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1. INTRODUCTION 
 
Regionalization of the neural tube is a fundamental event in the 
development of the central nervous system. Early formation of the 
nervous system results in the subdivision of the neural tube along 
the dorsal-ventral and cranial-caudal axes into forebrain, midbrain, 
hindbrain and spinal cord (Desamond and O’Rahilly, 1981; Lupo et 
al., 2006). In the regional specialization of the developing neural 
tube several families of signalling molecules are involved, including 
bone morphogenetic proteins (BMP-s), members of the 
transforming growth factor (TGF-β) superfamily and DNA binding 
Pax (paired box) transcription factors. Many experiments have been 
made on mice, rats chickens and other animals to demonstrate the 
importance of the signalling molecules of BMP-2, BMP-4, Pax2, 
Pax6 and Pax7 in the patterning of all parts in the developing brain 
(Bouchard et al., 2005; Hu et al., 2004; Jones et al., 1991; Schwarz et 
al., 1998; Ybot-Gonzales et al., 2007; Kawakami et al., 1997; Joven 
et al., 2013). 
 
Although BMPs were originally identified by an ability to induce 
the formation of cartilage and bone, it is now generally accepted 
that BMPs in conjunction with other important regulatory factors 
like Shh, Wnt and FGF family members coordinate the 
development of the neural tube and the cellular proliferation 
(Hogan, 1996; Liu and Niswander, 2005; Stern, 2005; Ulloa and 
Briscoe, 2007). Experimental data from studies mainly on mice and 
chickens have provided evidence that BMPs are signalling molecules 
that act at a distance to control nervous cells proliferation and 
differentiation in the patterning of the developing CNS (Faure et 
al., 2002; Hu et al., 2004). In particular BMPs have been shown to 
regulate dorsal-ventral patterning of the vertebrate spinal cord 
(Timmer et al., 2002; Wilson and Maden, 2005; Bier and De 
Robertis, 2015). 
 
After the reports on the role of BMPs in the patterning of the 
nervous system in the experimental animals appeared, it has been 
widely accepted that a similar situation may be valid for the human 
embryos. Although the neural tube formation is usually described 
as a self-evident process, the dorsal-ventral patterning in human 
embryos has actually not been examined in detail because the 
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human embryo specimens at these developmental stages have only 
rarely been available. 
The family of Pax genes constitutes a group of developmental genes 
with a highly conserved paired domain, which encodes nuclear 
transcription factors (Urbanek et al., 1997). The evidence from mice 
and human embryos indicates that Pax genes play an important role 
in the early mammalian embryogenesis. Furthermore, the members 
of the Pax genes family have been shown to perform critical roles 
in the formation of the nervous system as the restricted expression 
pattern along the cranial-caudal and dorsal-ventral axes of the neural 
tube during the early embryogenesis is described (Terzic et al., 
1998). 
 
Thus it can be said that, though many studies have been made on 
rodents and chickens to find evidence for the involvement of  
BMP-2, BMP-4, Pax2, Pax6 and Pax7 in the formation of CNS, 
limited data are available about the role of these signalling molecules 
in the development of CNS of human embryos. Therefore the aim 
of the current study was to describe the expression of BMP-2,  
BMP-4, Pax2, Pax6 and Pax7 in the primordia of the CNS of the 
early human embryos and to compare the findings with the 
expression of BMP-2, BMP-4 and Pax2 in the developing CNS of 
rat embryos of similar developmental stages. 
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2. REVIEW OF LITERATURE 
 

2.1. General functions and classification of BMPs 
 
Bone morphogenetic proteins, which have now become widely 
known for their involvement in many biological processes, were 
first described for their bone morphogenetic activity (Wang et al., 
1990; Wozney, 1988) that gave names to those proteins. Four 
proteins were initially identified, and one of them, BMP-1 is a 
metalloproteinase (Kondo, 2007). The other three (BMP-2, -3 and -
4) belong to the transforming growth factor β (TGFβ) superfamily. 
Subsequently, molecular cloning studies have identified more than 
20 members of the BMP subgroup in the TGFβ family from various 
species (Kondo, 2007; Bragdon et al., 2011).  
 
The activity of BMPs was first described in 1960-s (Urist, 1965), but 
the proteins responsible for the bone formation remained unknown 
until the identification of bovine BMP-3 (osteogenin) and the 
cloning of human BMP-2 and BMP-4 in the late 1980s (Wozney, 
1988). After BMP-2 was found to exhibit osteoinductive effects in 
vivo, other BMPs were also found to play roles in the bone 
formation. Bone morphogenetic proteins are now known to have 
important roles in joint morphogenesis, bone renewing, and 
fracture repairing by inducing the proliferation, lineage 
determination, and apoptosis in osteoblasts and chondrocyte 
precursors (Wozney and Rosen, 1998; Yoon and Lyons, 2004).  
 
Despite their names, which emphasize their importance in the bone 
development, BMP-s regulate different developmental processes in 
various tissues. Studies on transgenic and knockout mice, other 
animals and humans with naturally occurring mutations in BMPs 
and related genes have shown that signals of BMPs play critical roles 
in heart, brain, gut, kidney and cartilage development (Chen et al., 
2004; Liu and Niswander, 2005; Tanabe and Jessell, 1996; Thawani 
et al., 2010). The basic roles of BMPs are presented in Table 1. 
 
As depicted in Table 1, several BMPs possess monikers having the 
similar functions and effects observed in multiple species and tissues. 
They are misleadingly named BMPs, their action has been 
implicated in the development of many tissues (Thawani et al., 
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2010). Because BMPs have been found in different species, several 
BMPs have alternate names which are frequently interchanged 
because of the lack of standardization (Matthews, 2005). For 
instance, BMP-7 is named OP-1, BMP-11 is named GDF-8, etc. 
 
Table 1. Functions of bone morphogenetic proteins (modified from: Asharani et 
al., 2012; Bondyopadyay et al., 2006; Chen, 2004; Li and Chen, 2013; Li et al., 
2011; Thawani et al., 2010).  

BMP Functions 
BMP-1 Induces growth of bone and cartilage. Involved in 

dorsoventral patterning of CNS. 
BMP-2 Induces osteoblast differentiation and osteogenesis. Involved

in cardiac cell differentiation, epithelial to mesenchymal
transition, dorsoventral patterning and craniofacial
development. 

BMP-3 (osteo-
genin/GDF-10) 

Inhibitor of osteogenesis, which negatively regulates bone
density. Involved in dorsoventral patterning. 

BMP-4 Involved in bone mineralisation, muscle development,
formation of teeth, limbs, lung and eye. Also involved in
dorsoventral patterning and craniofacial development. 

BMP-5 Induces bone and cartilage development. Involved in the 
formation of liver, lung and optic nerve. 

BMP-6  Induces osteogenic markers in mesenchymal stem cells. 
Involved in the maintenance of joint integrity. 

BMP-7 (OP-1) Involved in the transformation of mesenchymal cells into 
bone and cartilage. Also involved in kidneys, bladder, brain
and craniofacial development. 

BMP-8 (OP-2/3) Induces bone and cartilage development. Involved in
craniofacial development. 

BMP-9 Involved in chondrogenesis, hepatogenesis and nervous
system development. 

BMP-10 Involved in the trabeculation of embryonic heart. 
BMP-11 (GDF-8) Involved in the mesodermal patterning and nervous system

development. 
BMP-12 (GDF-
7/CDMP-3) 

Induces joint morphogenesis. Facilitates growth of ligaments. 

BMP-13 (GDF-
6/CDMP-2) 

Induces joint morphogenesis. Facilitates growth of ligaments. 

BMP-14 Involved in chondrogenesis, limb development and fracture
healing. Facilitates the growth of tendons. 

BMP-15 Involved in the oocyte and follicular development. 
 
The activity of BMPs is regulated at different levels in the 
developing embryo (Chen et al., 2004). In the recent years, studies 
have presented several new binding proteins of BMPs that regulate: 
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(1) the initial activation of BMPs; (2) the transport of BMPs through 
tissues; and (3) the reception of the BMP signal (Canalis et al., 2003; 
Kishigami and Mishina, 2005; Sykaras and Opperman, 2003). 
Umulis and co-authors have shown that the molecules, binding 
BMP ligands in the extracellular space, regulate the level, 
positioning and timing of signaling through the BMP pathway 
(Umulis et al., 2009). Signals from BMPs are regulated by BMP 
receptors. All BMPs transmit signals by binding their respective 
type I and type II receptors. This binding induces a signal 
transduction including receptor phosphorylation, conformational 
changes of receptors and the trans-phosphorylation of signal 
transducing molecules (Figure 1). Finally, this process leads to the 
activation and transcription of specific target genes (Messague, 
1996). The activity of BMP is regulated by the binding of 
extracellular inhibitors (Little and Mullins, 2006). 
 

 
Figure 1. Schematic drawing of the BMP signal transduction pathway (modified 
from: Canalis et al., 2003; Kishigami and Mishina, 2005; Kondo, 2007). BMPs 
bind to the type I and type II receptors at the cell membrane. The BMP receptor 
type II phosphorylates (P) the BMP receptor type I. The activated receptor type 
I phosphorylates R-Smads that form the heteromeric complex with Co-Smad and 
are translocated into the nucleus. Within the nucleus the multi-Smad complex 
can directly, or through transcriptional activators and repressors, activate the 
transcription of target genes. I-Smad blocks the activation of R-Smad and Co-
Smad. 
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2.2. BMPs influence the process of CNS formation 
 

2.2.1. Neural induction 
 
The roles of BMPs in the development of the embryonic nervous 
system of mammals and other vertebrates have extensively been 
studied in recent years. Several researches have shown the active 
involvement of BMPs in the development of CNS in different 
regions and stages, where they regulate the formation and 
differentiation of neural cells (Liu and Niswander, 2005, Mehler et 
al., 1997; Mizutani and Bier, 2009).  
 
The development of the CNS begins with the specialization of the 
ectoderm either into non-neural or neural ectoderm. This process 
has been regulated and controlled by the presence or the absence of 
BMP signalling (Gallego-Diaz et al., 2002; Liu and Niswander, 
2005). A widespread molecular theory of the formation of the 
earlier nervous system is explained as the “default model”, which 
proposes that high BMP activity defines the epidermis, while the 
low level of BMP specifies the neural plate (Munoz-Sanujan and 
Brivanlou, 2002; Stern, 2005; Stern, 2006; Streit and Stern, 1999). It 
has also been proposed that the intermediate concentrations of 
BMPs specify the border of the neural plate, including the region 
that forms the neural crest (Patthey et al., 2008; Wilson and Maden, 
2005). Experiments on animals have confirmed the theory that the 
different activity of BMPs is crucially important for the 
development of the normal nervous system (Khokha et al., 2005; 
Stern, 2002).  
 
It is thought that the activity of BMPs in the early development of 
the forming nervous system is inhibited at least three times (Sasai et 
al., 1995; Stern, 2005). The first inhibition takes place at the early 
stage in the development of the embryo, the second at the mid-late 
gastrula stage and the third at the early neural stage. These 
inhibitions establish the initial dorsal-ventral polarity in the 
different regions of the ectoderm. Chordin and Noggin are 
probably the most important molecules, which inhibit the activity 
of BMPs at the early developing stages (Piccolo et al., 1996; Sasai, 
2001; Wilson and Hemmati-Brivanlou, 1995). These BMP activity 
repressions led scientists to the understanding that this “default 
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model” of neural induction exists. The model shows that the cells 
within the ectoderm have an autonomous tendency to differentiate 
into the cells of the neural tissue (Hemmati-Brivanlou and Melton, 
1997; Linker and Stern, 2009).  
 
Although the inhibition of BMPs at early stages of the nervous 
system formation is important, several studies have demonstrated 
that the activity of the BMP signal molecules is necessary at the later 
stages of CNS development (Hogan 1996; Stickney et al., 2007; 
Wilson and Hemmati-Brivanlou, 1995). Immediately after the 
formation of the neural tissue, BMPs signalling has the positive 
influence on the formation and the regulation of the nervous system 
(Liu and Niswander, 2005). In addition to BMPs, other signalling 
molecules are involved in the development of the formation of the 
nervous system. Wnt and Shh together with BMPs coordinate the 
formation and differentiation of different nervous cells (Litingtung 
and Chiang, 2000; Ulloa and Marti, 2010).  
 
2.2.2. Dorsal-ventral patterning of the developing neural tube 

 
A widely accepted theory of the formation of the dorsal and ventral 
parts in the developing neural tube demonstrates that the polar 
gradient of BMPs is important for the formation of the entire 
dorsal-ventral axis of the embryo. The data of several studies 
confirm the important role of BMPs, the members of the TGFβ 
superfamily, in the formation of the dorsal part of the developing 
neural tube (Bier, 1997; Timmer et al., 2002). Chizhikov with 
collaborators has expressed the idea that the signals of BMPs are 
initially induced by the cells of non-neural ectoderm and then 
transferred to roof plate cells within the developing neural tube 
(Chizhikov and Millen, 2004). Together with BMPs the signals of 
Wnt and FGF families are necessary for the proliferation and 
differentiation of dorsal neuronal cells (Briscoe et al., 2001; Lee and 
Pfaff, 2001; Ulloa and Briscoe, 2007). However, several studies have 
revealed the idea that BMP proteins play the most important role 
in the mediation of neural cells in the dorsal part of the developing 
neural tube (Bobak et al., 2009; Tozer et al., 2013). Tucker’s and co-
authors’ experiments on mice embryos exhibit clear data about the 
importance of BMPs for the formation of dorsoventral axis (Tucker 
et al., 2008). 
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The level of the BMP signaling may be regulated by a diverse group 
of proteins, such as chordin, noggin and follistatin. These proteins 
influence the development of the dorsal part of neural tube through 
the regulation of BMPs activity (Dale and Wardle, 1999; Larrain et 
al., 2000). Several experiments on animals indicate the widespread 
expression of chordin and noggin in the whole developing embryo 
regulating the activity of BMPs (Jones and Smith, 1998; Sasai et al., 
1994). Thus, the evidence from different studies show that there is 
the gradient activity of BMPs for the development of the entire 
neural tube and the non-neural ectoderm (Ashe, 2005; Barth et al., 
1999).  
 
After the closing of the neural tube some of neuroepithelial cells 
turn into the mature cells of the roof plate acting as a dorsal midline-
organizing center and controlling the formation of many aspects of 
the dorsal spinal cord development (Chizhikov and Millen, 2005). 
The earliest knowledge of the importance of the roof plate in the 
formation of the dorsal spinal cord came from the studies on chicks 
and mice (Chesnutt et al., 2004; Lee et al., 1998). Nowadays the 
molecular dorsal patterning mechanisms are best described in the 
studies concerning the evolution of the spinal cord. According to 
the studies of Chizhikov and Millen the expression of signal 
molecules such as BMPs are expressed in the roof plate cells in the 
dorsal part of the neural tube (Chizhikov and Millen, 2004).  
 
The studies of BMP molecules have confirmed the conception that 
the signals of BMPs in the developing neural tube are regulated by 
Wnt signalling and conversely, Wnt signalling can be induced by 
BMPs (Ille et al., 2007). These findings have led researchers to the 
conclusion that the growth of the neural cells in the dorsal part of 
the spinal cord is regulated by the balance between Wnt and BMP 
signalling (Ille et al., 2007). 
 

2.2.3. BMPs as the regulators of the brain development 
 
In addition to the role of BMP proteins in neural induction and 
spinal cord dorsal-ventral patterning, several studies have begun to 
reveal the importance of BMPs signalling in the developing brain 
(Liu and Niswander, 2005). There is increasing evidence that several 



17 

BMPs are expressed in localized patterns during the embryonic 
development of the mouse brain (Jones et al., 1991; Lyons et al., 
1995). Functional studies demonstrate that the local application of 
BMP proteins onto cultured explants of telencephalon induces 
dorsal development and changes in the cell proliferation and the 
programmed cell death. In the mouse forebrain explants cultured 
with BMP-4 protein-soaked beads, there is a dramatic decrease in 
cell proliferation, as well as increase in cell death (Furuta et al., 
1997). This indicates that BMPs are negative regulators of 
proliferation and cell survival in the brain, which is opposite to 
their effects in the spinal cord (Timmer et al., 2002). BMP signaling 
is also crucial in specifying choroid plexus development (Fernandes 
et al., 2007; Hèbert et al., 2002). These results confirmed the pivotal 
roles of BMPs in regional morphogenesis during forebrain 
development by regulating specific gene expression, cell 
proliferation and programmed cell death. Signals by BMPs generally 
play a negative role in the early stages of head formation and must 
be attenuated in multiple contexts to ensure proper forebrain and 
craniofacial development (Lupo et al., 2002; Yang et al., 2010). 
Several mouse mutants provide further demonstrations that 
inappropriate BMP signalling can lead to holopresencephaly (HPE) 
(Fernandes et al., 2007). HPE is a phenotypically heterogeneous 
disorder characterized by anterior midline growth and patterning, 
and associated with the specific malformations of the face involving 
the loss of anterior midline structures (Cheng et al., 2006; 
Klingensmith et al., 2010). In culture experiments, BMP-2 and BMP-
4 promote telencephalon midline features (Caronia et al., 2010), 
including the inhibited proliferation, the promotion of apoptosis, 
the induction of the dorsal midline marker MSX1 and the 
repression of more laterally expressed genes (Hèbert et al., 2003). 
The HPE is thought to be the result of increased apoptosis and the 
loss of FGF8 expression in the most anterior region of the 
forebrain. Therefore, BMP signaling is necessary for the most dorsal 
structure of the forebrain whereas the development of the ventral 
forebrain is dependent on the inhibition of BMP signalling (Liu and 
Niswander, 2005).  
 
