

and Pilo + BMMC (Pilo rats transplanted with BMMCs). A control

group composed of healthy rats received BMMCs (Con-

trol + BMMC). For each experimental group, the animals were

further divided as follows: 12 animals for ELISA (four animals for

each time point) and 12 animals for RT-PCR (four animals for

each time point). BMMCs were prepared for transplantation in

saline at a concentration of 1 9 107 cells in 100 lL total volume.

Cells or saline were administered via tail vein injection 22 days

after SE. Animals were euthanized at 3 (3D), 7 (7D), and 14 (14D)

days posttransplantation for ELISA and RT-PCR analysis of hippo-

campal tissue (Figure 1). An additional group of healthy rats that

received a saline injection instead of BMMC (Control group, four

animals for each analysis) were euthanized only at 14 days after

saline administration.

Enzyme-linked Immunosorbent Assay (ELISA)

Dissected hippocampal tissues were homogenized in lysis buffer

(137 mM NaCl, 20 mM Tris–HCl (pH 8.0), 1% NP40, 1 mM

EDTA, 1 mM EGTA, 1 mM Na3VO4, 50 mM NaF, 1 mM PMSF,

and a proteinase inhibitor) and centrifuged at 8000 9 g for

10 min at 4°C. To measure the total level of trophic factors, the

samples were acidified and neutralized. Evaluation of BDNF,

GDNF, NGF, and TGF-b1 expression was determined using Immu-

noassay Systems Emax� (Promega, Madison, WI, USA) and VEGF

using the ELISA Development Kit (PeproTech, Rocky Hill, NJ,

USA); all were carried out according to the manufacturer’s

instructions. The optical density of each well was determined

within 30 min using a microplate reader set to 450–620 nm. The

protein levels are presented as pg/mg of total protein.

Quantitative Reverse Transcription–Polymerase
Chain Reaction (qRT–PCR)

Extraction of RNA and synthesis of cDNA tissue RNA were per-

formed using an Rneasy� Protect Mini Kit (Qiagen, Chatsworth,

CA, USA). The quantitation of total RNA was assessed using a

Qubit� 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). Six

micrograms of total RNA were used to synthesize cDNA with a

MultiScribe Reverse Transcriptase Kit (Applied Biosystems, Foster,

CA, USA). Forty nanograms of cDNA were used per reaction, and

quantitative real-time RT–PCR was performed using Master Mix

SYBR Green (Quatro G, Porto Alegre, RS, Brazil) on a 7500

Real-Time PCR System thermal cycler (Applied Biosystems).

The endogenous gene was glyceraldehyde 3-phosphate

Figure 1 Experimental procedures. Pilo: pilocarpine; VM: video

monitoring; BMMC: bone marrow mononuclear cell; periods

posttransplantation: 3D, 7D, and 14D (days or 25, 29, and 36 days after

pilocarpine injection).
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dehydrogenase (GAPDH), and the expression was normalized for

the Control group. The RNAs were quantified, and the same initial

RNA concentration was used in all RTs. Relative quantitation was

performed, and all assays were run at least in duplicate. Primers

used in this study were described in Table 1.

Statistical Analysis

Quantitative data were expressed as mean � SEM, and multiple

comparisons between the different groups were made using one-

way ANOVA followed by Tukey’s posttests. Differences of

P < 0.05 were considered significant. Analyses were performed

using Prism Graph 5.0 software (GraphPad Software, San Diego,

CA, USA).

Results

BMMC Transplantation Modulates Hippocampal
BDNF Levels in Epileptic Rats

BDNF protein levels were significantly elevated in epileptic ani-

mals 7 days after saline administration when compared to the

Control group (P < 0.05). However, we did not find any difference

in protein levels when Pilo animals were compared at different

time points, showing no variation in BDNF protein in the tempo-

ral window (Figure 2A).

Conversely, in Pilo + BMMC animals, BDNF protein levels

were significantly elevated 14 days posttransplantation when

compared to the Pilo group (P < 0.05), cellular control group

(P < 0.001), and control animals (P < 0.001) (Figure 2A). Addi-

tionally, in Pilo + BMMC rats, the BDNF protein expression

showed higher levels 14 days after BMMC transplantation when

compared to Pilo + BMMC 3D and 7D groups (P < 0.05). No sta-

tistical differences between control healthy and cellular control

groups were found.

