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SUMMARY: The role of bone morphogenetic proteins (BMP-s) in the development of the nervous system has been widely
studied on avian and rodent embryos. Human embryos have rarely been available for detection of BMP expression. In this study 39
human embryos of Carnegie stages (CS) 10-20 were investigated. The embryos were fixed in paraformaldehyde, embedded in paraffin
and sectioned serially in transverse direction. BMP-2 and BMP-4 protein expression in the developing neural tube andsfiiealaudal
cord was determined by immunohistochemistry. Our data show that BMP-s tend to be more expressed in the neural tuliagearlier s
in particular, BMP-4 staining was found to be higher at CS10 compared to CS20. More detailed analysis was performed @ embryos
CS14-18. Stronger BMP-2 and BMP-4 expression was found in the dorsal part than in the ventral part of the spinal cordntisdiffe
were seen in the staining intensity of BMP-s in the spinal ganglia. Interestingly, in neural crest cells BMP-2 stainioggeass€S16
and CS18 as compared to CS14, while no differences were found in BMP-4 staining. On the other hand, in the non-neural ectoderm
BMP-4 staining was found to be stronger at CS16 than at CS14, while no differences were seen for BMP-2. In conclusion, @xpressi
BMP-s in the developing neural tube and spinal cord of human embryos is generally in accordance with the findings madedroden
birds.

KEY WORDS: Neural tube; Human embryo; BMP-2, BMP-4; Immunohistochemistry.

INTRODUCTION

Several farilies of signaling molecules have beenposterior regions form the midbrain, the hindbrain and the
implicated in the control of neural tube patterning includingpinal cord. Many experiments have been made on mice,
bone morphogenetic proteins (BMP-s). BMP-s, members mdts and chickens to find evidence that BMP-2 and BMP-4
transforming growth factor beta (TGF-b) superfamily, playre implicated in the patterning of all parts in the developing
important roles in multiple biological events (Chetal, brain (Jonegt al, 1999; Ybot-Gonzalest al, 2007; Huet
2004; Thawanret al, 2010). Although BMP-s were originally al., 2004). The spinal cord is a well-characterized region of
identified by an hility to induce the formation of bone andthe CNS, and BMP activity has been shown to regulate dor-
cartilage, they have been implicated in multiple events durirggl-ventral patterning of the vertebrate spinal cord (Tucker
the formation of the nervous system, including neural inductiast al., 2008; Wilson and Maden, 2005). Patterning
of the neural tube, regionalization of the brain and spinal corigiformation along the dorsal-ventral axis of the neural tube
eye development, and lineage determination in the periphetain be specified by two processes: the assignment of regio-
nervous system (Hogan, 1®9Timmeret al, 2002). nal identity and the division of these regions into discrete