Chordin and noggin are endogenous extracellular antagonists of 
BMP signalling that promote the normal organization of the 
forebrain and face (Bachiller et al., 2000). Experiments on 
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mammalians, especially on mice, indicate that BMP antagonists 
chordin and noggin promote the inductive and trophic activities of 
rostral organizing centers in the early development of the forebrain 
(Beddington and Robertson, 1998; Shimamura and Rubenstein, 
1997; Yang and Klingensmith, 2006; Zakin and De Robertis, 2004). 
The forebrain defects, due to the reduction of BMP antagonists, are 
emphasizing the importance of the activity of restricting BMP in 
the dorsal part of the forming brain (Anderson et al., 2002; Liu and 
Niswander, 2005). Ohkubo’s and other scientists’ works accentuate 
the idea that the optimal growth requires a balance of BMP, FGF8 
and Shh signalling and the crossing regulation between them in the 
forebrain (Hayhurst and et al., 2008; Ohkubo et al., 2002).  
 
BMPs have also instructive roles in the determination of the non-
neural cell fates in the forebrain. Furthermore, several studies 
provide the clear evidence that neurons and glia are generated from 
common neural precursor cells during the brain development 
(Anderson, 1995; Sepp and Auld, 2003). BMPs promote astroglial 
cells (Yanagisawa et al., 2001) and inhibit oligodendroglial cells 
which are formed from the subventricular layer progenitor cells of 
mouse brain and this effect is specific at different developmental 
stages (Gross et al., 1996; Mabie et al., 1997).  
 
During the evolution of the cerebellum, cerebellar granule neurons 
have a critical role in the cerebellar function and they extend 
caudally to the roof plate of the fourth ventricle. The opposition of 
the caudal neuroepithelium and the roof plate results in a unique 
inductive region termed the cerebellar rhombic lip that guides the 
growth of the granule cell precursors (Alder et al., 1999; Liu and 
Niswander, 2005; Machold et al., 2007; Tong et al., 2015). Alder and 
her colleagues showed that the BMPs secreted from the roof plate 
are important regulators of the cerebellar granule neuron fate 
determination that stimulate the production of rhombic lip-derived 
neurons (Alder et al., 1999). The expression of granule neuron 
markers such as Math1 or Zic has been reported to be controlled by 
BMPs (Aruga, 2004; Barneda-Zahonero et al., 2009; Zhao et al., 
2008).  
 
According to several studies Shh plays a pivotal role in the 
regulation of cerebellar development. Shh is secreted by Purkinje 
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neurons and acts on the proliferation of granule cell precursors 
(Fernandes et al., 2010; Rios et al., 2004). The studies have also 
provided evidence that BMP signalling is involved in regulating 
granule cell differentiation during embryonic development (Alder 
et al., 1999; Rios et al., 2004). In the studies employing a primary 
culture of mouse granule neurons and slice culture of chicken 
cerebellum, it has shown that BMP-2 and BMP-4 proteins 
antagonize the proliferative function of Shh allowing the granule 
neurons precursors to differentiate into mature granule neurons 
(Liu and Niswander, 2005).  
 

2.3. General classification and functions of Pax family 
 
The Pax genes are defined by the presence of a paired box domain 
and a partial or complete homeobox domain (Breitling and Gerber, 
2000; Saraga-Babic et al., 1996; Thompson and Ziman, 2011). 
According to the confirmed concept by several scientists, the Pax 
genes are very important in the mammalian embryogenesis, 
especially for the formation and differentiation of various tissues 
(Chi and Epstein, 2002). Numerous experiments have exhibited the 
temporally and spatially defined expression of the Pax genes in the 
creation of the nerve tissue, stressing their pivotal role in the early 
stage of the brain development (Nornes et al., 1990; Osumi et al., 
2008; Rowitch et al., 1999). Pax proteins are called transcription 
factors due to the fact that they fasten specific areas of DNA 
controlling the expression and activity of particular genes (Britling 
and Gerber, 2000) and by that regulate different developmental 
processes in the embryogenesis as well as to take part in the 
proliferation and differentiation of the cells of the nervous tissue 
(St-Onge et al., 1995).  
 
There are nine genes in the Pax gene family. These genes are divided 
into the four subgroups based on various aspects of similarity: 
subgroup I includes Pax1 and Pax9; subgroup II includes Pax2, Pax5 
and Pax8; subgroup III includes Pax3 and Pax7; subgroup IV 
includes Pax4 and Pax6 (Carlson, 2009; Dahl et al., 1997). The genes 
belonging to an individual group have a very high degree of 
sequence similarity within the paired domain and they show a 
similar expression pattern during embryogenesis (Dahl et al., 1997). 
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The essential places of the expression of Pax genes in mice and 
human embryos are shown in Table 2.  
 
Experiments on animals have revealed that the absence of certain 
Pax genes or their insufficient expression causes the abnormal 
development of tissues and leads to the formation of various 
mutations (Dressler and Douglass, 1992; Favor et al., 1996; Wehr 
and Gruss, 1996). Table 2 points to the sites of the expression and 
the known effects of mutations in human and mouse embryonic 
development. In addition, studies by Wang and co-authors have 
exhibited that the insufficient expression of Pax genes can give rise 
to the formation of various cancers in different tissues and organs 
both in human and mice developing embryos (Wang et al., 2008). 
In several studies the important role of Pax genes in the normal 
development of human embryos has been emphasized, whereas the 
lack of Pax2 genes has shown the ability to generate mutations 
(Gerard et al., 1995; Tellier et al., 2000).  
 
Table 2. Subgroups, sites of expression of Pax2 genes and known effects of 
mutants in humans and mice (modified from: Carlson, 2009; Chi and Epstein, 
2002; Dahl et al., 1997; Dressler and Douglass, 1992; Hanson et al., 1993; 
Giamipietro et al., 2005; Lammi et al., 2003; Tellier et al., 2000; Wang et al., 2008). 

Pax genes Sites of expression Syndromes of the 
human 

Syndromes of the 
mouse 

Group I 
Pax1 
Pax9 

Sclerotome, 
perivertebral 
mesenhyme, thymus, 
tooth 
 

Vertebral 
malformations, Spina 
bifida, hypodontia 

Undulated 
(segmentation 
anomalies along the 
entire axial skeleton) 

Group II 
Pax2 
Pax8 
Pax5 
 

Urogenital system, 
CNS, eye, inner ear, 
thyroid gland, kidney 

Renal-Coloboma 
syndrome, 
CHARGE syndrome 

No kidneys, no 
follicular cells of 
thyroid, defects of 
brain, ear and eye  

Group III 
Pax3 
Pax7 

Dermomyotome, 
neural crest, muscle, 
CNS 
 

Waardenburg 
syndrome I and III, 
rhabdomyosacroma 

Defects of cranial 
neural crest, defects of 
the neual tube  

Group IV 
Pax4 
Pax6 

Pancreas, eye, CNS Type II diabetes, 
Aniridia, Peter`s 
anomaly 

Small eye, no insulin 
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2.4. Expression of Pax2, Pax6 and Pax7 in the formation of the 
central nervous system 

 
Several temporally and spatially restricted processes are involved in 
the early development of the human and animal nervous system 
such as the proliferation and migration of neuroepithelial cells, the 
differentiation into several types of nervous cells and the 
programmed death of cells (Dahl et al., 1997; Thompson and 
Ziman, 2011; Saraga-Babic et al., 1996). During the neurulation, the 
formed neural tube differentiates along the anterior-posterior axis 
into the forebrain, the midbrain, the hindbrain and the caudal spinal 
cord. It has been shown that in the forming neural tube Pax2, Pax6 
and Pax7 start to be expressed around CS 10 (Fotaki et al., 2008; 
Schwarz et al., 1998; Kawakami et al., 1997; Wehr and Gruss, 1996; 
Walther and Gruss, 1991, Jostes et al., 1990). At later stages Pax2, 
Pax6 and Pax7 expression has been shown in the three formed brain 
vesicles and also in the developing spinal cord (Thompson and 
Ziman, 2011; Bel-Vialar et al., 2007; Shwarz et al., 1998). Schwarz 
and co-authors (1998) in their study have emphasized the particular 
importance of these molecules for the formation of the primordium 
of forebrain, midbrain and other parts of the brain in the early 
stages of the developing neural tube. 
 
The forming of the dorsal-ventral axis of the developing neural tube 
begins during the secondary neurulation. Three different layers are 
formed in the wall of the neural tube: the inner ventricular layer of 
neuroepithelial cells, the middle mantel layer of neurons and the 
outer marginal layer of nerve fibres (Nieuwenhuys et al., 2008). 
During the further development the neurons of the mantel layer 
migrate and differentiate to the dorsal and ventral positions 
(Thompson and Ziman, 2011). The importance of Pax2, Pax6 and 
Pax7 for the formation of the dorsal-ventral part in the developing 
brain and in the spinal cord has been demonstrated by several 
researchers in their studies on mouse, human and also on chick 
embryos (Burill et al., 1997; Nornes et al., 1990; Terzic et al 1998 
Osumi, 2001). The expression of Pax2 has been shown to be more 
intensive in the dorsal part of the developing neural tube compared 
to the ventral part (Terzic et al., 1998). Pax6 and Pax7 genes also 
seem to be involved in the brain regionalization and the 
establishment of the dorsal-ventral polarity of the spinal cord 
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(Terzic and Saraga-Babic, 1999; Kawakami et al., 1997; 
Michedlishvili et al., 2007; Pentayiotou et al., 2013; Henely et al., 
2010). These studies have demonstrated that the overlapping 
expression of Pax6 and Pax7 subdivides the brain and spinal cord 
along the dorsal-ventral axis, indicating the role of Pax genes in the 
developing central nervous system. Mutations, caused by the 
insufficient expression of Pax2, Pax6 and Pax7, emphasize the vital 
role of Pax genes in the further development and in the 
differentiation of the normal neural tube (Schwarz et al., 1997; 
Bouchard et al., 2000; Thompson et al., 2011).  
 
Researchers have paid a great attention to the formation of the 
border of the midbrain and the hindbrain, called isthmus, in the 
brain embryogenesis as this region of the brain takes part in the 
control of the formation of the mesencephalon and metencephalon 
(Alexandre and Wassef, 2005; Pfeffer et al., 2000; Shwarz et al., 
1997). Studies on mouse and zebrafish have revealed that the 
development of isthmus depends on the specific expression of 
secreted proteins and transcription factors. Among them the two 
secreted molecules Wnt-1 and FGF8, transcription factors En-1, En-
2, Pax2 and Pax5 play an important role for the isthmus (Asano and 
Gruss, 1992; Li and Joyner, 2000, Nakamura and Watanabe, 2005). 
Experiments on mice have shown that Pax2 is one of the first 
proteins affecting the development of the midbrain and the 
hindbrain border (Bouchard et al., 2000). Urbanek`s and 
collaborators’ studies indicate the importance of Pax2 in the 
formation of the normal isthmus in the embryogenesis of the 
nervous system (Urbanek et al., 1997). In addition Viera and co-
authors in their experiments on chickens have shown the Pax2 key 
role in the early development of the midbrain and the isthmic 
organizer center. It seems that the intensity of Pax2 expression is 
regulated by the signal molecule FGF8 (Viera et al., 2006). The 
mutations of Pax2 lead to the malformations of the developing 
midbrain in mice as well as in zebrafish embryos (Bouchard et al., 
2005; Pfeffer et al., 2002). In addition to Pax2, Pax6 and Pax7 have 
also been demonstrated to be involved in the formation of the 
specific areas of the midbrain (Joven et al., 2013; Metsanuga et al., 
2001; Shwarz et al., 1998). 
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Experiments on mice embryos demonstrate the necessity of Pax2 
and Pax6 for the development of normal cerebellum (Bouchard et 
al., 2005; Pfeffer et al., 2002 Schwartz et al., 1997; Shwarz et al., 
1999). Maricich and Herrup in their work have also stressed that 
Pax2 promotes the development of the cerebellar cortex, whereas 
Pax2 becomes apparent in the whole GABA-ergic interneuron 
population (Maricich and Herrup, 1999). It has also been reported 
that Pax6 is important in the forming the rhombic lip which gives 
rise to the primordium of the cerebellum (Osumi, 2001). 
 
During the development of the brain in the early stage, the 
forebrain is divided into the median diencephalon and the anterior 
telencephalon (Nieuwenhuys et al., 2008). The studies on mice, 
chickens and also amphibians’ embryos emphasize the importance 
of the genes of the Pax family for the development of the whole 
forebrain. The expression of Pax2 is described both in the 
diencephalon and the telencephalon of mice embryos (Fotaki et al., 
2008; Viera et al., 2006). Fotaki and co-authors in their studies on 
the mouse forebrain have referred to the essential role of Pax2 
within the developing septum, the hypothalamus, the eminentia 
thalami and the telencephalic septum (Fotaki et al., 2008). During 
the human embryogenesis Pax2 was also shown to have an 
important role in the formation of the optic cup, which develops as 
an outgrowth of the diencephalon wall and therefore represents a 
direct extension of the brain tissue (Tellier et al., 2000; Terzic et al., 
1998). In recent studies Pax2 immunohistochemical staining has 
been reported in the subventricular zone of the developing cerebral 
cortex of human embryos of 11 weeks of gestation (Vinci et al., 
2016). Pax6 and Pax7 expression pattern in the correlation with 
defects of the experimental mutant animals provide the evidence 
that Pax6 and Pax7 are important regulatory factors during brain 
development (Wehr and Gruss, 1996). It was demonstrated that in 
the developing forebrain Pax6 and Pax7 are expressed in a region 
specific manner. The primary role of Pax6 and Pax7 are thought to 
generate dorsal-ventral pattern in the diencephalon and as well as in 
the telencephalon (Joven et al.,2013; Jostes et al., 1991; Osumi, 2001; 
Kawakami et al.,1997, Walther and Gruss, 1991).  
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3. AIMS OF THE STUDY 
 
The study has the following aims:  
 
1. To detect the expression of BMP-2 and BMP-4 in the early 

developing brain of human embryos. 
 

2. To detect the expression of Pax2 in the early developing brain of 
human embryos. 

 
3. To detect differences and similarities of the expression of BMP-2 

and BMP-4 in the developing spinal cord of rat and human 
embryos. 

 
4. To detect differences and similarities of the expression of Pax2 in 

the developing spinal cord of rat and human embryos. 
 
5. To detect the expression of Pax6 and Pax7 in the early developing 

brain of human embryos. 
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4. MATERIALS AND METHODS 
 

4.1. Obtaining embryos and section preparation 
 
The study was performed on 22 rat and 39 human embryos. The 
embryos were classified according to Carnegie stages, which were 
initially proposed by Mall and then amended and finalized by 
O’Rahilly and Müller in 1987. These have come to be known as 
Carnegie stages (CS) (O’Rahilly and Müller, 1987). Human 
embryos of CS 10-20 were obtained by medical abortions from 
Tartu University Hospital. Rat embryos of CS 14, CS 16 and CS 18 
were collected at the University of Umeå, Sweden. The develop-
mental stages and the number of embryos, which were used in this 
study, are described in Table 3. The study was approved by the 
Ethics Review Committee on Human Research of the University 
of Tartu and Ethics Review Committee at the University of Umeå. 
The embryos were fixed in 4% paraformaldehyde and embedded in 
paraffin according to standard methods. The tissue blocks were 
serially cut in the transversal direction with microtome Ergostar 
HM-200 (Microm, Germany) and mounted on Poly-L-lysine 
(Sigma-Aldrich) or SuperFrost (Menzel-Gläser) slides. In Figure 2 
sub-parts of the developing brain are depicted together with a 
schematic representation of the process of cutting of embryos, 
resulting in transversely oriented slices (indicated by disconnected 
lines).  
 

 
Figure 2. Illustrative diagram of the developing brain. 
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Table 3. Number of studied embryos, developmental Carnegie stages, the age in 
postovulatory days and the plane of sections of investigated human and rat 
embryos. 

Embryos Number of embryos  Carnegie stage Approx. days of 
development 

Plane of 
section 

Human 5 10 22-23 transversal 
5 12 26-30 transversal 

11 14 31-35 transversal 
7 16 37-42 transversal 
7 18 44-48 transversal 
4 20 51-53 transversal 

Rat 7 14 13 transversal 
5 18 15 transversal 

10 20 18 transversal 
 

4.2. Morphological study 
 
For morphological study the three μm thick sections were stained 
with hematoxyline or thionine, and examined using an Olympus 
BX-50 microscope. Slices were photographed by a Zeiss Axiophot-
2 microscope (Zeiss, Germany).  
 