Regarding the modulation of mRNA levels, our results show

that BMMC significantly elevated BDNF mRNA levels at 7 days

(P < 0.01) when compared to Pilo and Control + BMMC groups

(Pilo + BMMC 7D, P < 0.001) (Figure 2B). In Pilo + BMMC 7D

animals, BDNF mRNA was also increased when compared to the

Pilo + BMMC 3D group (P < 0.01). In addition, BMMC increases

TrkB mRNA levels in epileptic rats 7 days after transplantation

when compared to Pilo animals (P < 0.001). When Pilo + BMMC

groups were compared with Control + BMMC for each time

point, the TrkB mRNA expression was increased in Pilo + BMMC

animals versus their respective Control + BMMC groups (3D,

P < 0.05; 7D and 14D, P < 0.01) (Figure 2C).

BMMC Transplantation Modulates Hippocampal
Levels of NGF in Epileptic Rats

No difference in NGF protein levels was found between Pilo and

control animals. However, they were significantly higher in

Pilo + BMMC rats 7 days after transplantation when compared to

the Pilo, Control + BMMC, and Control groups (P < 0.01,

P < 0.05, and P < 0.001, respectively). We also found significantly

higher levels of NGF protein in Pilo + BMMC groups 3 (P < 0.05),

7 (P < 0.001), and 14 days (P < 0.001) after BMMC transplanta-

tion when compared to the Control group. At day 14, Con-

trol + BMMC rats showed higher levels of NGF protein when

compared to the Control group (P < 0.01) (Figure 3A). As for

NGF mRNA levels, we did not observe any statistical significant

differences in the analyzed time points (Figure 3B). Conversely,

TrkA mRNA levels were reduced in Pilo + BMMC animals

14 days posttransplantation when compared to the Pilo 14D group

(P < 0.05). At day 7, Pilo animals showed decreased TrkA mRNA

levels when compared to Control + BMMC 7D (P < 0.05). The

temporal profile of TrkA mRNA expression in Pilo rats demon-

strated increased levels at 14 days when compared to Pilo 3D and

Pilo 7D (P < 0.05 and P < 0.001) (Figure 3C).

BMMC Transplantation Modulates Hippocampal
Levels of GDNF in Epileptic Rats

No difference in GDNF protein levels was found between Pilo and

control animals. However, GDNF protein levels were increased in

Pilo + BMMC rats at 7 and 14 days when compared to Pilo 7D

and Pilo 14D (P < 0.01), to the Control + BMMC 7D and 14D

(P < 0.01 and P < 0.001, respectively), and to control animals

(P < 0.001) (Figure 4A). Additionally, GDNF protein expression

increased 7 and 14 days posttransplantation in the Pilo + BMMC

when compared to Pilo + BMMC 3D group (P < 0.05). GDNF

mRNA levels were significantly increased in Pilo + BMMC ani-

mals 3 and 7 days after transplantation when compared to their

Table 1 Primer sequences

Gene Forward sequences Reverse sequences

BDNF AGCTGAGCGTGTGTGACAGT ACCCATGGGATTACACTTGG

TrkB TGCCGTGGTGGTGATTGCCTCTGTG GTTCTCTCCTACCAAGCAGTTCCGG

GDNF ATGAAGTTATGGGATGTCGTGGCTG ACCGTTTAGCGGAATGCTTTCTTAG

GFR-a1 TAGCCACTCTGTACTTCGCG GCTTGCAGCGGCAGTTGTACA

NGF GCCAAGGACGCAGCTTTCTA GCCTGTACGCCGATCAAAA

TrkA TGGCTGCCTTCGCCTCAACCAG ATGGTGGACACAGGTATCACTG

VEGF CACATAGGAGAGATGAGCTTC CCGCCTTGGCTTGTCACAT

VEGFR-2 CATTGTGTCCTGCATCCGGGATAACCT TGTACACGATGCCATGCTCGTCACTGA

TGF-b1 AGAACCCCCATTGCTGTCCC GAAAGCCCTGTATTCCGTCTCC

TGF-bR1 AGAAAGCATCGGCAAAGGTC CCCAGGATATTTTCATGGCG

GAPDH TGCCACTCAGAAGACTGTGGATG GCCTGCTTCACCACCTTCTTGAT
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respective Pilo (3D, P < 0.05 and 7D, P < 0.01) and Con-

trol + BMMC groups (3D and 7D, P < 0.01) (Figure 4B). We did

not observe statistical significant differences in the GFR-a1 recep-

tor mRNA levels at the time points analyzed (Figure 4C).