domains of gene expression (Timne¢al., 2002). Distinct

The central nervous system (CNS) is highlyeuronal subtypes are topologically positioned in the spinal
regionalized along both its anterior-posterior and dorsatord, and this organization of cells reflects the function of
ventral axes (Lupet al., 2006). During the embryonic individual neurons. The neurons that process and relay
development of the nervous system, the most anterior es@hsory input reside in the dorsal half of the spinal cord,
of the neural tube gives rise to the forebrain, while mosghereas the neurons that participate in motor output are
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localized ventrally. The appearance of distinct cell types af development, stage 11 to 23-26 days, stage 12 to 26-30
defined positions in the spinal cord is dependent on inductidays, stage 14 to 31-35 days, stage 16 to 37-42 days, stage
signaling pathways. The allocation of the cell fate in th&8 to 44-48 days, and stage 20 to 51-53 days.
spinal cord, as in other regions of the CNS, depends on two
signaling systems that are activated together with the mdremunohistochemistry. Threepm thick paraffin sections
basic program of neural induction (Jessell, 2000). Thaounted on poly-L-lysine coated slides were deparaffinized
gradient of sonic hedgehog (SHH) patterns the ventral spirsadd rehydrated. Peroxidase activity was removed by 0.6%
neural tube and defines ventral neuronal differentiation, akjo, in methanol (Merck, Darmstadt, Germany). Then the
at the same time BMP activity regulates the dorsal patternisgctions were washed in tap water and in PBS (pH=7.4) for
of the spinal cord (Briscoe & Ericson, 1999; Briscoe &0 min, treated with normal 1.5% goat serum (Gibco,
Ericson, 2001; Dessauat al, 2008). In addition, BMP-2, Invitrogen Corporation, USA) for 20 min at room
BMP-4 and other growth factors are expressed in the naemperature and incubated with the first antibody: BMP-2
neural ectoderm, the roof plate and the neural crest of tfbcam, Cambridge, UK, diluted 1:250); BMP-4 (Abcam,
developing CNS, specifying the dorsal neuronal fates. The@ambridge, UK, diluted 1:100) overnight &C4 The next
are evidences which demonstrate that dorsalization of tHay, the sections were washed in PBS and incubated with
spinal cord is likely to result from signals that originate fronthe secondary antibody (VECTASTAIN ABC Universal Kit,
the non-neural ectoderm as well as neural crest cellef{HwWBurlingame, USA) for 30 min at room temperature.
al., 2004; Chizhikov and Millen, 2005; Baker and BronnerPeroxidatic activity was detected with DAB (Vector,
Fraser, 1997). Additional signals involving members of thBurlingame, USA). Sections were counterstained with
Wnt and fibroblast growth factor (FGF) families may alsdvematoxylin. BMP-2 and BMP-4 labeling was expressed
contribute to the proliferation and differentiation of dorsalby a subjective scale ranging from 0 to 3 (0 — no staining, 1
neuronal cell types (Lee & Jessell, 1999; dteal, 2007). —weak staining, 2 — moderate staining, 3 — strong staining).
After the reports on the role of BMPs in patterning of thtmmunohistochemistry negative controls were performed by
nervous system in the mouse appeared, it has been widetyitting the primary antibody. The results were estimated
accepted that a similar pattern may be valid for the humay two independent observers; the mean of estimations was
Although the neural tube formation is usually described asalculated and used for statistical analysis. The data were
self-evident process, the dorsal-ventral patterning in humanalyzed by Kruskal-Wallis test (nonparametric ANOVA).
embryos has actually not been examined in detail becaudee level of significance was set at p<0.05.
the human embryo specimens at these developmental stages
have only rarely been available. In the present study, 39
externally normal human embryos at Carnegie stages (GEESULTS
10 to 20 were employed, and BMP-2 and BMP-4 protein
expression was examined in the developing neural tube.
Both growth factors — BMP-2 and BMP-4 — were
expressed in the developing central nervous system — the
MATERIAL AND METHOD neural tube and the caudal end of the spinal cord. The
immunohistochemical staining intensity of BMP-2 and
BMP-4 in the developing neural tube was detected in CS10-
Obtaining embryos and section preparation Thirty-nine  20. As seen in Table |, BMP-2 signal was stronger compared
human embryos of Carnegie stages (CS) 10-20 were obtainedBMP-4. In the case of both growth factors there was
by medical abortions. The study was approved by the Ethiendency for expression to decline in the later stages of
Review Committee on Human Research of the University dievelopment; a significant difference was noted in BMP-4
Tartu (no 183/M-40 issued 29.06.2009). The embryos wepeotein expression in CS10 vs CS20 (Table 1).
fixed in 4% paraformaldehyde and embedded in paraffin
according to standard methods. Tissue blocks were serially A more detailed expression pattern of BMP-2 and
cut in transversal direction and mounted on glass slides. BMP-4 was studied in CS14, CS16 and CS18 where the
number of the studied embryos was larger. Expression of these
Embryos were classified by Carnegie stagegrowth factors in the developing spinal cord, in the spinal
(O’Rahilly and Mdiller, 1987). The developmental stages arghnglia, in the neural crest cells and in the non-neural ectoderm
the number of embryos used in this study were as followwas investigated. As seen in Table Il, BMP-2 and BMP-4
stage 10 (4), stage 11 (3), stage 12 (3), stage 14 (11), stsigéning intensity was clearly stronger in the dorsal part
16 (7), stage 18 (7), and stage 20 (4). According to Carnegiampared to the ventral part of the developing spinal cord
stages, stage 10 corresponds approximately to 22-23 dé@y®gs. 1 and 2).
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Table I. BMP-2 and BMP-4 expression of developing neural tube of human embryos in CS 10-20.