4.3. Immunohistochemistry  
 
For the detection of the expression of BMP-2, BMP-4, Pax2, Pax6 
and Pax7 proteins in developing human and rat embryos the 
method of immunohistochemistry was used. 
 

4.3.1. BMP-2 and BMP-4 immunohistochemistry 
 
Three-µm thick paraffin sections mounted on poly-L-lysine coated 
slides were deparaffinised and rehydrated. Peroxidase activity was 
blocked by 0.6% H2O2 in methanol (Merck, Darmstadt, Germany). 
Then the sections were washed in tap water and in PBS (pH=7.4) 
for 10 min, treated with normal 1.5% goat serum (Gibco, Invitrogen 
Corporation, USA) for 20 min at room temperature and incubated 
with the primary antibody overnight at 4oC in the humidified 
chamber: BMP-2 (Abcam, Cambridge, UK, diluted 1:250); BMP-4 
(Abcam, Cambridge, UK, diluted 1:100) (Table 4). The next day, 
the sections were washed in PBS and incubated with the secondary 
antibody (VECTASTAIN ABC Universal Kit, Burlingame, USA) 
for 30 min at room temperature.  
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Table 4. Antibodies 

No. Antibody Clone Type Species 
reactivity 

Manufacturer Working 
dilution 

1 BMP-2 Mouse 
polyclonal 

Ab 
6285 

Human 
Rat 

Abcam, 
Cambridge, 
UK 

1:250 

2 BMP-4 Rabbit 
polyclonal 

Ab 
39973 

Human 
Rat 

Abcam, 
Cambridge, 
UK 

1:100 

3 Pax2 Rabbit 
polyclonal 

Ab 
23799 

Human 
Rat 

Abcam, 
Cambridge, 
UK 

4 g/ml 

4 Pax6 Mouse 
monoclonal 

Ab 
78545 

Human 
Rat 

Abcam, 
Cambridge, 
UK 

5 g/ml 

5 Pax7 Mouse 
monoclonal 

Ab 
55494 

Human 
Rat 

Abcam, 
Cambridge, 
UK 

5 g/ml 

6 VECTASTAIN 
ABC Universal 
Kit 

- - Universal Burlingame, 
California, 
USA 

20 g/ml 

 
4.3.2. Pax2, Pax6 and Pax7 immunohistochemistry 

 
Three-µm thick paraffin sections mounted on SuperFrost slides 
were deparaffinised and rehydrated. Peroxidase activity was 
blocked by 0.6% H2O2 (Merck, Darmstadt, Germany,). The 
sections were washed in PBS (pH=7.4) for 10 min and next in 
distillated water and 0.1M PBS for 5 min. Then sections were 
washed again in distillated water (3 x 2 min). Slides were irradiated 
in 0.001M citrate buffer (pH=6.0) for 10 min using a microwave 
(Daewoo, model No: KOG-840P) oven at 98-100°C. Non-specific 
protein binding was attenuated by incubation for 30 min at room 
temperature with normal 1.5% goat serum (Gibco, Invitrogen, 
USA). Slides were incubated with the primary antibodies Pax2 
(Abcam, diluted 4 g/ml), Pax6 or Pax7 (Abcam, diluted 5 g/ml) 
in 0.1M PBS buffer overnight at 4°C in a humidified chamber. In 
the next day the sections were incubated for 30 min at room 
temperature with universal secondary antibody (VECTASTAIN 
ABC Universal Kit, Burlingame, California, USA) (Table 4). 
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4.4. Estimation of the expression of BMP-2, BMP-4, Pax2, Pax6 
and Pax7 

 
Peroxidatic activity was detected with DAB (Vector, Burlingame, 
USA). Sections were counterstained with hematoxyline. Immuno-
histochemistry negative controls were performed by omitting the 
primary antibody. Pax2, BMP-2 and BMP-4 labelling was expressed 
by a subjective scale: 0 = no immunostaining intensity, 1 = weak 
immunostaining intensity, 2 = moderate immunostaining intensity 
and 3 = strong immunostaining intensity. Three independent 
observers in a blinded fashion estimated the results of the study. 
 

4.5. Statistical analysis 
 
The mean of estimations was calculated and used for statistical 
analysis. Data were analysed by the Kruskal-Wallis test (non-
parametric analogue to ANOVA) with the level of significance set 
as P < 0.05. 
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5. RESULTS 
 

5.1. Histological study of the developing brain of the human 
and rat embryos  

 
In the human embryos at CS 10 the closing of the neural plate into 
a neural tube begins. The closing starts at the verge of the forming 
hindbrain and spinal cord and the process continues both cranially 
and caudally. In the studied histological slides of human embryos a 
thin neuroepithelial layer was observed that forms the wall of the 
forming neural tube. 
 
In the human embryos at CS 12 the neural tube has closed. The cells 
extend over the entire thickness of the wall and form a thick 
pseudostratified epithelium. The epithelium of this type appears to 
contain several layers of cells because the nuclei are seen on several 
planes, but in reality the nuclei are located within very long and 
somewhat irregular shaped cells, the cytoplasm of which extends 
throughout the entire thickness of the epithelium (Figure 3).  
 
In the human embryos at CS 14 three primary brain vesicles 
(forebrain, midbrain and hindbrain) were clearly seen in the 
developing brain. The wall of the developing spinal cord was 
remarkably thickened and three different layers could be 
distinguished: the inner ventricular layer, the middle mantel layer 
and the outer marginal layer. The cells in the neuroepithelial layer 
retain epithelial character and will differentiate into the columnar 
ependymal cells. Some of neuroepithelial daughter cells, called 
neuroblasts, proliferate rapidly and migrate away from the lumen 
and form the outer mantle layer. Forming spinal ganglion, non-
neural ectoderm and neural crest cells were also detected in a light 
microscope at CS 14.  
 
At CS 14 the developing telencephalon and the diencephalon were 
seen in the embryos of rats as the result of the division of the 
forebrain. Anterior metencephalon and posterior medulla 
oblongata were noticed differentiating out of the hindbrain. As in 
human embryos, it was possible to distinguish three different layers 
(ventricular, mantel and marginal) in the developing spinal cord. In 
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addition to the formed brain and the spinal cord, non-neural 
ectoderm cells were seen in the studied slides of the rat embryos.  
 
In the human embryos at CS 16, as the result of the continuous 
addition of neuroblasts in the mantle layer, alar and basal plates 
were noticed on both sides in the developing spinal cord. Also, three 
different layers of the wall were seen (Figure 4). In addition to the 
formed brain vesicles, the isthmus was seen at the border of the 
midbrain and the hindbrain. In the prepared slides diencephalon 
and cerebellum were distinguished.  
 

 
Figure 3. Transversal section of the 
developing neural tube in human 
embryo at CS 12 (thionine). Arrows 
indicate the pseudostratified epithet-
lium of the neural tube.  

 

Figure 4. Transversal section of the 
developing spinal cord in human 
embryo at CS 16 (hematoxyline). 
A - Alar (dorsal) part of the spinal cord 
B - Basal (ventral) part of the spinal 
cord 
(a) ventricular layer, (b) mantle layer, 
(c) marginal layer of the wall in the 
developing spinal cord.  

 
In the human and rat embryos at CS 18 similar brain developing 
was seen. The dorsal part of the forebrain was more outstanding 
than the ventral part. In the forming midbrain and hindbrain the 
remarkable expansion of dorsal and ventral part was noticed. In the 
developing spinal cord the anterior horn seemed to grow faster than 
the posterior horn. The growth of cells in the marginal and mantel 
layers was quicker and more intensive than the growth of the cells 
in the ventricular layer (Figure 5). Figure 6 demonstrates neuronal 
cells in the mantel layer of the developing spinal cord in the rat 
embryos. 
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In human and rat embryos at CS 20 the growth of all parts of the 
brain was observed. Both human and rat brains showed the similar 
conformation to an adult brain.  
 

 
Figure 5. Transversal section of the 
developing spinal cord in the human 
embryo at CS 18 (thionine). 
The arrow indicates the anterior horn 
of the developing spinal cord.  
(a) ventricular layer, (b) mantle layer,  
(c) marginal layer of the developing 
spinal cord.  

 
Figure 6. Mantle layer of the 
developing spinal cord in the rat 
embryos at CS 18 (thionine). 
Arrows indicate developing neurons in 
the mantle layer.  
 

 
5.2. Immunohistochemical detection of BMP-2 and BMP-4 in 

the forming CNS of human embryos 
 
Both growth factors, BMP-2 and BMP-4, were expressed in the 
developing central nervous system – the neural tube and the caudal 
end of the spinal cord. The signal expression intensity of BMP-2 and 
BMP-4 in the developing neural tube was detected at CS 10-20. A 
more detailed expression pattern of BMP-2 and BMP-4 was studied 
at CS 14, CS 16 and CS 18 where the number of the obtained 
embryos was larger. The expression of these growth factors in the 
developing spinal cord, in the spinal ganglia, in the neural crest cells 
and in the non-neural ectoderm was estimated.  
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5.2.1. Expression of BMP-2 and BMP-4 in the developing 
neural tube  

 
The Estimations of the BMP-2 and BMP-4 proteins expression are 
summarized in Table 5. At CS 10-20 BMP-2 and BMP-4 were 
expressed in the entire developing neural tube. As seen in Table 5, 
the BMP-2 signal was stronger compared to BMP-4. Figure 7 and 
Figure 8 demonstrate the differences of immunostaining intensity 
between BMP-2 and BMP-4 in the developing embryos at CS 18. In 
the case of both growth factors there was a tendency for the 
expression to decline in the later stages of development; a significant 
difference was noted in BMP-4 protein expression at CS 10 vs CS 20 
(Table 5). The Figure 9 demonstrates strong expression of BMP-4 of 
the developing neural tube at CS 10 and the Figure 10 shows weaker 
expression of BMP-4 at CS 20.  
 
Table 5. BMP-2 and BMP-4 expression of the developing neural tube of human 
embryos at CS 10-20.  

CS CS 10 CS 12 CS 14 CS 16 CS 18 CS 20 
BMP-2 2.2±0.04 1.8±0.16 1.8±0.06 2.0±0.06 1.9±0.04 1.9±0.08 

BMP-4 1.5±0.06n 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 (CS10-20). Expression intensity was graded from 
weak (1) to strong (3); the data are presented as the mean±SEM. Significant 
differences (P<0.05) in staining intensity between groups are indicated with the 
same superscript letter (n). 
 

 

Figure 7. Transversal section of the 
developing neural tube in the human 
embryo at CS 18 (DAB + hematoxy-
line). Stronger expression of BMP-2 in 
the developing neural tube. 

 

Figure 8. Transversal section of the 
developing neural tube in the human 
embryo at CS 18 (DAB + hematoxy-
line). Weaker expression of BMP-4 in 
the developing neural tube. 
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Figure 9. Transversal section of the 
developing neural tube in the human 
embryo at CS 10 (DAB + hematoxy-
line). Arrows indicate expression of 
BMP-4 in the wall of the forming 
neural tube. 

 

Figure 10. Transversal section of the 
developing neural tube in the human 
embryo at CS 20 (DAB + hematoxy-
line). Weaker expression of BMP-4 in 
the developing neural tube (arrows). 

 
5.2.2. Expression of BMP-2 and BMP-4 in the developing 

spinal cord  
 
The right and the left alar plates of the forming spinal cord are 
connected over the central canal by a thin roof plate, and two basal 
plates are connected ventrally by a floor plate. The results of the 
present study indicate a remarkable level of BMP-2 and BMP-4 
expressions in the roof plate of the developing spinal cord at CS 14-
18. The expression of BMP-2 and BMP-4 is also noticed in the floor 
plate of the spinal cord, but the expressions of BMPs were found to 
be less intensive compared to the expressions of BMPs in the roof 
plate. BMP-2 and BMP-4 signal intensity was clearly stronger in the 
dorsal part compared to the ventral part of the developing spinal 
cord (Table 6). Referring to the results, statistically relevant 
differences were revealed between the dorsal and ventral part of the 
developing spinal cord in all studied embryos at CS 14-18 (Figures 
11 and 12). At the CS 14, three zones could be distinguished in the 
wall of the spinal cord: the neuroepithelial, mantel and marginal 
layer. On the basis of the data of the present work, a significant 
expression of BMPs was detected in the ventricular layer at CS 14-
18. Furthermore, the expression of both BMP-2 and BMP-4 was 
found to be at a notable level in the mantel and marginal layer of 
the developing spinal cord (Table 6).  
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Table 6. Expression of BMP-2 and BMP-4 in the spinal cord, spinal ganglia, neural 
crest cells and non-neural ectoderm of the human embryos.  

 BMP-2 BMP-4 
CS 14 CS 16 CS 18 CS 14 CS 16 CS 18 

Sp
in

al
 c

or
d Dorsal 

part 
 
2.5±0.13a 

 
2.1±0.35b 

 
2.3±0.23c 

 
2.3±0.06d 

 
1.8±0.05e 

 
1.7±0.08f 

Ventral 
part 

 
1.6±0.11a 

 
1.5±0.23b 

 
1.4±0.23c 

 
1.4±0.09d 

 
1.3±0.05e 

 
1.1±0.09f 

Spinal 
ganglia 1.8±0.09 2.2±0.09 2.2±0.02 1.6±0.09 1.7±0.09 1.8±0.06 
Neural crest 
cells 1.6±0.11g,h 2.4±0.06g 2.3±0.04h 1.6±0.08 1.8±0.05 1.6±0.05 

Non-neural 
ectoderm 2.6±0.06 2.7±0.05 2.4±0.04 1.6±0.06i 2.0±0.04i 1.7±0.05 

BMP-2 and BMP-4 expression in the developing spinal cord, spinal ganglia and 
neural crest cells of human embryos at different Carnegie stages (CS). Expression 
intensity was graded from weak (1) to strong (3); the data are presented as the 
mean±SEM. Significant differences (P<0.05) in staining intensity between 
groups are indicated with the same superscript letter. 
 

 

Figure 11. Transversal section of the 
developing spinal cord in the human 
embryo at CS 16 (DAB + hematoxy-
line). Arrows indicate a stronger 
expression of BMP-4 in the dorsal part 
of the spinal cord.  

 

Figure 12. Transversal section of the 
developing spinal cord in the human 
embryo at CS 16 (DAB + hematoxy-
line). Arrows indicate a weaker expres-
sion of BMP-4 in the ventral part of the 
spinal cord.  

 
5.2.3. Expression of BMP-2 and BMP-4 in the non-neural 

ectoderm, spinal ganglia and neural crest cells 
 
The results of the present study demonstrate the expression of 
BMP-2 and BMP-4 in the spinal ganglia of the developing human 
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embryos. No differences in expression intensity were found in 
spinal ganglia, although the BMP-4 signal was weaker compared to 
BMP-2 (Table 6). In neural crest cells, BMP-2 signal was stronger at 
CS 16 and CS 18, but moderate at CS 14. On the other hand,  
BMP-4 protein expression did not differ between CS 14, 16 and 18 
(Table 6). In the non-neural ectoderm BMP-2 signal was similar at 
CS 14, 16 and 18, but BMP-4 signal was weaker at CS 14 and 
stronger at CS 16 (Table 6).  
 

5.3. Expression of Pax2, Pax6 and Pax7 proteins in the 
developing CNS of human embryos 

 
The expression of Pax2, Pax6 and Pax7 proteins was detected in the 
forming brain and developing spinal cord of human embryos at all 
studied stages of the development. However, variations seem to 
exist in expression intensity at different developmental stages 
(Table 7).  
 

5.3.1. Expression of Pax2 in the developing spinal cord 
 
If Pax2 expression in CS 10-14 was relatively weaker in the 
developing spinal cord, then the stronger expression was found in 
CS 16-20. Statistically significant weaker expression of Pax2 was 
found in the embryos of CS 10 as compared to CS 16-20 (Table 7). 
In the embryos of CS 16-20, Pax2 protein was detected at the 
essential level in the ventricular layer, the mantle layer and also in 
the marginal layer of the developing spinal cord. Comparing Pax2 
expression in dorsal and ventral parts of developing spinal cord, 
varying signal intensity was seen in the embryos of CS 14-20. 
Significant expression of Pax2 in the outer layers of the wall of the 
developing spinal cord on both dorsal and ventral parts was noted, 
but in the ventricular layer the expression of Pax2 was more 
extensive in the dorsal part than in the ventral part of the spinal 
cord (Figures 13 a, b). 
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Table 7. Expression of Pax2, Pax6 and Pax7 in the developing spinal cord and 
brain of the human embryos 

CS 10 12 14 16 18 20 
Pax2 in spinal cord 1.37 

±0.09a,b,c,d 
1.61 
±0.07 

1.56 
±0.07 

1.80 
±0.14a 

1.83 
±0.06b 

1.80 
±0.05c 

Pax2 in brain 2.0 
±0.05d.v,w 

1.91 
±0.09x,y 

1.87 
±0.06 

1.87 
±0.09 

1.89 
±0.08 

1.83 
±0.07 

Pax6 in spinal cord 1.21 
±0.06e,f,g,h 

1.35 
±0.08 

1.60 
±0.05e 

1.75 
±0.07f 

1.80 
±0.09g 

1.79 
±0.08h 

Pax6 in brain 1.40 
±0.04i,j,k,l,v 

1.65 
±0.06x 

1.82 
±0.09i 

1.83 
±0.07j 

1.85 
±0.08k 

1.83 
±0.08l 

Pax7 in spinal cord 1.15 
±0.07m,n,o,p 

1.40 
±0.05 

1.62 
±0.11m 

1.70 
±0.07n 

1.72 
±0.06o 

1.74 
±0.05p 

Pax7 in brain 1.20 
±0.11r,s,t,u,w 

1.46 
±0.09y 

1.70 
±0.05r 

1.76 
±0.06s 

1.79 
±0.05t 

1.79 
±0.07u 

Expression intensity was graded as 0 (no staining), 1 (weak staining), 2 (moderate 
staining) or 3 (strong staining); the data are presented as the mean±SEM. 
Significant differences (P<0.05) in staining intensity between groups are 
indicated with the same superscript letters.  
 