BMMC Transplantation Modulates Hippocampal
Levels of VEGF in Epileptic Rats

We observed a significant increase in the expression of VEGF pro-

tein in Pilo + BMMC rats at 7 and 14 days after transplantation

when compared to the Pilo groups (7D and 14D, P < 0.001). VEGF

protein levels significantly increased in Pilo + BMMC animals at

3, 7, and 14 days posttransplantation when compared to their

respective Control + BMMC groups (3D, P < 0.05; 7D and 14D,

P < 0.001) and to the Control group (3D, P < 0.05; 7D and 14D,

P < 0.001). In addition, Pilo + BMMC 14D animals showed grad-

ually higher levels of VEGF expression 14 days after BMMC trans-

plantation when compared to Pilo + BMMC 3D (P < 0.001) and

Pilo + BMMC 7D (P < 0.05) (Figure 5A). When we analyzed tem-

poral levels of VEGF in Pilo animals, we did not find any signifi-

cant difference to control healthy animals. VEGF mRNA levels of

Pilo + BMMC animals were significantly increased 3 and 7 days

posttransplantation when compared to the Pilo groups

(P < 0.001) (Figure 5B). Pilo + BMMC groups evaluated at 3, 7,

and 14 days posttransplantation showed a significant increase in

VEGF mRNA levels compared to the respective cellular control

group (3D, P < 0.01; 7D and 14D, P < 0.001). Also, VEGF mRNA

levels were increased in Pilo 14D animals when compared to Con-

trol + BMMC 14D group (P < 0.05). The expression of VEGF

mRNA was temporally increased, with higher levels in

Pilo + BMMC 7D than those in Pilo + BMMC 3D (P < 0.05), and

even higher in Pilo 14D when compared with Pilo 3D and 7D

(P < 0.05). VEGFR-2 mRNA levels were increased after the

BMMC transplantation at 3 days when compared to the Pilo 3D

and to cellular control groups (P < 0.001). The temporal expres-

sion of VEGFR-2 mRNA levels was reduced 7 days after BMMC

transplantation compared to the Pilo + BMMC 3D group

(P < 0.01). Furthermore, VEGFR-2 mRNA levels increased over

time in Pilo animals, with higher observed levels in Pilo 14D rats

than those in Pilo 3D (P < 0.05) (Figure 5C).

BMMC Transplantation Modulates Hippocampal
Levels of TGF-b1 in Epileptic Rats

TGF-b1 protein levels were increased in the Pilo groups at 3 and

14 days compared to their respective control group (P < 0.05).

However, no differences were found between Pilo groups 3D, 7D,

and 14D. TGF-b protein expression in the hippocampus of

Pilo + BMMC 14D rats was significantly reduced compared to the

Pilo 14D group (P < 0.05). We also observed a significant increase

in the expression of TGF protein in Pilo + BMMC 3D and Pilo 3D

when compared to the Control + BMMC (P < 0.001) and to the

Control group (P < 0.05 and P < 0.01, respectively). In addition,

the temporal expression exhibited a significant decrease between

the groups evaluated at 3 and 14 days after BMMC transplanta-

tion (P < 0.01) (Figure 6A). TGF-b1 mRNA levels were

(A)

(B)

(C)

Figure 2 BMMC transplantation modulates the hippocampal levels of

BDNF in chronically epileptic animals. (A) BDNF protein levels (n = 4 per

group). (B) BDNF mRNA expression (n = 4 per group). (C) TrkB mRNA

expression (n = 4 per group). All analyses were evaluated at 3, 7, and

14 days after BMMC or saline transplantation. *P < 0.05 and

***P < 0.001 vs. Pilo; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs.

Control + BMMC; §P < 0.05 and §§§P < 0.001 vs. Control; +P < 0.05 and
++P < 0.01 vs. Pilo or Pilo + BMMC in Tukey’s post hoc test after one-way