CsS CS10 Cs11 CsS12 CS14 CS16 CS18 CS20

(n=4) (n=3) (n=3) (n=11) (n=7) (n=7) (n=4)
BMP-2 2.240.04 2.0+0.03 1.8+0.16 1.8+0.06 2.0+0.06 1.9+0.04 1.9+ 0.08
BMP-4 1.5+0.06" 1.0+0.10 0.8+ 0.05 0.9+ 0.05 0.9+0.05 0.8+0.06 0.6+0.09n

BMP-2 and BMP-4 expression in the developing neural tube of human embryos at different Carnegie Stages (CS 10-20). Immunostaini
intensity was graded from weak (1) to strong (3); the data are presented aSEMaBignificant differences (P<0.05) in staining intensity
between groups are indicated with the same letter.
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in the roof plate (encircled area); b. Negative control, no staining in the roof plate (encircled area); c. Strong exXjBd4Bi@nmthe
alar plate; d. Negative control, no staining in the alar plate.

At the end of the 5th week of development (CS14), thrggates) thickening. The right and left alar plates are

zones could be distinguished in the wall of the spinal cordonnected over the central canal by a thin roof plate, and
the neuroepithelial layer, the mantle layer, and the margwo basal plates are connected ventrally by a floor plate.
nal layer. Significant expression of BMP-2 was detected ur study showed remarkable level expressions of BMP-2
the neuroepithelial layer in CS16-18. Furthermoreand BMP-4 in the roof and alar plates of the spinal cord in
expression of both BMP-2 and BMP-4 was found to be &S14-18 (Fig. 1). We also noticed expressions of BMP-2
a notable level in the mantel and marginal layer of thend BMP-4 in the floor and basal plates of the spinal cord
developing spinal cord. As a result of continuous addition CS14-18, but expressions of BMP-s were found to be
of neuroblasts to the mantel layer, each side in the wallleSs intensie compared to expressions of BMP-s in the roof

the spinal cord shows ventral (basal plates) and dorsal (adad alar plates.
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No differences in staining intensity were found in In neural crest cells, BMP-2 staining was stronger in
spinal ganglia, although the BMP-4 signal was weak&S16 and CS18, but moderate in CS14 (Table Il). On the
compared to BMP-2 (Table II). other hand, BMP-4 protein expression did not differ between

CS14, 16 and 18 (Table ).

In non-neural ectoderm, BMP-2 staining was simi-
lar in CS14, 16 and 18, but BMP-4 staining was lower in
CS14 and stronger in CS16 (Table ).

Fig. 3. Transverse section through the spinal cord of the human
embryo of CS16. A - Central canal of the spinal cord. Expression
of BMP-2 in the neuroepithelial layer (B), mantle layer (C), and
marginal layer (D).

DISCUSSION

The results of our study on BMP-2 and BMP-4
> protein expression in the human neural tube and the caudal
. g part of the spinal cord are generally in accordance with the
Fig. 2. Transverse sections through the spinal cord of the hunfd@ta obtained from animal and chick experiments (Timmer
embryo of CS18. a. Strong immunohistochemical expression 8t al, 2002), thus supporting the idea of BMP-s as the key
BMP-2 in the dorsal part; b. Weak exprerssion of BMP-2 in theegulators in the differentiation and formation of the neural
ventral part. tissue. In this study we found the signal of BMPs to be

Table II. Expression of BMP-2 and BMP-4 in the spinal cord, spinal ganglia, neural crest cells and non-neural ectodenmar the h
embryos.