 

Figure 13. Transversal sections of the spinal cord of the human embryo at CS 18 
(DAB + hematoxyline). (a) Expression of the Pax2 in the ventricular layer of the 
dorsal part of the developing spinal cord (arrow). (b) Expression of Pax2 in the 
ventral part of the developing spinal cord. Double arrows indicate the weaker 
expression of Pax2 in the ventricular layer.  
 

5.3.2. Expression of Pax2 in the developing brain  
 
From the CS 10 to CS 20 of human neural tube development, 
division and main boundaries between the different parts of the 
brain were established. Pax2 protein expression was found in all 
main parts of the developing brain. However, differently from Pax2 
expression in the developing spinal cord, there seem to be more 
intensive expression of Pax2 in the developing brain at early stages 
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of development at CS 10-14 (Table 7). Data of the present study 
show statistically relevant variability of Pax2 protein expression 
between the developing spinal cord and the brain in the embryos of 
CS 10 (Table 7).  
 
Concerning the expression of Pax2 in the developing brain staining 
was seen in the wall of three primary brain vesicles: in the forebrain, 
the midbrain and the hindbrain. The expression of the Pax2 was 
also detected at the junction of the caudal midbrain and rostral 
hindbrain in the developing brain – strong Pax2 staining was seen 
in the region of isthmus at later stages, CS 16-20. The present study 
demonstrates Pax2 expression in the developing diencephalon: 
staining was noted in the outer regions of the dorsal (alar) plates and 
as a thin trip in the ventral part of the diencephalon. Furthermore, 
Pax2 expression was detected in the ventricular, the mantle and the 
marginal layers of the developing cerebellum in the embryos of 
CS 18-20. 
 

5.3.3. Expression of Pax6 and Pax7 in the developing spinal 
cord 

 
In CS 10-12 the expression of Pax6 and Pax7 proteins was observed 
at the significantly weaker level as compared to later stages of the 
developing spinal cord (Table 7). Some spatial differences in the 
expression of these proteins were seen in the early stages of the 
development. The dorsal-ventral boundary of the Pax6 expression 
was very vague compared to that of Pax7. The expression of Pax6, 
although relatively weak, was noticed in both dorsal and ventral 
parts of the developing spinal cord in CS 10-12. In the same 
developmental stages the expression of Pax7 was restricted to cells 
in the roof plate and dorsal part of the spinal cord. In the embryos 
of CS 14-20 the stronger expression of Pax6 and Pax7 was detected 
in the ventricular layer while weaker expression characterized the 
mantel and the marginal layers of the developing spinal cord. In the 
embryos of CS 16-20 the strong expression of Pax6 and Pax7 was 
detected in the spinal ganglia. In CS 16-20 the expression of Pax7 
was seen in the non-neural ectoderm, but the signal of Pax6 was not 
detected in the non-neural ectoderm of the same embryos. 
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5.3.4. Expression of Pax6 and Pax7 in the developing brain 
 
In the developing brain the expression of Pax6 and Pax7 was 
detected in all studied stages. However, the results demonstrated 
variations in the expressions of examined proteins at different 
developmental stages (Table 7). In the early stages of the 
development the proteins Pax6 and Pax7 were expressed in the 
ventricular layer of the forming neural tube, whereas in later stages 
their expressions were found in more specific areas of the 
developing brain.  
 
The weak expression of Pax6 and Pax7 was observed in the closed 
neural tube at CS 10-12. Statistically weaker signal of these proteins 
was found in the embryos of CS 10 as compared to CS 14-20. 
During the developmental stages of 10-12, most signals of Pax6 and 
Pax7 were observed in the ventricular layer, where undifferentiated 
neuronal progenitor cells of the nervous system exist. If at CS 10-12 
in the forming brain the expression of Pax6 and Pax7 was relatively 
weak, then at the same developmental stages significantly stronger 
expression of Pax2 was found (Table 7). In the CS 14-16 the stronger 
expression of Pax6 was noticed in the ventricular layer of the lateral, 
and in the third and fourth ventricles of the developing brain 
(Figure 14). Pax7 demonstrated a similar signal pattern that was 
expressed in the ventricular layer (Figure 15), whereas the mantel 
and the marginal layer had definitely the very weak expression. In 
the CS 18-20 the significant level expression of Pax6 was detected in 
the dorsal part of the telencephalon and diencephalon, as well as in 
the middle-ventral part of the medulla oblongata and in the region 
of the isthmus. In the same embryos of CS 18-20 the expression of 
Pax7 was detected along the roof plate in the forming forebrain. 
The signal of Pax7 was also observed in the ventral part of the 
mesencephalon.  
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Figure 14. Transversal section of the 
developing spinal cord in the human 
embryo at CS 16 (DAB + hematoxy-
line). Arrows indicate expression of 
Pax6 in the ventricular layer of the 
lateral ventricle of the brain. 

 
Figure 15. Transversal section of the 
developing spinal cord in the human 
embryo at CS 16 (DAB + hematoxy-
line). Arrows indicate a stronger 
expression of Pax7 in the ventricular 
layer of the fourth ventricle of the 
brain. 

 
5.4. Comparison of BMP-2 and BMP-4 expression in the 

developing spinal cord of human and rat embryos 
 
The expression of BMP-2 and BMP-4, as determined by immune-
histochemistry, was compared in the spinal cord of human and rat 
embryos at the three developmental stages – CS 14, CS 18 and 
CS 20. BMP-2 signal in the developing spinal cord was found to be 
stronger compared to BMP-4 both in human and rat embryos 
(Figures 16 and 17, Table 8). BMP-2 and BMP-4 exhibited similar 
immunolocalization and expression patterns - there was a slight, 
statistically insignificant tendency for the expression to decline at 
later stages of the development. However, the developing spinal 
cord of rat embryos showed a weaker expression of BMPs compared 
to human embryos (Table 8). Especially weak expression intensity 
of BMP-4 was detected in the rat embryos at CS 20 (Table 8). In 
negative controls, where the primary antibodies to BMP-2 or  
BMP-4 were omitted no signal was detected. 
 
In the developing spinal cord the expression of BMP-2 and BMP-4 
was evaluated separately in the roof plate, the floor plate and the 
adjacent non-neural ectoderm (Table 8). Statistically significant 
stronger expression intensity of BMPs was detected in the dorsal 
part of both human and rat embryos’ spinal cord compared with 
the ventral parts. A comparison of differences between the dorsal 



40 

and the ventral part in the spinal cord showed that in human 
embryos the intensity of signal of BMP-2 and BMP-4 was more 
extensive in three layers of the dorsolateral (alar) plates than in the 
ventral-lateral (basal) plates. Similarly, more intensive signal of 
BMP-2 and BMP-4 was noticed in the dorsal parts of the rat spinal 
cord (Table 8). Also, in rat embryos the expression of BMP-2 was 
detected in the ventricular, the mantel and the basal layers in CS 14-
20 of the spinal cord, but expression of BMP-4 was weaker. 
Expression of BMP-2 and BMP-4 in the roof plate cells was found 
in both human and rat embryos at all studied Carnegie Stages. We 
also noticed the expression of BMP-2 and BMP-4 in the floor plate, 
but the expression was found to be less intensive than in the roof 
plate.  
 
Table 8. Expression of BMP-2 and BMP-4 in the spinal cord and non-neural 
ectoderm of the human and the rat embryos at different developmental stages 

Embryos  BMP-2 BMP-4 
 CS 14 CS 18 CS 20 CS 14 CS 18 CS 20 

Human  DP 2.4 
±0.06 a,g 

2.3  
±0.04 b,h 

2.2  
±0.09 c,i 

2.2  
±0.03 d,j 

1.9  
±0.10 e,k 

1.9  
±0.10 f,l 

VP 1.8 
±0.06 a 

1.6 
±0.05 b 

1.8 
±0.10 c 

1.0 
±0.05 d 

1.0 
±0.10 e 

1.0 
±0.03 f 

NE 2.6r 
±0.08 m, 

2.3 
±0.14 n 

1.9 
±0.03 r 

1.7 
±0.03 o 

1.8 
±0.08 p 

1.4 
±0.07 

Rat  DP 1.6 
±0.06 g 

1.6 
±0.10 h 

1.4  
±0.05 i 

1.3 
±0.08 j 

1.2 
±0.06 k 

1.2 
±0.08 l 

VP 1.0 
±0.04 

1.1 
±0.05 

0.9 
±0.05 

0.8 
±0.06 

0.8 
±0.07 

0.7 
±0.08 

NE 1.8 
±0.04 m 

1.4  
±0.12 n,s 

2.1 
±0.05 s 

0.9  
±0.12 o,t 

1.0 
±0.06 p 

1.5 
±0.11 t 

CS - Carnegie stages, DP – dorsal part of the developing spinal cord, VP – ventral 
part of the developing spinal cord, NE – non-neural ectoderm. Expression 
intensity was graded from weak (1) to strong (3), the data are presented as the 
mean  SEM. Significant differences (P0.05) in expression intensity between 
groups are indicated with the same superscript letter. 
 
The expression of BMP-2 and BMP-4 in human and rat embryonic 
non-neural ectoderm was detected from the anterior to the 
posterior level of the forming spinal cord. In the non-neural 
ectoderm of human embryos BMP-2 and BMP-4 expression was 
found to be stronger in the early stages and weaker in the later stages 
of development, especially significant higher-level expression of 
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BMP-2 was seen at CS 14 (Table 8). Differently from human 
embryos, BMP-2 and BMP-4 expression in the non-neural ectoderm 
of rat embryos was weaker in CS 14–18.  
 

 

Figure 16. Transversal section in the 
wall of the developing spinal cord in 
the human embryo at CS 20 (DAB + 
hematoxyline). Arrows indicate a 
strong expression of BMP-4 in neuro-
nal cells. 

 

Figure 17. Transversal section in the 
wall of the developing spinal cord in 
the rat embryo at CS 20 (DAB + 
hematoxyline). 
Arrows indicate a weak expression of 
BMP-4 in neuronal cells. 

 
5.5. Comparison of Pax2 expression in the developing spinal 

cord of human and rat embryos 
 
In the present study Pax2 expression was examined in human and rat 
embryos at the CS 14, CS 18 and CS 20. The results demonstrate a 
very weak Pax2 expression in the forming spinal cord of rat embryos 
(Table 9). Statistically weaker relevant Pax2 expression was noticed 
in rat embryos at all studied developmental stages compared to 
human embryos. In the analysed rat embryos the differences of Pax2 
expression were observed neither between the dorsal nor the ventral 
part of the developing spinal cord. Besides, notable differences of 
Pax2 expression were not revealed in the neuroepithelial, the mantel 
and the marginal layers. The data obtained from human embryos 
demonstrate different Pax2 expression in the neuroepithelial, the 
mantel and the marginal layers as well as between the dorsal and the 
ventral parts of the developing spinal cord (see at § 5.3.1.). 
 
Table 9. Expression of Pax2 in the spinal cord of the rat embryos at different 
developmental stages. 

 CS 14 CS 18 CS 20 
Rat embryos 0.5±0.08  0.4±0.09  0.45±0.05  
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6. DISCUSSION 
 
The evidence from experimental animals indicates that signalling 
molecules BMP-2, BMP-4, Pax2, Pax6 and Pax7 play an important 
role in the mammalian embryogenesis. In particular, in human 
embryonic development proteins of BMP and Pax are critical 
signalling molecules required for the early differentiation of the 
embryo and the establishment of the neural tube. Despite of the 
numerous investigations and experiments in animals, where mostly 
rats, mice and chicks have been utilized, only few studies exist about 
the role of BMP-2, BMP-4, Pax2, Pax6 and Pax7 in the development 
of the human nervous system. Therefore in the present 
morphological study the aim was to determine the temporal and the 
spatial expression of these signalling molecules in the developing 
CNS of the early stages of human embryos. Furthermore, to see if 
the expression patterns of BMP-2, BMP-4 and Pax2 in the forming 
spinal cord of human embryos are similar to the situation of other 
mammals, the expression of BMP-s and Pax2 in the early stage human 
and rat embryos were compared.  
 

6.1. BMP-2 and BMP-4 control the formation of CNS in the 
early human embryos 

 
The results of the present study on the expression of BMP-2 and 
BMP-4 in the developing human neural tube and in the caudal part 
of the spinal cord in general are in concordance with the data 
obtained from animal and chicken experiments (Timmer et al., 2002), 
thereby supporting the key regulatory role of BMPs in the formation 
and differentiation of the neural tube. In the present study the signal 
of BMPs was found to be stronger in the earlier stages of the 
development of the neural tube as compared to the later stages 
(Paper I). The temporal differences were the most prominent in 
BMP-4 signal where it was seen to be stronger in CS 10 than in CS 20 
(Table 5, Figures 9 and 10). This expression difference seems to be 
supportive to the idea that BMP-s have the most important role in 
the neural tube closure and early formation (Ulloa and Briscoe, 2007).  
 
The early spinal cord has a relatively simple and linear anatomy 
compared to structurally more complicate rostral CNS regions. The 
studies by Chizhikov and Millen have shown that the spinal cord 
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organization is strongly dependent on the signalling activity of the 
roof plate (Chizhikov and Millen, 2004; Chizhikov and Millen, 
2005). During the closure of the caudal neural tube, the progenitors 
of the roof plate differentiate into the mature roof plate cells. These 
cells populate the dorsal midline region and act as a dorsal midline 
organizing center controlling multiple developmental aspects of the 
dorsal spinal cord (Chizhikov and Millen, 2004). The proof for the 
role of the roof plate in the patterning of the dorsal spinal cord has 
come from the studies on chicken and mouse. The expression of 
BMP-2 and BMP-4 has been shown in the roof plate during the neural 
tube development at the time of the formation of dorsal interneurons 
both in mouse and chicken (Lee et al., 1998; Liem et al., 2000). In the 
present study expression of BMPs was detected in the developing 
spinal cord of human embryos with relatively strong BMP-2 and 
BMP-4 signalling in the roof plate and the alar plate cells in CS 14-18 
embryos, while in the ventral parts of the spinal cord the signal of 
BMPs was obviously weaker (Table 6, Figures 11 and 12, Paper I). 
Hence, the findings support the theory about BMPs to play an 
important role in the regulation of the cellular proliferation and 
patterning in the dorsal part of the developing spinal cord of human 
embryos. The regulatory system is indeed much more complex as 
other signalling molecules like Shh, the members of the Wnt and 
FGF families in concert with BMPs regulate the proliferation and 
differentiation of dorsal neuronal cell types (Lee and Jessell, 1999; Ille 
et al., 2007). 
 
At the moment, when the neural tube is closed, its wall is formed by 
neuroepithelial cells, which extend the whole thickness of the wall. 
Further cytodifferentiation of the neural tube involves the rapid 
division of neuroepithelial cells, which first produces the 
neuroepithelial (ventricular) layer around the lumen of the neural 
tube canal. The neuroblasts produced in the ventricular layer migrate 
peripherally and form the mantle layer, which will be located 
external to the ventricular layer (Nieuwenhuys, 2008). From the 
neuroblasts in the mantel layer nerve fibers emerge forming the 
marginal layer, the third and the outermost layer of the developing 
spinal cord. In the present study significant BMP-2 expression was 
detected in the ventricular layer of the spinal cord and the expression 
of both BMP-2 and BMP-4 was found to be at notable level in the 
mantel and the marginal layers (Paper I). Thus these findings support 
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the involvement of BMPs in the control of regional specification and 
the morphogenesis of neuronal cells in the early developing spinal 
cord of human embryos.  
 