ANOVA.
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(A)

(B)

(C)

Figure 4 BMMC transplantation modulates the hippocampal levels of

GDNF in chronically epileptic animals. (A) GDNF protein expression (n = 4

per group). (B) GDNF mRNA expression (n = 4 per group). (C) GFR-a1

mRNA expression (n = 4 per group). All analyses were evaluated at 3, 7,

and 14 days after BMMC or saline transplantation. *P < 0.05 and

**P < 0.01 vs. Pilo; ##P < 0.01 and ###P < 0.001 vs. Control + BMMC;
§§§P < 0.001 vs. Control; +P < 0.05 vs. Pilo + BMMC in Tukey’s post hoc

test after one-way ANOVA.

(A)

(B)

(C)

Figure 3 BMMC transplantation modulates the hippocampal levels of

NGF in chronically epileptic animals. (A) NGF protein expression (n = 4 per

group). (B) NGF mRNA expression (n = 4 per group). (C) TrkA mRNA

expression (n = 4 per group). All analyses were evaluated at 3, 7, and

14 days after BMMC or saline transplantation. *P < 0.05 and **P < 0.01

vs. Pilo; #P < 0.05 vs. Control + BMMC; §P < 0.05, §§P < 0.01, and
§§§P < 0.001 vs. Control; +P < 0.05 and +++P < 0.001 vs. Pilo in Tukey’s

post hoc test after one-way ANOVA.
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significantly different in all Pilo + BMMC (3D, P < 0.001; 7D,

P < 0.01 and 14D, P < 0.001) or Pilo groups (3D and 7D

P < 0.001; 14D P < 0.01) when compared to the cellular control

group. TGF-b1 mRNA levels significantly decreased with time

when Pilo + BMMC 7D and Pilo + BMMC 14D groups were com-

pared to Pilo + BMMC 3D (P < 0.001). In Pilo groups, TGF-b1
mRNA levels gradually decreased with time (3D vs. 7D, P < 0.01;

7D vs. 14D, P < 0.05; and 3D vs. 14D, P < 0.001) (Figure 6B).

TGFR-b1 receptor mRNA levels were decreased in epileptic ani-

mals 7 days after BMMC transplantation compared to Pilo 7D

(P < 0.05). In addition, TGFR-b1 receptor mRNA levels were

increased in Pilo + BMMC 7D (P < 0.05) and Pilo 7D groups

(P < 0.001) when compared to their cellular control group. TGF-

bR1 receptor mRNA levels were significantly higher in Pilo 7D

animals when compared to Pilo 3D rats (P < 0.05), but decreased

in the Pilo 14D group when compared to the Pilo 7D one

(P < 0.001) (Figure 6C).

Discussion

Many studies show increased expression of trophic factors in epi-

leptic animals, but most of these studies examine animals in the

acute period of the disease [24]. Our study was conducted on

chronically epileptic animals, because this period would be the

most appropriate for translational cell therapy-based interven-

tions. Recent data from our research group have shown that treat-

ment with BMMCs after temporal lobe epilepsy improves

functional outcomes in rats and has great potential for therapeutic

applications [7,8,13]. The present study was not designed to inves-

tigate the functional effects of BMMC transplantation, which were

already demonstrated in our previous publications [7,8,13], but to

elucidate whether their neuroprotective effects were associated

with the modulation of neurotrophic growth factors.

A large array of growth factors has control upon cell survival,

proliferation, and differentiation in the central nervous system

[25]. In our study, we focused on BDNF, NGF, GDNF, VEGF, and

TGF-b1 because several reports in the literature suggest that these

factors are involved in epileptogenic processes [26–30]. Here, we

showed that BDNF protein was increased 14 days posttransplanta-

tion, and BDNF mRNA and TrkB mRNA receptor expressions were

increased 7 days posttransplantation in relation to saline-treated

epileptic animals. In fact, BDNF has been found to be a therapeu-

tic target for epilepsy treatment [21,31]. In previous studies, BDNF

was shown to modulate neurogenesis, decrease neuronal death

and consequently the SRS occurrence [26], and prevent the

development of SE [32]. Conversely, knockout mice lacking

BDNF and the TrkB receptor show reduced epileptogenesis [33].