BMP-2 BMP-4

CS 14 CS16 CS 18 CS 14 CS 16 CS 18
Spinal  Dorsal part 2.540.13a 2.140.35° 2.340.23¢ 2.3%0.06d 1.8+0.05¢ 1.7+0.08r
cord Ventral part 1.6£0.11a 1.50.23° 1.4+0.23° 1.4£0.094 1.3£0.05¢ 1.1£0.09¢
Spinal ganglia 1.8+0.09 2.240.09 2.2+0.02 1.6+0.09 1.7+0.09 1.8+0.06
Neural crest cells 1.6£0.11¢" 2.420.068 2.340.04" 1.6+0.08 1.840.05 1.6+0.05
Non-neural ectoderm 2.640.06 2.740.05 2.4+0.04 1.6£0.06i 2.0+0.04' 1.7+0.05

BMP-2 and BMP-4 expression in the developing spinal cord, spinal ganglia and neural crest cells of human embryos atadifesgenS@ges
(CS14, n=11; CS16, n=7; CS18, n=7). Immunostaining intensity was graded from weak (1) to strong (3); the data are presamSERs
Significant differences (P<0.05) in staining intensity between groups are indicated with the same letter.
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stronger in earlier stages of development of the neural tugenerating neuronal circuits that are critical for processing
compared to later stages. In particular, BMP-4 staining wasmatosensory information and coordinating motor output.
found to be stronger in CS10 than in CS20 (Table I). Thibout the end of the fourth week, nerve fibers begin to appear
finding seems to support the idea that the roles of BMPHsthe marginal layer. The first to develop are the short fibers
are the most significant when the neural tube has just closeaim the neuroblasts in the mantle zone and the fibers of the
and the formation of the neural tube begins (Ulloa andbrsal nerve roots which grow from the cells of the spinal
Briscoe, 2007). ganglia (Sadler, 2004). We can presume that BMP-2 and
BMP-4 also have a role in the formation of the spinal ganglia
The early spinal cord has a relatively straightforwarth human embryos, as our data show significant expression
anatomy compared to more rostral CNS regions. Chizhik@f BMP-s in the developing spinal ganglia.
and Millen’s works have demonstrated that the organization
of the spinal cord is highly dependent on the roof plate BMP-s also help to define the regions from which a
signaling activity. As the caudal neural tube closes, the roeértebrate-specific population of neural crest cells will be
plate progenitors differentiate into mature roof plate cellgienerated (Liu and Niswander, 2005). Most studies on the
which occupy the dorsal midline region and act as a dorsaural crest cells ke been conducted on the avian embryos
midline organizing center controlling numerous aspects because of their accessibility and availability of specific
dorsal spinal cord development (Chizhikov & Millen, 2004)markers. The neural crest extends throughout the length of
The first evidence of the role of the roof plate in dorsal spindie neural tube and arises at the border between the
cord patterning came from chick and mouse studies. BMReuroectoderm and non-neural ectoderm. In our study
2 and BMP-4 were expressed in the roof plate during neusagnificant staining of BMP-2 and BMP-4 was found in
tube development at the time of dorsal interneuron formatioeural crest cells. Interestingly, BMP-2 protein expression
in both mouse and chick (Letal, 1998; Lienet al, 2000). was seen to be higher at CS16 and 18 as compared to CS14,
In our study BMP protein expression was detected in thehile there were no differences in BMP-4 between CS14,
developing spinal cord in human embryos where relativel@S16 or CS18 (Table I1). Strong expression of BMP-2 was
strong BMP-2 and BMP-4 signaling in the roof plate andlso detected in non-neural ectoderm in CS14, CS16 and
alar plate cells of the human developing spinal cord of CS1€S18, but on the other hand, BMP-4 staining was found to
18 embryos was determined, while the signal of BMP-s ime higher at CS16 as compared to CS14 (Table Il). This
the ventral parts was clearly weaker (Table I, Fig. 2). Thusjay demonstrate different regulatory roles of BMP-s at
these findings support the theory that BMP-s play amrious developmental stages as BMP-s act on
important role in the proliferation and patterning in the doconcentration-dependent manner (Wilson & Maden, 2005;
sal part of the developing spinal cord of human embryoBarthet al.,1999).
However, there are other signals like SHH, members of the
Wnt and FGF families, which beside of BMPs may also In conclusion, the study demonstrates that BMP-2
contribute to the proliferation and differentiation of dorsahnd BMP-4 immunostaning was more intensive in the
neuronal cell types (Lee & Jessell, 1999; dtaal, 2007). developing human neural tube in earlier stages, in particu-
The wall of the recently closed neural tube consists ¢dr when comparing CS10 and CS20. In concordance with
neuroepithelial cells which divide rapidly, producing morehe experiments performed in rodents and chickens, in this
and more neuroepithelial cells which finally constitute thetudy stronger protein expression of BMP-s was seen in
neuroepithelial layer. The neuroepithelial cells begin to givibe dorsal part and weaker in the ventral part of the human
rise to another cell type — neuroblasts, which form the man#pinal cord. Interestingly, some differences were noted in
layer, a zone around the neuroepithelial layer (Sadler, 200BMP-2 and BMP-4 protein expression between CS14,
The outermost layer of the developing spinal cord, the magS16 and CS18: more intensive immunohistochemical
ginal layer, contains nerve fibers emerging from neuroblasttaining of BMP-2 was seen in neural crest cells of CS16
in the mantel layer. Our findings support the role of BMPand CS18 as compared to CS14, while in the non-neural
in the control of regional specification and morphogenesectoderm BMP-4 protein expression was found to be
of neuronal cells in the developing spinal cord of humanweaker in CS14 as compared to CS16.
embryos, as significant expression of BMP-2 was detected
in the neuroepithelial layer of the spinal cord and expressiMCKNOWLEDGMENTS
of both BMP-2 and BMP-4 was found to be at notable level
in the mantel and marginal layer (Fig. 3). The help of Dr. A. Sizarov in the process of collecting
human embryos is greatly acknowledged. The study was
As the development of the spinal cord proceeds, dgpartly funded by the targeted project No 0180012s11 of the
sal interneurons undergo complex cellular migrationEstonian Ministry of Education and Research.
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NAMM, A.; AREND, A. & AUNAPUU, M. Deteccion inmunohistoquimica de BMP-2 y BMP-4 en el desarrollo del tubo neural y
médula espinal del embrién humaid. J. Morphol., 31(2)449-454, 2013.