As the development of the spinal cord proceeds, the dorsal 
interneurons of the dorsal part of the forming spinal cord (alar plates) 
undergo several cellular migrations. The first nerve fibers in the 
marginal layer to develop are, in addition to the short fibers from the 
neuroblasts in the mantle zone, the fibers of the dorsal nerve roots 
which grow from the cells of the spinal ganglia (Nieuwenhuys et al., 
2008). We can presume that BMP-2 and BMP-4 have a role in the 
formation of the cells in the spinal ganglia and forming nerve fibers 
in human embryos, as the data of the present study show a significant 
expression of BMPs in the developing spinal ganglia and the marginal 
layer of the developing neural tube (Paper I). It is supported by the 
notion of BMPs to be involved in defining the regions from which a 
population of neural crest cells will be generated (Liu and Niswander, 
2005). The neural crest extends throughout the length of the dorsal 
part of the forming neural tube and arises at the border between the 
neuroectoderm and the non-neural ectoderm. As neural crest cells 
detach from the neural tube, they migrate laterally to form dorsal 
root ganglia as well many other cell types in different areas in the 
body. In the present study a significant signal of BMP-2 and  
BMP-4 was found in neural crest cells. Interestingly, BMP-2 protein 
expression was seen to be higher at CS 16 and 18 compared to CS 14, 
while no differences in the staining of BMP-4 between CS 14, CS 16 
or CS 18 were found (Table 6). The strong expression of BMP-2 was 
also detected in the non-neural ectoderm in CS 14, CS 16 and CS 18, 
but on the other hand, BMP-4 staining was found to be higher at 
CS 16 compared to CS 14 (Table 6, Paper I). This may demonstrate 
different regulatory roles of BMPs at various developmental stages as 
BMPs are known to act in a concentration-dependent manner 
(Wilson and Maden, 2005; Barth et al., 1999).  
 
In conclusion, the present study demonstrates that expression of 
BMP-2 and BMP-4 was more intensive in the developing human 
neural tube in earlier stages; in particular the difference became 
obvious when comparing CS 10 and CS 20. Similar to the 
experiments performed in rodents and chickens, in the present study 
a stronger protein expression of BMPs was seen in the dorsal part and 
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it was weaker in the ventral part of the developing human spinal 
cord. Interestingly, some differences were noted in BMP-2 and  
BMP-4 protein expression between CS 14, CS 16 and CS 18: the 
more intensive signal of BMP-2 was seen in the neural crest cells of 
CS 16 and CS 18 compared to CS 14, while in the non-neural 
ectoderm BMP-4 protein expression was found to be weaker in CS 14 
as compared to CS 16 (Paper I). 
 

6.2. Pax2 protein regulates the formation of CNS in early 
human embryos 

 
In the present study, Pax2 protein expression was analyzed in the 
developing nervous system of human embryos at CS 10-20. The 
results demonstrated the spatially and temporally restricted pattern 
of the expression of Pax2 in the developing spinal cord and the brain 
(Paper II).  
 
During the early stages of development (CS 10-14), the forming 
spinal cord and the brain vesicles consist of neuroepithelial cells, 
which divide rapidly to constitute the ventricular (neuroepithelial) 
layer (Nieuwenhuys et al., 2008; O’Rahilly and Müller, 1987). In the 
present study, moderate expression of Pax2 was noted in the wall of 
the forming spinal cord during these early stages (Table 7). 
Throughout the following stages, Pax2 protein expression increased 
and expression was stronger at CS 16-20 compared to CS 10 
(Table 7). Furthermore, some regional differences in Pax2 staining 
were seen at these later stages (CS 16-20) when the wall of the 
developing spinal cord had differentiated into the ventricular, the 
mantle and the marginal zones. Differences were noted in the 
expression intensity between the dorsal and the ventral parts: in the 
dorsal part of the developing spinal cord, the protein expression of 
Pax2 was seen in all three layers at CS 16-20, but in the ventral part, 
the staining was weak in the ventricular layer and Pax2 expression 
was mainly seen in the mantle and the marginal layers (Figure 13). 
Spatial differences in the Pax2 expression in the forming spinal cord 
of human embryos have also been found by other researchers. Terzic 
and co-authors have determined the Pax2 expression in human 
embryos at CS 17 in the outer parts of the ventricular zone of the 
developing spinal cord, while Pax2 signal was missing in the ventral 
quarter of the ventricular zone (Terzic et al., 1998.) Stronger reaction 
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was also seen in the dorsal-lateral plates than in the ventral-lateral 
plates (Terzic et al., 1998). Tellier and co-authors demonstrated the 
expression of Pax2 in the dorsal part of the germinative zone of the 
neural tube in human embryos at CS 14-18, and some cells of the alar 
plate, but not in the forming anterior horn (Tellier et al., 2000). 
Spatially restricted Pax2 expression in the developing spinal cord has 
also been reported in the studies on mice (Nornes et al., 1990) and 
chickens (Burrill et al., 1997). Thus, according to these findings, Pax2 
can be considered as one of the key regulators in the combinatorial 
action of the transcription factors determining the fate of specific 
populations of early neurons.  
 
In the present study, Pax2 protein expression was also found in all 
three brain vesicles, prosencephalon (forebrain), mesencephalon 
(midbrain) and rhombencephalon (hindbrain). At early stages, CS 10-
14, Pax2 signal in brain vesicles was relatively strong, especially when 
comparing to the developing spinal cord of the same young embryos. 
The most significant difference was seen at the earliest stage – CS 10 
(Table 7). However, at later CS 16-20 stages, the strongest Pax2 
expression was found at the junction of the midbrain and the 
hindbrain. This is in concordance with the studies on chicken and 
mice embryos where the early expression of Pax2 was detected in the 
mesencephalon and the anterior hindbrain, but subsequently Pax2 
expression was restricted to the midbrain-hindbrain region 
(Bouchard et al., 2005; Pfeffer et al., 2002; Viera et al., 2006). In 
human embryos during the days 32 to 50 (CS 14-19), Pax2 signal has 
been found in the hindbrain, but not in the midbrain or the forebrain 
(Tellier et al., 2000). In the studies on 8-week human embryos 
(CS 22), Terzic and co-authors demonstrated Pax2 expression to 
extend from the mesencephalic-rhombencephalic border along the 
entire (Terzic et al., 1998). The strong expression, in particular, was 
found in the outer part of the ventricular zone at the coalescence of 
the caudal mesencephalon and the rostral rhombencephalon (Terzic 
et al., 1998). This area is known as an isthmic organizer centre, which 
is thought to play an important role in the development of the 
mesencephalon and the cerebellum (Nakamura and Watanabe, 2005). 
Several studies on experimental animals have suggested that the 
initiation and the functioning of this organizing centre crucially 
depends on Pax2 (Bouchard et al., 2005; Schwarz et al., 1997; 
Urbanek et al., 1997; Viera et al., 2006), and that the regulative role 



47 

of Pax2 is an evolutionarily conserved feature for all vertebrates 
(Pfeffer et al., 2002). Furthermore, it has been shown that a mutation 
of the Pax2 gene in the isthmus leads to the loss of the midbrain and 
the cerebellum (Favor et al., 1996; Schwarz et al., 1999; Urbanek et 
al., 1997). In the present study, Pax2 was also determined in the 
forming cerebellum and the diencephalon. The expression of Pax2 
was detected in the ventricular, the mantle and the marginal layers in 
the developing cerebellar plate. In mouse embryos, Pax2 has been 
found to be specifically expressed in a subset of GABAergic cells, 
which are proposed to be migratory precursors of the interneurons 
(basket and stellate cells) of the molecular layer (Maricich and 
Herrup, 1999). The diencephalon, which develops from the median 
part of the forebrain, is thought to consist of a roof plate and two alar 
(dorsal) plates but to lack floor and basal (ventral) plates (O’Rahilly 
and Müller, 1987; Nieuwenhuys et al., 2008). In the present study the 
expression of Pax2 was seen mostly in the outer regions of the alar 
plates of the diencephalon. In mouse embryos, Pax2 expression has 
been determined in diencephalic cells at the border region between 
the diencephalon and the telencephalon, more specifically in the 
populations of cells within the developing septum, hypothalamus 
and eminentia thalami (Fotaki et al., 2008). Furthermore, in mice, 
Pax2 has been shown to play an important role in the formation of 
the optic cup, which being formed as an outgrowth of the 
diencephalon wall, therefore represents a direct extension of the 
brain tissue (Fotaki et al., 2008; Nornes et al., 1990; Otteson et al., 
1998). The expression of Pax2 in the developing optic cup has also 
been detected in human embryos (Tellier et al., 2000; Terzic et al., 
1998). Thus, it can be suggested that, in human neurogenesis, Pax2 is 
associated with the establishment of the developing diencephalon as 
well with the migration and the determining cells in the alar plates.  
 
6.3. Pax6 and Pax7 regulate the formation of spinal cord and 

brain in human embryos 
 
In this study, similar to Pax2 the expression of Pax6 and Pax7 was 
detected in the developing nervous system of human embryos. The 
expression of Pax6 and Pax7 was observed at CS 10, the earliest 
studied stage of the neural tube development, when the primordium 
of CNS consists entirely of proliferating neuroepithelial cells. The 
most caudal part of the neural tube gives rise to the spinal cord. In 
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early CS 10-12 mitotic activity of the progenitor cells gradually 
ceases and specific neurons differentiate according to their dorsal-
ventral position, thus forming the definitive spinal cord (Terzic and 
Saraga-Babic, 1999). The present study showed the relatively weak 
signalling intensity of Pax6 and Pax7 in the early developing stages 
of the forming spinal cord (Table 7). It has been reported that 
notochord suppresses the expression of Pax6 in the developing 
spinal cord (Goulding et al., 1993) and also it has demonstrated that 
Shh suppresses the expression of Pax7 in the ventral part of the 
neural tube. One of the first steps in the spinal cord formation is 
the repression of Pax6 and Pax7, which allows the neuroepithelial 
cells to form the ventral part (Ericson et al., 1996). Thus, molecules 
that induce or repress the expression of Pax6 and Pax7 may be 
responsible for the dorsal-ventral regional cell identities in the 
forming spinal cord (Kawakami et al., 1997). In CS 14-20 of human 
embryonic spinal cord the Pax6 and Pax7 were expressed in the 
mitotically active ventricular layer, but in the mantel and marginal 
layers of the same embryos the relatively weak expression was 
noticed. This spatial signal intensity of Pax6 and Pax7 supports a 
model in which Pax proteins function in the ventricular layer of the 
spinal cord to induce the development of neuronal progenitor cells 
(Bel-Vialar et al., 2007; Osumi et al., 2008; Michedlishvili et al., 
2007). 
 
The results of this study suggested that Pax6 and Pax7 may have a 
role in the subdivision of the brain regions. In the early stages of the 
human brain development Pax6 and Pax7 were expressed in 
different specific regions and their expression was similar to that 
seen in mouse and chicken embryos (Stoykova and Gruss, 1994; 
Kawakami et al., 1997). The signalling of Pax6 and Pax7 were 
detected in the ventricular layer of the brain vesicles (Figures 14 and 
15). In the same embryos the expression of these proteins in the 
mantel and marginal layers was not detected. In the later 
developmental stages of human embryos the expression of Pax6 and 
Pax7 was found in restricted regions of the brain. The expression of 
Pax6 was observed in the dorsal part of the forebrain and the 
middle-ventral part of the hindbrain, whereas the expression of 
Pax7 was noticed in the roof plate of the forebrain and the ventral 
part of the midbrain. Thus, the data confirmed the role of Pax6 and 
Pax7 in the differentiation of specific groups of neurons in the 
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developing brain. Expression pattern of Pax6 and Pax7 indicated 
that these proteins may have two different roles. In the early 
development they function in the regionalization and subdivision 
of the neural tube, but in the later development Pax6 and Pax7 are 
involved in the differentiation of neurons in the specific parts of the 
brain.  
 
6.4. Comparison of the expression of BMP-2 and BMP-4 in the 

developing spinal cord of human and rat embryos 
 
In the present study the expression of BMP-2 and BMP-4 in the 
developing spinal cord of human and rat embryos was compared. 
The results, summarized in Table 8, show the temporal pattern of 
BMP-2 and BMP-4 expression during spinal cord morphogenesis. 
The estimations of BMP-2 and BMP-4 expression in the dorsal and 
the ventral parts of the developing spinal cord of human and rat 
embryos throughout developmental stages CS 14-20 are generally in 
accordance with the data obtained from the other animal studies 
(Paper III). Several investigations in experimental animals, mainly 
mice and chickens, have demonstrated that the normal development 
of the spinal cord is tightly regulated by BMP signalling (Stern, 
2005). High levels of BMP signalling induce the most dorsally 
located precursor cells and lower levels of signalling to define 
ventrally located cells. The regionalization of the precursor cells 
leads to the formation of distinct dorsal and ventral neuronal cell 
types (Jessell, 2000; Liu and Niswander, 2005). In the present study 
stronger expression of BMPs was seen in the dorsal part of the 
developing spinal cord: the higher expression of BMP-2 and BMP-4 
was noted in the ventricular, the mantel and the marginal layers of 
the dorsal part in the developing spinal cord of both human and rat 
embryos while staining in the ventral part was weaker. The similar 
expression gradient of BMPs has been found in other experimental 
animals (Jessell, 2000; Liu and Niswander, 2005; Stern, 2005). In the 
present study on human and rat embryos BMP-2 and BMP-4 
expression was also noted in the roof plate, which is in concordance 
with the studies on mice, demonstrating that BMPs mediated signals 
from the roof plate are required for the differentiation of neuronal 
cells in the dorsal spinal cord (Chizhikov and Millen, 2004; 
Chizhikov and Millen, 2005).  
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Comparing the expression of BMP-2 and BMP-4 in the present 
study, in the dorsal part of the developing spinal cord no significant 
differences between the consecutive developmental stages (from 
CS 14 to CS 20) were found either in human or rat embryos, though 
a slight declining tendency was noted at the later developmental 
stages (Table 8). However, this tendency was more visible in the 
developing neural tube of human embryos, because they were more 
thoroughly investigated at the earlier developmental stages. In 
particular, clear differences of BMP-4 signal intensity were noticed 
between CS 10 and CS 20, with the higher level of BMP-4 at CS 10 
and lower at CS 20 (Paper III). This seems to support the idea that 
the roles of BMPs are the most significant after the neural tube 
closing when the differentiation of the neural tube begins (Liu and 
Niswander, 2005).  
 
Concerning the investigations on rats in the present study, the 
descriptions are generally similar, although slight differences of 
BMP-2 and BMP-4 expression in the human developing spinal cord 
were displayed compared with the rat embryos. It refers to the 
higher expression of both proteins in the dorsal part of the 
developing spinal cord of human embryos. Also, when in human 
embryos BMP-2 and BMP-4 expression in the non-neural ectoderm 
declined throughout the consecutive developmental stages, then in 
rat embryos there was an opposite tendency as the expression of 
BMPs increased from CS 14 to CS 20 (Table 8). There is evidence 
from the studies on the developing chick spinal cord that BMP-2 
and BMP-4 produced by the dorsal non-neural ectoderm (surface 
ectoderm) function as dorzalising signals to pattern the adjacent 
neuroectoderm (Lee et al., 1998; Liem et al., 1997; Liem et al., 1995; 
Timmer et al., 2002). In the present study the strong to moderate 
level of BMP-2 and BMP-4 protein expression in the non-neural 
ectoderm was seen, which suggests that BMPs could likely have 
similar involvement in the dorsal neural tube development of the 
human embryos, especially in the early stages of development 
(Table 8). 
 
It can be concluded that the protein expressions of BMP-2 and  
BMP-4 in the developing spinal cord of human embryos during the 
studied CS 14, CS 18 and CS 20 have a similar spatial and temporal 
pattern to the corresponding stages of rat embryos. Similarly a 
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higher expression of BMPs in the dorsal and a lower expression in 
the ventral part of the developing spinal cord was seen in both 
human and rat embryos, which resembles the situation described in 
other vertebrates. However, in the non-neural ectoderm adjacent to 
the developing spinal cord staining of BMPs in the human embryos 
seemed to have a tendency to decrease from earlier to the later 
developmental stages, while in rat embryos the situation was 
opposite as the staining of BMPs was found to be stronger in the 
last studied developmental stage compared to the earlier stages 
(Paper III). 
 

6.5. Comparison of the expression of Pax2 in the developing 
spinal cord of human and rat embryos 

 
In the present study the temporal and the spatial expressions of Pax2 
in human and rat embryos during the developing spinal cord were 
compared. In human embryos a relatively weaker expression of 
Pax2 was found at the early developmental stages (CS 10–14) and a 
stronger expression at CS 16 to CS 20. The rat embryos exhibited a 
similar temporal expression pattern of Pax2 in the formation of the 
spinal cord. Statistically significant tendency of Pax2 expression to 
increase at the later stages of the development was revealed. 
However, no significant regional differences of Pax2 expression 
were noticed in the present study between the dorsal and the ventral 
parts of the developing spinal cord in rat embryos. This finding is 
in contrast with some animal experiments where the spatially 
restricted expression of Pax2 in the developing spinal cord has also 
been found in mice (Nornes et al., 1990) and chickens (Burrill et al., 
1997). In human embryos in the present study the regional 
differences of Pax2 expression were noticed at CS 14-20, when the 
wall of the spinal cord has differentiated into the neuroepithelial 
(ventricular), the mantel and the marginal layers. In the dorsal part 
of the developing human embryos Pax2 expression was much 
stronger in all three spinal cord layers, at the same time being much 
weaker in the neuroepithelial layer of the ventral part of the spinal 
cord (Paper II).   
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7. CONCLUSIONS 
 
1) BMP-2 and BMP-4 are essential signalling molecules for the 

formation of the neural tube in human embryos as their 
expression was seen throughout all studied developmental stages 
CS 10-20. The expression of both, BMP-2 and BMP-4, had a 
tendency to decline in the later stages of development; however, 
the BMP-2 signal was found to be stronger compared to BMP-4.  
 