Regarding the neurotrophin NGF, we found that protein levels

increased after 7 days of BMMC transplantation in epileptic rats.

However, TrkA mRNA levels demonstrated a reduction at 14 days

posttransplantation. Studies show that NGF facilitates neuronal

repair against injuries [34]. NGF is known to play an important

role in the remodeling of brain networks after seizures [27]. The

importance of NGF as a neuroprotective factor has also been

shown in distinct models of brain lesion [35,36]. Thus, the high

levels of NGF and BDNF following BMMC transplantation in epi-

leptic rats could be responsible for the tissue repair and conse-

quently the reduction in the neurological deficits.

(A)

(B)

(C)

Figure 5 BMMC transplantation modulates the hippocampal levels of

VEGF in chronically epileptic animals. (A) VEGF protein expression

(n = 4 per group). (B) VEGF mRNA expression (n = 4 per group). (C)

VEGFR mRNA expression (n = 4 per group). All analyses were

evaluated at 3, 7, and 14 days after BMMC or saline transplantation.

***P < 0.001 vs. Pilo; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs.

Control + BMMC; §P < 0.05 and §§§P < 0.001 vs. Control; +P < 0.05

and +++P < 0.001 vs. Pilo or Pilo + BMMC in Tukey’s post hoc test

after one-way ANOVA.
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We also demonstrated that BMMC transplantation continu-

ously increased the expression of GDNF protein at 7 and 14 days

after BMMC treatment. GDNF mRNA levels were increased 3 and

7 days in the hippocampus of epileptic rats posttransplantation.

GDNF is considered a survival factor for different types of neurons

and has anticonvulsant properties [28]. Li et al. [37] demon-

strated that intraventricular administration of GDNF prevented

inflammation in the rodent hippocampus. Moreover, Nanobash-

vili et al. [38] found that the development of kindling-induced

seizures was inhibited in knockout mice for the GFRa2 receptor.

These dramatic GDNF increases may be involved in decreasing

inflammation and in controlling the neuronal excitability seen in

chronically epileptic rats, resulting in reduced seizure frequency.

Regarding VEGF, we found that protein was elevated 7 and

14 days in the BMMC-treated epileptic rats, VEGF mRNA had an

increase 3 and 7 days posttreatment, while VEGFR-2 mRNA

receptor levels increased only 3 days after BMMC transplantation

in epileptic rats. The temporal expression of VEGF protein showed

a gradual increase, while VEGF mRNA and VEGFR-2 levels had

the higher expression at 7 and 3 days posttransplantation, respec-

tively. Neuronal and glial cells regulate the VEGF expression after

seizures in the rodent hippocampus, suggesting a neuroprotective

role of VEGF in epilepsy [39]. Besides, VEGF has also been found

to significantly protect learning and memory after SE [29]. Our

findings that epileptic tissues promote a significant increase in

VEGF production in response to BMMCs suggest that this mecha-

nism could contribute to the cognitive preservation we observed

in previous studies using BMMC transplantation in epilepsy.

Conversely, TGF-b1 levels presented a different expression pat-

tern from the other growth factors. It was noted that TGF-b1 pro-

tein decreased 14 days after BMMC transplantation. Besides,

TGF-b1 mRNA levels did not show significant reduction between

the untreated epileptic animals and BMMC-treated group, but

these levels had a gradual decrease in the temporal analysis in

both groups. The TGFR-b1 mRNA receptor expression signifi-

cantly decreased 7 days posttransplantation compared to

untreated epileptic group. A role for TGF-b1 in epileptogenesis has

been demonstrated in animals after seizures, and it is highly regu-

lated in neurons and astrocytes [40,41]. Activation of the TGF-b1
signaling pathway is capable of enhancing epileptiform activity in

the brain, although its blockade could prevent epileptogenesis

[30,42]. Studies show that blood–brain barrier (BBB) dysfunction

may play a direct role in the pathogenesis of epilepsy and that

TGF-b1 increases BBB permeability, which occurs with seizures

[42].