RESUMEN:EI papel de las proteinas morfogenéticas 6seas (BMP-s) ha sido ampliamente estudiado en el desarrollo del sistema
nervioso en embriones de aves y roedores. Los embriones humanos rara vez han estado disponibles para la detecciddndada expresi
BMP. En este estudio se investigaron 39 embriones humanos de los estadios Carnegie (CS) 10-20. Los embriones fueron fijados en
paraformaldehido, embebidos en parafina y seccionados en serie en direccion transversal. Se determind por inmunohist®quimica BM
2 la expresion de la proteina BMP-4 en ébtneural y en la médula espinal caudal en desarrollo. Nuestros resultados mostraron que la
BMP-s tienden a ser més expresadas en el tubo neural en etapas tempranas, en particular, se encontr6 tincion BMP-domparalta en
cion con CS10 CS20. Un analisis mas detallado se realizé en embriones de CS14-18. En la parte dorsal se observé mayta expresion
BMP-2 y de BMP-4 que en la parte ventral de la médula espinal. No se observaron diferencias en la intensidad deBif:®e
los ganglios espinales. Curiosamente, en las células de la cresta neural BMP-2 la tincion fue mas fuerte en CS16 y C&&gién comp
con CS14, mientras que no se encontraron diferencias en la tincion de BMP-4. Por otro lado, en el ectodermo no neui@tiseiéncont
BMP-4 mas fuerte en CS16 que en CS14, mientras que no se observaron diferencias para BMP-2. En conclusion, la expresién de BMP
en el tubo neural en desarrollo y la médula espinal de embriones human@nessdngente de acuerdo con los hallazgos realizados en
roedores y aves.

PALABRAS CLAVE: Tubo neural; Embrién humano; BMP-2; BMP-4; Inmunohistoquimica
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