BMP-2 and BMP-4 are important growth factors for the 
formation of the ventral-dorsal axis of the spinal cord in human 
embryos - at CS 16–18 when compared to the ventral part, a 
much stronger expression was found in the dorsal part of the 
forming spinal cord. The expression of BMP-2 and BMP-4 in the 
surface ectoderm, the spinal ganglion and the neural crest cells is 
indicative for the role of these BMPs in the embryogenesis of the 
non-neural ectoderm and the neural crest of human embryos 
(Paper I). 

 
2) In human embryos Pax2 is a signalling molecule involved in the 

establishment of cranial-caudal and ventral-dorsal boundaries 
within the developing neural tube. In the forming spinal cord 
Pax2 protein expression increased throughout the studied 
developmental stages. However, Pax2 expression was stronger at 
CS 16–20 as compared to CS 10. In the developing brain the 
more intensive Pax2 expression is detected at the earlier stages 
when the forebrain, the midbrain and the hindbrain of human 
embryo are formed. Furthermore, Pax2 as a signalling molecule 
is participating in the formation of the diencephalon, the 
cerebellum and the region of isthmus at the earlier developing 
stages of the brain (Paper II).  
 

3) In the developing CNS of rat embryos BMP-2 and BMP-4 have a 
similar spatial and temporal expression pattern compared to the 
corresponding stages of the human embryos. However, slight 
differences were noted as in the spinal cord of rat embryos  
BMP-2 and BMP-4 expression was weaker compared to human 
embryos (Paper III).  
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4) In the forming spinal cords of rat embryos a similar to human 
embryos temporal expression pattern of Pax2 was seen - Pax2 
expression was found to increase at the later stages of the 
development. Differently from human embryos, no clear 
regional differences in Pax2 expression in the developing spinal 
cord of the rat embryos were seen. 
 

5) BMP-2, BMP-4 and Pax2 expressions in the developing CNS of 
human and rat embryos are generally in accordance with the 
findings described in rodents and birds. It can be said that BMP-
2, BMP-4 and Pax2 are associated with the establishment of 
neuroepithelial cells within the developing neural tube and with 
the migration and the differentiation of specific neural cell 
populations. In particular, the studied signalling molecules play 
an essentially important role in the determining of the dorsal–
ventral axis of the developing brain (Paper I, II and III).  

 
6) In human embryos Pax6 and Pax7 were identified as signalling 

molecules that are involved in the formation of the early spinal 
cord and brain. The expression of Pax6 and Pax7 had a tendency 
to increase in the later stages of the development both in the 
spinal cord and the brain. Significantly weaker expression of 
Pax6 and Pax7 was observed at CS 10. In the earlier stages of 
development these proteins were detected mostly in the 
neuroepithelial cells of the ventricular layer, confirming the role 
of Pax6 and Pax7 in the dorsal-ventral regionalization of the 
spinal cord and in the subdivision of the neural tube into vesicles. 
In CS 16-20 of the developing forebrain, midbrain and hindbrain 
development, human Pax6 and Pax7 were expressed in the 
specific regions. Thus, Pax6 and Pax7 are involved in the 
differentiation of neurons in specific parts of the developing 
brain. 
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SUMMARY IN ESTONIAN 
 

BMP ja Pax signaalmolekulide avaldumine  
inimese ja roti embrüote kesknärvisüsteemi varajastel 

arenguetappidel 
 

Sissejuhatus 
 

Imetajate ja teiste kõrgemate selgroogsete närvisüsteem saab alguse 
neuraalplaadi moodustumisest. Ektodermist tekkinud neuraalplaat 
voltub esialgu neuraalvaoks, mis seejärel sulgub neuraaltoruks. 
Kohe pärast sulgumist algab regionaalne diferentseerumine, mille 
käigus arenevad neuraaltoru kraniaalsest osast välja kolm peamist 
ajupõiekest, millest kujunevad eesaju, keskaju ja rombaju. 
Neuraaltoru kaudaalsest osast moodustub seljaaju. Edasise arengu 
käigus jaguneb eesaju otsajuks ja vaheajuks, rombaju omakorda 
tagaajuks ja piklikajuks. Neuraaltoru regionaliseerumine on 
võtmetähtsusega protsess, mis mõjutab närvirakkude formeerumist 
ja migratsiooni. Uuringud katseloomade embrüotega on näidanud, 
et närvisüsteemi arengus on kaks peamist neuronite migreerumise 
viisi: dorsoventraalne ja kraniokaudaalne, mis panevad aluse kogu 
kesknärvisüsteemi üldise põhiplaani kujunemisele. Neuronite 
formeerumine, diferentseerumine ja migreerumine selja- ja peaaju 
varajases arengus on olulisel määral reguleeritud BMP (bone 
morphogenetic protein), Pax (paired-box transcription factor) ja 
mitmete teiste signaalmolekulidega (Wnt, Shh, FGF).  
 
Kasvufaktorid BMP-2, BMP-4 ja transkriptsioonifaktorid Pax2, 
Pax6 ja Pax7 on  tähtsaimad arengut määravad signaalmolekulid 
areneva neuraaltoru dorsoventraalse ja kraniokaudaalse telje 
moodustumisel. Mitmed morfoloogilised baasuuringud väike-
imetajate ja kanade embrüotega on näidanud BMP ja Pax signaal-
molekulide olulisust selja- ja peaaju arengus, seda nii ruumilises kui 
ka ajalises plaanis. BMP ja Pax molekulide osalusest inimembrüo 
närvisüsteemi väljakujunemises on siiani ilmunud ainult üksikud 
teadusartiklid. Seetõttu oli käesoleva töö eesmärgiks uurida 
signaalmolekulide BMP-2, BMP-4, Pax2, Pax6 ja Pax7 avaldumist 
inimembrüo  kesknärvisüsteemis. Lisaks inimembrüotele analüüsiti 
antud töös Pax2, BMP-2 ja BMP-4 ekspressiooni rottide embrüote 
arenevas ajus. Roti pea- ja seljaajus avalduvat signaalmolekulide 
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ajalist ja ruumilist esinemist võrreldi inimembrüote vastavate 
arengujärkudega.  
 

Töö eesmärgid 
 
Käesoleva teadustöö põhieesmärgid olid järgmised: 

 BMP-2 ja BMP-4 ekspressiooni määramine inimembrüo aju 
varajastel arengujärkudel. 
 

 Pax2 ekspressiooni määramine inimembrüo aju varajastel 
arengujärkudel. 

 
 BMP-2 ja BMP-4 ekspressiooni võrdlev analüüs roti ja 

inimese embrüote arenevas seljaajus. 
 

 Pax2 ekspressiooni võrdlev analüüs roti ja inimese embrüote 
arenevas seljaajus.  

 
 Pax6 ja Pax7 ekspressiooni määramine inimembrüo aju 

varajastel arengujärkudel. 
 

Materjal ja metoodika 
 
Embrüote klassifitseerimisel on võetud aluseks O’Rahilly ja Mülleri 
poolt välja töötatud Carnegie arengujärgud (CS). Morfoloogilisi 
uuringuid tehti 22 roti (CS 14, 18, 20) ja 40 inimese embrüoga (CS 
10–20). Uuringuteks inimese embrüotega on olemas Tartu Ülikooli 
inimuuringute eetika komitee ja roti embrüotega Umeå Ülikooli 
eetika komitee luba. 
 
Histoloogiliste ülevaatepreparaatide valmistamiseks lõigati parafiini 
sisestatud embrüotest mikrotoomiga 3 m paksused lõigud. 
Valmistatud preparaadid värviti hematoksüliini või tioniiniga. 
Valgusmikroskoopia preparaate uuriti ja pildistati Axiophot-2 
(Zeiss, Saksamaa) mikroskoobiga. 
 
BMP-2, BMP-4, Pax2, Pax6 ja Pax7 valkude avaldumist arenevas 
kesknärvisüsteemis uuriti immunohistokeemilise meetodiga. 
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Uurimistulemused 
 

Roti embrüo ja inimembrüo areneva aju histoloogiline uuring 
 
CS 10. Inimembrüote histoloogilistes preparaatides oli nähtav 
neuraalplaadi sulgumine neuraaltoruks. Protsess algab tulevase 
rombaju ja seljaaju piiril ning jätkub nii kraniaalses kui ka 
kaudaalses suunas. Inimembrüote histoloogilistes preparaatides võis 
näha õhukest neuroepiteeli- rakkude kihti, mis moodustab algse 
neuraaltoru seina (artiklid I ja II).  
 
CS 12. Uuritavates inimembrüotes eristus suhteliselt paks neuraal-
toru sein, mis koosneb ühes kihis paiknevatest pikkadest ja eba-
korrapärase kujuga neuroepiteelirakkudest (artiklid I ja II). 
 
CS 14. Inimembrüote peaajus olid selgelt nähtavad kolm esmast 
ajupõiekest: eesaju, keskaju ja rombaju. Seljaaju sein oli märgatavalt 
paksenenud ja selles võis eristada kolme erinevat kihti: sisemine 
neuroepiteelirakkude, keskmine närvirakkude ja välimine närvi-
kiudude kiht. Antud arengujärgus olid eristatavad moodustuva 
spinaalganglioni, pinnaektodermi ja neuraalharja rakud (artiklid I ja 
II).  
 
CS 14. Roti embrüotel olid eesaju jagunemise tulemusena nähtavad  
otsaju ja vaheaju. Veel tulid esile rombajust väljaarenenud eesmine 
tagaaju ja tagumine piklikaju. Sarnaselt inimembrüotele võis roti 
seljaajus eristada neuroepiteelirakkude, närvirakkude ja närvi-
kiudude kihti. Lisaks moodustunud selja- ja peaajule olid uuritavates 
roti embrüotes nähtavad ajuga külgnevad pinnaektodermi rakud 
(artikkel III). 
 
CS 16. Inimembrüotes olid areneva seljaaju kummaski pooles 
pideva närvirakkude lisandumise tulemusena nähtavad dorsaalne ja 
ventraalne sarv. Lisaks kolmele väljakujunenud ajupõiekesele 
ilmnes peaajus keskaju ja tagaaju kokkupuutepiirkonnas kitsus. 
Uuritavates inimembrüotes tulid veel esile moodustuv vaheaju ja 
väikeaju (artiklid I ja II). 
 
CS 18. Uuritavates inimese ja roti embrüotes võis näha sarnaseid aju 
arengu ilminguid. Eesaju dorsaalne pool eendus, ventraalne pool 
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taandus. Keskajus ja rombajus esines nii dorsaalse kui ka ventraalse 
poole märgatav suurenemine. Arenevas inimese ja roti seljaajus 
nähtus ventraalsarve kiirem suurenemine võrreldes dorsaalsarvega. 
Seljaaju seinas ilmnes välimise närvikiudude ja keskmise närvi-
rakkude kihi oluliselt suurem kasv võrreldes sisemise neuroepiteeli-
rakkude kihiga (artikkel III). 
 
CS 20. Nii inimese kui ka roti embrüotes oli nähtav kõigi aju osade 
suurenemine ja arenev aju sarnanes oma ehitusplaanilt täiskasvanud 
organismi ajuga (artikkel III).  
 

BMP-2 ja BMP-4 ekspressioon inimembrüo arenevas ajus 
 
Uuringu tulemused inimembrüotega näitasid BMP-2 ja BMP-4 
avaldumist neuraaltoru arengustaadiumites 10–20 (artikkel I). Samas 
selgus, et BMP-2 ja BMP-4 ekspressioon oli tugevam aju arengu 
varajastes järkudes. Moodustunud neuraaltoru seinas avaldus BMP-
4 reaktsioon 10. arengujärgus (CS 10) statistiliselt tugevamini kui CS 
20 puhul. BMP-2 ja BMP-4 omavahelise ekspressiooni võrdlus näitas 
BMP-2 intensiivsemat immunohistokeemilist reaktsiooni kõigis 
analüüsitud arengujärkudes. Kasvufaktorite hindamisel areneva 
seljaaju dorsaal- ja ventraalosas selgus BMP-2 ja BMP-4 oluliselt 
intensiivsem ekspressioon seljaaju dorsaalses piirkonnas. Statisti-
liselt oluline erinevus dorsaal- ja ventraalosa vahel esines CS 16–18 
(artikkel I). Antud töö tulemused näitasid BMP-2 ja BMP-4 
ekspressiooni spinaalganglioni, neuraalharja ja pinnaektodermi 
rakkudes. Neuraalharja rakkudes leiti tugevam BMP-de ekspres-
sioon CS 16–18 ja nõrgem ekspressioon CS 14. BMP-4 avaldumises 
neuraalharja rakkudes erinevatel arengujärkudel erinevusi ei 
täheldatud. Pinnaektodermis näitasid tulemused intensiivsemat 
BMP-4 ekspressiooni CS 16 ja nõrgimat CS 14. Arenevas spinaal-
ganglionis olulisi erinevusi BMP-2 ja BMP-4 avaldumises uuritavates 
staadiumites ei märgatud, kuigi BMP-2 esinemise intensiivsus oli 
mõnevõrra suurem võrreldes BMP-4 ekspressiooniga (artikkel I).  
 

Pax2 ekspressioon inimembrüo arenevas ajus 
 
Inimembrüo arenevas seljaajus ilmnes Pax2 nõrgem ekspressioon 
varasemates CS 10–14 ja  tugevam avaldumine hilisemates CS 16–20 
arengujärkudes (artikkel II). Pax2 ekspressioon esines olulise 
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tugevusega seljaaju kahes välimises kihis, seda nii dorsaalses kui ka 
ventraalses piirkonnas. Sisemises neuroepiteeli rakkude kihis 
hinnati Pax2 signaal märgatavalt tugevamaks dorsaalses piirkonnas 
võrreldes ventraalse osaga. Katsete tulemused näitasid peaaju 
varajastel arengujärkudel märgatavalt intensiivsemat Pax2 ekspres-
siooni kui arenevas seljaajus. Pax2 ekspressioon esines kõigis kolmes 
primaarses ajupõiekeses: eesajus, keskajus ja rombajus.  
 

BMP-2 ja BMP-4 ekspressiooni võrdlev analüüs  
roti ja inimese embrüo arenevas seljaajus 

 
Rottide embrüote seljaajus tuvastati BMP-2 ja BMP-4 ekspressioon 
kõigis uuritud arengujärkudes. Inimembrüo areneva seljaajuga 
võrreldes oli antud kasvufaktorite avaldumine märgatavalt nõrgem. 
Nii roti kui ka inimembrüotel ilmnes tendents BMP-2 ja BMP-4 
ekspressiooni alanemise suunas hilisematel arengujärkudel. Eriti 
nõrk BMP-4 ekspressioon esines rottide embrüote arenevas seljaajus 
CS 20. Sarnaselt inimembrüotega hinnati rottide seljaaju dorsaalosas 
BMP-2 ja BMP-4 ekspressioon intensiivsemaks võrreldes ventraalse 
piirkonnaga. Rottide embrüotel ilmnes BMP-de ekspressioon 
pinnaektodermis, võrreldes inimembrüotega, esines BMP-2 ja BMP-
4 oluliselt nõrgem avaldumine CS 14–18.  
 

Pax2 ekspressiooni võrdlev analüüs roti ja  
inimese embrüo arenevas seljaajus 

 
Roti embrüote arenevas seljaajus ilmnes väga nõrk Pax2 
ekspressioon. Võrreldes inimembrüote  seljaajuga avaldus rottide 
embrüotel statistiliselt oluliselt väiksem Pax2 ekspressioon kõigis 
uuritud Carnegie arengujärkudes. Analüüsitud rottide embrüotes 
erinevusi Pax2 avaldumises areneva seljaaju dorsaalses ja ventraalses 
pooles ei täheldatud, samuti ei esinenud Pax2 ekspressioonis 
märgatavaid muutusi neuroepiteeli rakkude, närvirakkude ja 
närvikiudude kihi võrdlemisel. Samas uuringud inimembrüotega 
näitasid Pax2 avaldumise erinevusi nii areneva seljaaju neuroepiteeli 
rakkude, närvirakkude ja närvikiudude kihtides kui ka dorsaalse ja 
ventraalse poole vahel.  
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Pax6 ja Pax7 ekspressioon inimembrüo arenevas ajus 
 
Inimembrüo arenevas seljaajus avaldusid Pax6 ja Pax7 varasemates 
arengujärkudes (CS 10–12) nõrgemini, hilisemates arengujärkudes 
ekspressioon tugevnes. Pax6 ekspressioon esines nii dorsaalses kui 
ka ventraalses piirkonnas, samades embrüotes näitasid uuringute 
tulemused Pax7 ekspressiooni peamiselt areneva seljaaju dorsaal-
osas. Arengujärkudes 14–20 esines Pax6 ja Pax7 tugevam ekspres-
sioon ventrikulaarkihis, mantel- ja marginaalkihis hinnati Pax6 ja 
Pax7 avaldumine oluliselt nõrgemaks.  
 