We showed that BMMC transplantation takes at least 3 days to

modulate the majority of the trophic factors evaluated in the pres-

ent study, as the protein levels in the treated groups were signifi-

cantly increased at 7 days posttransplantation. For some trophic

factors studied here, protein expression changes were not always

followed by the same modulation of mRNA levels. Some dissocia-

tion between mRNA and protein expression can occur, suggesting

that mechanisms other than upregulated mRNA levels explain

increased proteins levels. In addition, the expression of trophic

factor receptor mRNA (GFR-a1) did not seem to change over the

days after the BMMC transplantation. Alternate mechanisms

include increased translation of existing mRNA, increased protein

stability, or reduced degradation in neurons [43]. In addition,

(A)

(B)

(C)

Figure 6 BMMC transplantation modulates the hippocampal levels of

TGF-b1 in chronically epileptic animals. (A) TGF-b1 protein expression

(n = 4 per group). (B) TGF-b1 mRNA expression (n = per group). (C)

TGF-bR1 mRNA expression (n = 4 per group). All analyses were

evaluated at 3, 7, and 14 days after BMMC or saline transplantation.

*P < 0.05 vs. Pilo; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs.

Control + BMMC; §P < 0.05 and §§P < 0.01 vs. Control; +P < 0.05,
++P < 0.01, and +++P < 0.001 vs. Pilo or Pilo + BMMC in Tukey’s post

hoc test after one-way ANOVA.
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trophic factors could interact with different types of receptors,

with a greater affinity for some, and exert their mechanisms of

action through distinct signaling pathways [44]. As demonstrated

elsewhere, the expression of some neurotrophins and its receptors

could be modulated as needed, while other factors are continu-

ously produced and secreted upon specific signals [45]. Our data

also corroborated the study of Kolomeyer et al. [46], where the

mRNA expression does not directly correlate with the protein

expression. Interestingly, TrkA receptor mRNA levels were

reduced after BMMC transplantation in epileptic rats. Addition-

ally, our results might indicate a negative feedback regulatory

strategy following the overexpression of trophic factors. One study

suggests that TrkA Ser/Thr phosphorylation is typically part of a

negative feedback loop that responds to saturating doses of NGF

by dampening and controlling a flood of incoming signal [47].

Complementary, we demonstrated that BMMC transplantation

did not influence the protein expression of the trophic factors

evaluated in control animals compared to saline-treated control

animals. With the exception of NGF protein expression, that was

increased at 14 days posttransplantation in the cellular control

group when compared to control animals. Nevertheless, this mod-

ulation is not likely to affect the behavioral response of these ani-

mals. In previous studies, we have demonstrated that control

healthy rats administered with BMMC have the same behavioral

outcome as untreated control animals [7,13]. Furthermore, we

already demonstrated that BMMC transplantation decreased the

frequency and duration of seizures independently of the cellular

donor (syngeneic or xenogeneic) in chronically epileptic rats [7].

Here, we showed that BMMC transplantation induces the expres-

sion of a number of trophic factors in the brain of epileptic rats.

The role of trophic factors in epilepsy is still controversial, with

data pointing to either increased epileptogenesis or protective

effects associated with their modulation [21]. In the present study,

we show that the increased expression of trophic factors after

BMMC transplantation might be associated with the beneficial

effects previously seen in BMMC-treated chronic epileptic rats

[7,13]. The BMMC mechanism of action based on trophic factors

modulation may explain the neuroprotective effects observed in

our previous publications as few transplanted cells reached the

brain of epileptic rats [7]. Costa-Ferro et al. [7] showed that

BMMC transplantation prevents neuronal death and induces neu-

ronal proliferation in chronically epileptic rats. It is well known

that trophic factors are involved in neuronal preservation and

neurogenesis [26,35,48,49]. Thus, a paracrine effect could be con-

tributing to neuronal preservation in those animals.

To our knowledge, this is the first study to demonstrate that

BMMCs induce an increase in the hippocampal production of tro-

phic factors in chronically epileptic rats. This evidence is an impor-

tant advance to comprehend the mechanisms of action of BMMC

transplantation for the treatment of chronically epileptic rats

[7,8,13]. The present results, together with our previously find-

ings, show that BMMC transplantation may provide neuroprotec-

tive effects via trophic factors for the recovery of epileptic patients,

supporting future clinical trials and translation.
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