Inimembrüo arenevas peaajus, sarnaselt arenevale seljaajule, ilmnes 
nõrgem Pax6 ja Pax7 ekspressioon varajastel ja tugevam avaldumine 
hilisematel arengujärkudel. CS 10–12 näitasid töö tulemused 
signaalmolekulide Pax6 ja Pax7 avaldumist areneva neuraaltoru 
ventrikulaarkihis, CS 14–16 hinnati antud proteiinide signaali 
olulisele tasemele eesaju, keskaju ja tagaaju ventrikulaarses kihis. CS 
18–20 ilmnes Pax6 ja Pax7 ekspressioon mitmetes erinevates aju 
arenevates piirkondades. Pax6 avaldus suuraju ja vaheaju dorsaalses 
osas, piklikaju ventraalses osas ning keskaju ja tagaaju  piiril kitsuse 
piirkonnas. Pax7 avaldus samadel arengujärkudel keskaju ventraal-
osas ja otsaju dorsaalosas.  
 

Kokkuvõte 
 
Käesoleva töö tulemused näitavad, et signaalmolekulidel BMP-2 ja 
BMP-4 on oluline roll kesknärvisüsteemi varajases arengus, seda nii 
inimese kui ka roti embrüogeneesis. Inimembrüote uurimisel selgus 
intensiivsem BMP-de ekspressioon CS 10, mis viitab BMP-2 ja BMP-
4 olulisemale osale loote varajases arengus. CS 10–12 hakkavad 
vastavalt neuraaltoru sulgumisele moodustuma kraniaalselt eesaju, 
keskaju ja rombaju ning kaudaalselt seljaaju. Seljaaju embrüo-
geneesis on BMP-2 ja BMP-4 oluline tähtsus neuroblastide 
migreerumisel ja formeerumisel neuroniteks. Nitzani ja teiste 
uurijate poolt läbiviidud eksperimendid erinevatel katseloomadel 
on tõestanud BMP-de suuremat rolli seljaaju dorsaalse piirkonna 
väljakujunemisel võrreldes ventraalosaga. Samalaadset tendentsi 
inimese embrüogeneesis näitavad antud töö tugevamad BMP-2 ja 
BMP-4 ekspressiooni ilmingud areneva seljaaju dorsaalses pooles, 
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neuroepiteeli rakkude ja närvirakkude kihis. Uuritud kasvu-
faktorite olulisele rollile seljaajunärvide kujunemisel viitab BMP-2 
ja BMP-4 ekspressiooni kõrge tase seljaaju välimises närvikiudude 
kihis ja moodustuvas spinaalganglionis. Antud töö tulemuste põhjal 
selgus, et lisaks BMP-de osalusele seljaaju dorsoventraalse poole 
väljakujunemisel, on BMP-2 ja BMP-4 veel oluline tähtsus pinna-
ektodermi ja neuraalharja arenemisel, mis suunavad rakkude 
liikumist mööda dorsaalset ja ventraalset trajektoori.  
 
Rottide embrüote BMP-2 ja BMP-4 ekspressiooni hindamisel saadud 
tulemused langevad üldjoontes kokku kanade, hiirte ja inimese 
embrüotega tehtud samalaadsete katsetega. Võrreldes tulemuste 
erinevusi BMP-2 ja BMP-4 avaldumistes inimembrüote ja rotttide 
embrüote kujunevas seljaajus ilmnes, et rottidel esines kõigis uuri-
tud arengujärkudes nõrgem BMP-de ekspressioon. Sarnaselt inim-
embrüotega omavad rottide embrüogeneesis BMP-2 ja BMP-4 
olulist funktsiooni dorsoventraalse gradiendi väljakujunemisel 
arenevas seljaajus. Seda näitab antud kasvufaktorite tugevam eks-
pressioon seljaaju dorsaalses piirkonnas, nii neuroepiteeli rakkude, 
närvirakkude kui ka närvikiudude kihis. Seni avaldatud andmeid 
kanade embrüote kohta, kus näidatakse BMP-2 ja BMP-4 ekspres-
sioooni pinnaektodermis ja BMP-de olulist osa temaga külgneva 
neuraaltoru dorsaalse poole formeerumisel, täiendavad ka antud 
uurimustöö tulemused roti ja inimese embrüotega. Uuritud inimese 
ja roti embrüotel esinevad mõningad erinevused. Katsete 
tulemustest inimembrüotega nähtus tugevaim BMP-2 ja BMP-4 
ekspressioon pinnaektodermis varajastel CS 10–14 ja alanev BMP-
de reaktsioon hilisematel CS 16–20. Roti embrüote pinnaekto-
dermis ilmnes vastupidine tendents – nõrgem BMP-2 ja BMP-4 
ekspressioon varasematel ja tugevam BMP-de avaldumine hilise-
matel arengujärkudel. 
 
Käesoleva töö andmete analüüsist selgus Pax2, Pax6 ja Pax7 ajaliselt 
ja ruumiliselt piiritletud ekspressioon inimembrüo pea- ja seljaajus. 
Signaalmolekulidel on tähtis roll närvirakkude populatsioonide 
formeerumisel arenevas seljaajus, eriti selle dorsaalses osas. Regio-
naalsed erinevused esinevad CS 16–20, kus seljaaju sein on diferent-
seerunud neuroepiteelirakkude, närvirakkude ja närvikiudude 
kihiks. Inimembrüote dorsaalses pooles hinnati Pax2 ekspressioon 
tugevaks kõigis kolmes seljaaju seina kihis, kuid seljaaju ventraalses 
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pooles avaldus Pax2 ekspressioon neuroepiteeli rakkude kihis 
nõrgal tasemel. Samalaadset Pax2 avaldumise regionaalset erinevust 
on näidanud ka varasemad katsed kanade embrüotega. Erinevalt 
Pax2 avaldumisest ilmnes inimembrüotes Pax6 ja Pax7 ekspressioon 
peamiselt areneva seljaaju ventrikulaarses kihis. Rottide embrüote 
uurimisel selgus Pax2 oluliselt nõrgem osalus seljaaju väljakujune-
misel CS 14–20. Lisaks üldisele nõrgale Pax2 ekspressiooni tasemele 
ei täheldatud roti embrüote arenevas seljaajus ka regionaalseid Pax2 
avaldumise erinevusi dorsaalse ja ventraalse poole vahel. 
 
Pax2, Pax6 ja Pax7 avaldumine neuraaltoru diferentseerumise 
käigus moodustunud ajupõiekeste seintes osutab Pax2 osalusele 
eesaju, keskaju ja rombaju väljakujunemisel inimembrüo arengus. 
Hilisemates arengujärkudes CS 18–20 ilmnenud Pax2, Pax6 ja Pax7 
ekspressioon erinevates piklikaju, tagaaju ja sh väikeaju, keskaju, 
vaheaju, suuraju, samuti tagaaju ja keskaju piiril kirjeldatud kitsuse 
piirkonnas viitab antud signaalmolekulide olulisele omavahel 
tihedalt seotud rollile kogu inimese aju embrüonaalses arengus.  
 
Kokkuvõtlikult võib öelda, et BMP-2, BMP-4, Pax2, Pax6 ja Pax7 
on olulisel määral seotud neuroepiteeli rakkude formeerumisega, 
migreerumisega ja diferentseerumisega neuroniteks. Uuritud 
signaalmolekulid on olulised areneva aju dorsoventraalse telje 
väljakujunemisel ning edasises kesknärvisüsteemi embrüonaalses 
arengus.  
 

Järeldused 
 

1) BMP-2 ja BMP-4 on vajalikud signaalmolekulid inimembrüo 
neuraaltoru formeerumisel ja diferentseerumisel. Antud 
signaalmolekulide ekspressioon avaldus kõigis uuritud CS 
10–20. Nii BMP-2 kui ka BMP-4 avaldumisel ilmnes 
inimembrüote hilisemas arenguperioodis (CS 16–20) 
tendents ekspressiooni nõrgenemise suunas. BMP-2 ja BMP-
4 ekspressiooni omavaheline võrdlus näitas tugevamat BMP-
4 avaldumist kõigis arengujärkudes. BMP-2 ja BMP-4 on 
olulised kasvufaktorid inimembrüo seljaaju dorsoventraalse 
telje väljakujunemisel, eriti CS 16–18, kus ilmnes BMP-de 
tugevam ekspressioon areneva seljaaju dorsaalosas võrreldes 
ventraalosaga. BMP-2 ja BMP-4 avaldumine inimembrüo 
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pinnaektodermi, spinaalganglioni ja neuraalharja rakkudes 
viitab antud signaalmolekulide osalusele pinnaektodermi ja 
neuraalharja embrüogeneesis (artikkel I). 

 
2) Pax2 on oluline signaalmolekul inimembrüo areneva 

neuraaltoru dorsoventraalse ja kraniokaudaalse telje välja-
kujunemisel. Pax2 avaldus inimembrüo arenevas seljaajus 
tugevamini hilisemates arengujärkudes (CS 16–20). Inim-
embrüo arenevas peaajus leiti kõige tugevam Pax2 ekspres-
sioon varasemates arengujärkudes esmaste ajuvatsakeste – 
eesaju, keskaju ja tagaaju formeerumisel. Lisaks on Pax2 
vajalik signaalmolekul inimembrüo vaheaju, väikeaju ja 
kitsuse piirkonna väljakujunemisel (artikkel II). 

 
3) Roti arenevas pea- ja seljaajus ilmnes sarnane ajaline ja 

ruumiline BMP-2 ja BMP-4 ekspressioon võrreldes inim-
embrüote vastavate arengujärkudega. Mõningaid erinevused 
leiti arenevas seljaajus, kus roti embrüotel avaldus nõrgem 
BMP-de ekspressioon (artikkel III).  

 
4) Roti ja inimembrüo arenevas seljaajus avaldus sarnane Pax2 

ajaline ekspressioon – Pax2 signaal tugevnes hilisemate 
arengujärkude suunas. Erinevalt inimembrüotest ei ilmne-
nud rottide embrüote arenevas seljaajus Pax2 avaldumises 
regionaalseid erinevusi dorsaalse ja ventraalse poole vahel.  

 
5) BMP-2, BMP-4 ja Pax2 ekspressioon roti ja inimembrüo  

arenevas kesknärvisüsteemis on üldjoontes sarnane tule-
mustega, mis on saadud katsetest mitmete teiste katse-
loomadega. BMP-2, BMP-4 ja Pax2 omavad olulist rolli 
neuroepiteeli rakkude formeerumisel ja nende migreeru-
misel ning diferentseerumisel erinevateks närvirakkude 
populatsioonideks. Antud signaalmolekulid on olulise 
tähtsusega moodustuva aju dorsoventraalse telje kujunemisel 
(artiklid I, II ja III).  

 

6) Pax6 ja Pax7 on vajalikud signaalmolekulid inimembrüo aju 
varajases väljakujunemises (CS 10–20). Nii Pax6 kui ka Pax7 
avaldumisel ilmnes tendents ekspressiooni tugevnemisele 
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hilisematel arengujärkudel, statistiliselt kõige nõrgem Pax6 
ja Pax7 ekspressioon ilmnes CS 10. Pax6 ja Pax7 avaldumine 
CS 10–14 näitab antud signaalmolekulide vajalikkust seljaaju 
dorsoventraalse telje ja ajuvatsakeste moodustumisel. Hilise-
mates CS 16–20 on Pax6 ja Pax7 haaratud ees-, kesk- ja 
tagaaju mitmete erinevate piirkondade arengusse. 
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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 and the caudal spinal
cord was determined by immunohistochemistry. Our data show that BMP-s tend to be more expressed in the neural tube in earlier stages;
in particular, BMP-4 staining was found to be higher at CS10 compared to CS20. More detailed analysis was performed on embryos of
CS14-18. Stronger BMP-2 and BMP-4 expression was found in the dorsal part than in the ventral part of the spinal cord. No differences
were seen in the staining intensity of BMP-s in the spinal ganglia. Interestingly, in neural crest cells BMP-2 staining was stronger at CS16
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, expression of
BMP-s in the developing neural tube and spinal cord of human embryos is generally in accordance with the findings made in rodents and
birds.

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

INTRODUCTION

Several families of signaling molecules have been
implicated in the control of neural tube patterning including
bone morphogenetic proteins (BMP-s). BMP-s, members of
transforming growth factor beta (TGF-b) superfamily, play
important roles in multiple biological events (Chen et al.,
2004; Thawani et al., 2010). Although BMP-s were originally
identified by an ability to induce the formation of bone and
cartilage, they have been implicated in multiple events during
the formation of the nervous system, including neural induction
of the neural tube, regionalization of the brain and spinal cord,
eye development, and lineage determination in the peripheral
nervous system (Hogan, 1996; Timmer et al., 2002).

The central nervous system (CNS) is highly
regionalized along both its anterior-posterior and dorsal-
ventral axes (Lupo et al., 2006). During the embryonic
development of the nervous system, the most anterior end
of the neural tube gives rise to the forebrain, while more

posterior regions form the midbrain, the hindbrain and the
spinal cord. Many experiments have been made on mice,
rats and chickens to find evidence that BMP-2 and BMP-4
are implicated in the patterning of all parts in the developing
brain (Jones et al., 1999; Ybot-Gonzales et al., 2007; Hu et
al., 2004). The spinal cord is a well-characterized region of
the CNS, and BMP activity has been shown to regulate dor-
sal-ventral patterning of the vertebrate spinal cord (Tucker
et al., 2008; Wilson and Maden, 2005). Patterning
information along the dorsal-ventral axis of the neural tube
can be specified by two processes: the assignment of regio-
nal identity and the division of these regions into discrete
domains of gene expression (Timmer et al., 2002). Distinct
neuronal subtypes are topologically positioned in the spinal
cord, and this organization of cells reflects the function of
individual neurons. The neurons that process and relay
sensory input reside in the dorsal half of the spinal cord,
whereas the neurons that participate in motor output are
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localized ventrally. The appearance of distinct cell types at
defined positions in the spinal cord is dependent on inductive
signaling pathways. The allocation of the cell fate in the
spinal cord, as in other regions of the CNS, depends on two
signaling systems that are activated together with the more
basic program of neural induction (Jessell, 2000). The
gradient of sonic hedgehog (SHH) patterns the ventral spinal
neural tube and defines ventral neuronal differentiation, and
at the same time BMP activity regulates the dorsal patterning
of the spinal cord (Briscoe & Ericson, 1999; Briscoe &
Ericson, 2001; Dessaud et al., 2008). In addition, BMP-2,
BMP-4 and other growth factors are expressed in the non-
neural ectoderm, the roof plate and the neural crest of the
developing CNS, specifying the dorsal neuronal fates. There
are evidences which demonstrate that dorsalization of the
spinal cord is likely to result from signals that originate from
the non-neural ectoderm as well as neural crest cells (Hu et
al., 2004; Chizhikov and Millen, 2005; Baker and Bronner-
Fraser, 1997). Additional signals involving members of the
Wnt and fibroblast growth factor (FGF) families may also
contribute to the proliferation and differentiation of dorsal
neuronal cell types (Lee & Jessell, 1999; Ille et al., 2007).
After the reports on the role of BMPs in patterning of the
nervous system in the mouse appeared, it has been widely
accepted that a similar pattern may be valid for the human.
Although the neural tube formation is usually described as a
self-evident process, the dorsal-ventral patterning in human
embryos has actually not been examined in detail because
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 (CS)
10 to 20 were employed, and BMP-2 and BMP-4 protein
expression was examined in the developing neural tube.

MATERIAL AND METHOD

Obtaining embryos and section preparation. Thirty-nine
human embryos of Carnegie stages (CS) 10-20 were obtained
by medical abortions. The study was approved by the Ethics
Review Committee on Human Research of the University of
Tartu (no 183/M-40 issued 29.06.2009). The embryos were
fixed in 4% paraformaldehyde and embedded in paraffin
according to standard methods. Tissue blocks were serially
cut in transversal direction and mounted on glass slides.

Embryos were classified by Carnegie stages
(O’Rahilly and Müller, 1987). The developmental stages and
the number of embryos used in this study were as follows:
stage 10 (4), stage 11 (3), stage 12 (3), stage 14 (11), stage
16 (7), stage 18 (7), and stage 20 (4). According to Carnegie
stages, stage 10 corresponds approximately to 22-23 days

of development, stage 11 to  23-26 days, stage 12 to  26-30
days, stage 14 to  31-35 days, stage 16 to  37-42 days, stage
18 to 44-48 days, and stage 20 to  51-53 days.

Immunohistochemistry. Three-µm thick paraffin sections
mounted on poly-L-lysine coated slides were deparaffinized
and rehydrated. Peroxidase activity was removed by 0.6%
H

2
O

2
 in methanol (Merck, Darmstadt, Germany,). Then the

sections were washed in tap water and in PBS (pH=7.4) for
10 min, treated with normal 1.5% goat serum (Gibco,
Invitrogen Corporation, USA) for 20 min at room
temperature and incubated with the first antibody: BMP-2
(Abcam, Cambridge, UK, diluted 1:250); BMP-4 (Abcam,
Cambridge, UK, diluted 1:100) overnight at 4oC. The next
day, the sections were washed in PBS and incubated with
the secondary antibody (VECTASTAIN ABC Universal Kit,
Burlingame, USA) for 30 min at room temperature.
Peroxidatic activity was detected with DAB (Vector,
Burlingame, USA). Sections were counterstained with
hematoxylin. BMP-2 and BMP-4 labeling was expressed
by a subjective scale ranging from 0 to 3 (0 – no staining, 1
– weak staining, 2 – moderate staining, 3 – strong staining).
Immunohistochemistry negative controls were performed by
omitting the primary antibody. The results were estimated
by two independent observers; the mean of estimations was
calculated and used for statistical analysis. The data were
analyzed by Kruskal-Wallis test (nonparametric ANOVA).
The level of significance was set at p<0.05.

RESULTS

Both growth factors – BMP-2 and BMP-4 – were
expressed in the developing central nervous system – the
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-
20. As seen in Table I, BMP-2 signal was stronger compared
to BMP-4. In the case of both growth factors there was
tendency for expression to decline in the later stages of
development; a significant difference was noted in BMP-4
protein expression in CS10 vs CS20 (Table I).

A more detailed expression pattern of BMP-2 and
BMP-4 was studied in CS14, CS16 and CS18 where the
number of the studied embryos was larger. Expression of these
growth factors in the developing spinal cord, in the spinal
ganglia, in the neural crest cells and in the non-neural ectoderm
was investigated. As seen in Table II, BMP-2 and BMP-4
staining intensity was clearly stronger in the dorsal part
compared to the ventral part of the developing spinal cord
(Figs. 1 and 2).
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At the end of the 5th week of development (CS14), three
zones could be distinguished in the wall of the spinal cord:
the neuroepithelial layer, the mantle layer, and the margi-
nal layer. Significant expression of BMP-2 was detected in
the neuroepithelial layer in CS16-18. Furthermore,
expression of both BMP-2 and BMP-4 was found to be at
a notable level in the mantel and marginal layer of the
developing spinal cord. As a result of continuous addition
of neuroblasts to the mantel layer, each side in the wall of
the spinal cord shows ventral (basal plates) and dorsal (alar

plates) thickening. The right and left alar plates are
connected over the central canal by a thin roof plate, and
two basal plates are connected ventrally by a floor plate.
Our study showed remarkable level expressions of BMP-2
and BMP-4 in the roof and alar plates of the spinal cord in
CS14-18 (Fig. 1). We also noticed expressions of BMP-2
and BMP-4 in the floor and basal plates of the spinal cord
in CS14-18, but expressions of BMP-s were found to be
less intensive compared to expressions of BMP-s in the roof
and alar plates.

CS CS 10
(n=4)

CS 11
(n=3)

CS 12
(n=3)

CS 14
(n=11)

CS 16
(n=7)

CS 18
(n=7)

CS 20
(n=4)

BMP-2 2.2±0.04 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±0.06n 1.0±0.10 0.8± 0.05 0.9± 0.05 0.9±0.05 0.8±0.06 0.6±0.09n

Table I. BMP-2 and BMP-4 expression of developing neural tube of human embryos in CS 10-20.

BMP-2 and BMP-4 expression in the developing neural tube of human embryos at different Carnegie Stages (CS 10-20). Immunostaining
intensity was graded from weak (1) to strong (3); the data are presented as mean±SEM. Significant differences (P<0.05) in staining intensity
between groups are indicated with the same letter.

Fig. 1. Transverse sections through the spinal cord of the human embryo of CS18. a.Strong immunohistochemical expression of BMP-4
in the roof plate (encircled area); b. Negative control, no staining in the roof plate (encircled area); c. Strong expression of BMP-2 in the
alar plate; d. Negative control, no staining in the alar plate.
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No differences in staining intensity were found in
spinal ganglia, although the BMP-4 signal was weaker
compared to BMP-2 (Table II).

BMP-2 BMP-4

CS 14 CS 16 CS 18 CS 14 CS 16 CS 18

Dorsal part 2.5±0.13a 2.1±0.35b 2.3±0.23c 2.3±0.06d 1.8±0.05e 1.7±0.08fSpinal
cord Ventral part 1.6±0.11a 1.5±0.23b 1.4±0.23c 1.4±0.09d 1.3±0.05e 1.1±0.09f

Spinal ganglia 1.8±0.09 2.2±0.09 2.2±0.02 1.6±0.09 1.7±0.09 1.8±0.06

Neural crest cells 1.6±0.11g,h 2.4±0.06g 2.3±0.04h 1.6±0.08 1.8±0.05 1.6±0.05

Non-neural ectoderm 2.6±0.06 2.7±0.05 2.4±0.04 1.6±0.06i 2.0±0.04i 1.7±0.05

In neural crest cells, BMP-2 staining was stronger in
CS16 and CS18, but moderate in CS14 (Table II). On the
other hand, BMP-4 protein expression did not differ between
CS14, 16 and 18 (Table II).

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 II).

BMP-2 and BMP-4 expression in the developing spinal cord, spinal ganglia and neural crest cells of human embryos at different Carnegie Stages
(CS14, n=11; CS16, n=7; CS18, n=7). Immunostaining intensity was graded from weak (1) to strong (3); the data are presented as mean±SEM.
Significant differences (P<0.05) in staining intensity between groups are indicated with the same letter.

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

Fig. 2. Transverse sections through the spinal cord of the human
embryo of CS18. a. Strong immunohistochemical expression of
BMP-2 in the dorsal part; b. Weak exprerssion of BMP-2 in the
ventral part.

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
part of the spinal cord are generally in accordance with the
data obtained from animal and chick experiments (Timmer
et al., 2002), thus supporting the idea of BMP-s as the key
regulators in the differentiation and formation of the neural
tissue. In this study we found the signal of BMPs to be
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stronger in earlier stages of development of the neural tube
compared to later stages. In particular, BMP-4 staining was
found to be stronger in CS10 than in CS20 (Table I). This
finding seems to support the idea that the roles of BMP-s
are the most significant when the neural tube has just closed
and the formation of the neural tube begins (Ulloa and
Briscoe, 2007).

The early spinal cord has a relatively straightforward
anatomy compared to more rostral CNS regions. Chizhikov
and Millen’s works have demonstrated that the organization
of the spinal cord is highly dependent on the roof plate
signaling activity. As the caudal neural tube closes, the roof
plate progenitors differentiate into mature roof plate cells,
which occupy the dorsal midline region and act as a dorsal
midline organizing center controlling numerous aspects of
dorsal spinal cord development (Chizhikov & Millen, 2004).
The first evidence of the role of the roof plate in dorsal spinal
cord patterning came from chick and mouse studies. BMP-
2 and BMP-4 were expressed in the roof plate during neural
tube development at the time of dorsal interneuron formation
in both mouse and chick (Lee et al., 1998; Liem et al., 2000).
In our study BMP protein expression was detected in the
developing spinal cord in human embryos where relatively
strong BMP-2 and BMP-4 signaling in the roof plate and
alar plate cells of the human developing spinal cord of CS14-
18 embryos was determined, while the signal of BMP-s in
the ventral parts was clearly weaker (Table II, Fig. 2). Thus,
these findings support the theory that BMP-s play an
important role in the proliferation and patterning in the dor-
sal part of the developing spinal cord of human embryos.
However, there are other signals like SHH, members of the
Wnt and FGF families, which beside of BMPs may also
contribute to the proliferation and differentiation of dorsal
neuronal cell types (Lee & Jessell, 1999; Ille et al., 2007).
The wall of the recently closed neural tube consists of
neuroepithelial cells which divide rapidly, producing more
and more neuroepithelial cells which finally constitute the
neuroepithelial layer. The neuroepithelial cells begin to give
rise to another cell type – neuroblasts, which form the mantle
layer, a zone around the neuroepithelial layer (Sadler, 2005).
The outermost layer of the developing spinal cord, the mar-
ginal layer, contains nerve fibers emerging from neuroblasts
in the mantel layer. Our findings support the role of BMPs
in the control of regional specification and morphogenesis
of neuronal cells in the developing spinal cordof human
embryos, as significant expression of BMP-2 was detected
in the neuroepithelial layer of the spinal cord and expression
of both BMP-2 and BMP-4 was found to be at notable level
in the mantel and marginal layer (Fig. 3).

As the development of the spinal cord proceeds, dor-
sal interneurons undergo complex cellular migrations

generating neuronal circuits that are critical for processing
somatosensory information and coordinating motor output.
About the end of the fourth week, nerve fibers begin to appear
in the marginal layer. The first to develop are the short fibers
from the neuroblasts in the mantle zone and the fibers of the
dorsal nerve roots which grow from the cells of the spinal
ganglia (Sadler, 2004). We can presume that BMP-2 and
BMP-4 also have a role in the formation of the spinal ganglia
in human embryos, as our data show significant expression
of BMP-s in the developing spinal ganglia.

BMP-s also help to define the regions from which a
vertebrate-specific population of neural crest cells will be
generated (Liu and Niswander, 2005). Most studies on the
neural crest cells have been conducted on the avian embryos
because of their accessibility and availability of specific
markers. The neural crest extends throughout the length of
the neural tube and arises at the border between the
neuroectoderm and non-neural ectoderm. In our study
significant staining of BMP-2 and BMP-4 was found in
neural crest cells. Interestingly, BMP-2 protein expression
was seen to be higher at CS16 and 18 as compared to CS14,
while there were no differences in BMP-4 between CS14,
CS16 or CS18 (Table II). Strong expression of BMP-2 was
also detected in non-neural ectoderm in CS14, CS16 and
CS18, but on the other hand, BMP-4 staining was found to
be higher at CS16 as compared to CS14 (Table II). This
may demonstrate different regulatory roles of BMP-s at
various developmental stages as BMP-s act on
concentration-dependent manner (Wilson & Maden, 2005;
Barth et al., 1999).

In conclusion, the study demonstrates that BMP-2
and BMP-4 immunostaning was more intensive in the
developing human neuraltube in earlier stages, in particu-
lar when comparing CS10 and CS20. In concordance with
the experiments performed in rodents and chickens, in this
study stronger protein expression of BMP-s was seen in
the dorsal part and weaker in the ventral part of the human
spinal cord. Interestingly, some differences were noted in
BMP-2 and BMP-4 protein expression between CS14,
CS16 and CS18: more intensive immunohistochemical
staining of BMP-2 was seen in neural crest cells of CS16
and CS18 as compared to CS14, while in the non-neural
ectoderm BMP-4 protein expression was found to be
weaker in CS14 as compared to CS16.
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RESUMEN:El papel de las proteínas morfogenéticas óseas (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 detección de la expresión de
BMP. En este estudio se investigaron 39 embriones humanos de los estadios Carnegie (CS) 10-20. Los embriones fueron fijados en
paraformaldehído, embebidos en parafina y seccionados en serie en dirección transversal. Se determinó por inmunohistoquímica BMP-
2 la expresión de la proteína BMP-4 en el tubo neural  y en la médula espinal caudal en desarrollo. Nuestros resultados muestran que la
BMP-s tienden a ser más expresadas en el tubo neural en etapas tempranas, en particular, se encontró tinción BMP-4  más alta en compara-
ción con CS10 CS20. Un análisis más detallado se realizó en embriones de CS14-18. En la parte dorsal se observa mayor expresión de
BMP-2  y  de BMP-4  que en la parte ventral de la médula espinal. No se observaron diferencias en la intensidad de la tinción de BMP-s en
los ganglios espinales. Curiosamente, en las células de la cresta neural BMP-2 la tinción fue más fuerte en CS16 y CS18 en comparación
con CS14, mientras que no se encontraron diferencias en la tinción de BMP-4. Por otro lado, en el ectodermo no neural se encontró tinción
BMP-4  más fuerte en CS16 que en CS14, mientras que no se observaron diferencias para BMP-2. En conclusión, la expresión de BMP-s
en el tubo neural en desarrollo y la médula espinal de embriones humanos está generalmente de acuerdo con los hallazgos realizados en
roedores y aves.
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Members of the paired box (Pax) gene family are expressed in distinctive regions 
of the developing central nervous system, supporting a role of neural patterning. 
In this study, Pax2 protein expression was examined in the developing neural 
tube by immunohistochemistry methods in 30 human embryos of Carnegie 
stages (CS) 10–20 collected after legal abortions. Pax2 expression was detected 
along the boundaries of main divisions of the developing brain and spinal cord. 
However, Pax2 expression was found to be stronger in the developing brain than 
in the spinal cord of the same young embryos in CS 10–14, which was the most 
remarkable at CS 10. Pax2 expression was detected in the developing forebrain, 
midbrain and hindbrain. At later stages (CS 16–20) Pax2 expression was observed 
in the midbrain-hindbrain boundary and also in the developing diencephalon and 
cerebellum. In the wall of developing spinal cord Pax2 expression was detected 
in the ventricular, mantel and marginal layers. Pax2 staining was seen to increase 
throughout the later stages of spinal cord development and signi cantly stronger 
expression was found at CS 16–20 compared to CS 10. Furthermore, spatially 
restricted expression of Pax2 was observed along the compartmental dorsal-ventral 
axis of the spinal cord as Pax2 staining was weaker in the ventricular layer of the 
ventral part of the developing spinal cord compared with developing area of 
dorsal part. (Folia Morphol 2014; 73, 3: 272–278)

Key words: human embryos, Pax2, brain, spinal cord

INTRODUCTION
The family of paired box (Pax) genes constitutes  

a group of developmental genes with a highly con-
served paired domain, which encode nuclear trans-
cription factors [24]. Evidence from mice and human 
embryos indicates that Pax genes play an important 
role in early mammalian embryogenesis. Furthermore, 
the members of the Pax genes family have been shown 
to play critical roles in the formation of the nervous 
system as the restricted expression pattern along the 
craniocaudal and dorsoventral axes of the neural tube 
during early embryogenesis has demonstrated [21].

The Pax gene family consists of 9 members divided 
into subgroups based on various aspects of similarity: 
subgroup I includes Pax1 and Pax9; subgroup II inclu-
des Pax2, Pax5 and Pax8; subgroup III includes Pax3 
and Pax7; subgroup IV includes Pax4 and Pax6 [21]. 

Except for Pax1 and Pax9, all Pax genes are spatially 
and temporally expressed during the development of 
the central nervous system [24]. At early developmen-
tal stages, Pax3, Pax6 and Pax7 are expressed in almost 
the entire developing neural tube, only Pax6 is exclu-
ded from the mesencephalic roof [24]. In later stages, 
the expression of Pax3/Pax7 is retracted with a rostral 
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limit at the level of posterior commissure, while Pax6 
expression in the forebrain persists during embryo-
genesis and even in certain structures in adulthood 
[17]. For the second group of late expressed Pax genes 
(Pax2, Pax5, Pax8), the midbrain-hindbrain boundary 
is believed to be the rostral limit [10, 16, 24]. Several 
animal studies have revealed the importance of Pax2 
gene in the establishment and maintenance of the 
midbrain/hindbrain organiser region, which has been 
shown to control the development of the midbrain 
and cerebellum [1, 14, 23]. 

Despite numerous investigations on Pax genes in 
animals, only limited results exist about the deve-
lopmental role of human Pax3 and Pax6 genes [5, 20],  
while the data about Pax2 genes in the human nervous 
system formation are very scanty [18, 19]. Therefore, 
the aim of this study was to determine the temporal 
and spatial expression of Pax2 protein during the early 
stages (Carnegie stages [CS] 10–20) of spinal cord and 
brain development in human embryos. The period from 
CS 10 (approximately 22–23 days of development) to 
CS 20 (approximately 51–53 days of development) 
is critical, as during that time all important changes 
take place in the size, shape and complexity of the 
developing brain and spinal cord [11]. 

MATERIALS AND METHODS
The morphological study was performed on 30 hu- 

man embryos at CS 10–20. The human embryos 
were obtained by medical abortions in Tartu Univer-
sity Hospital. The study was approved by the Ethics  
Review Committee on Human Research of the Uni-
versity of Tartu (no 183/M-40, issued on 29.06.2009). 

methods. Tissue blocks were cut serially in trans-
versal direction with microtome Ergostar HM-200 

by CS [11] and examined using an Olympus BX-50 
microscope. Specimens for light microscopy were 
stained using the haematoxylin and eosin for ge-
neral orientation to sections. Slides were observed 
and photographed by a Zeiss Axiophot 2 microscope 
(Zeiss, Germany). According to CS, the embryos were 
grouped as follows: CS 10 — 4 embryos (in total  
78 sections per CS 10), CS 12 — 4 embryos (92 sec-
tions per CS 12), CS 14 — 10 embryos (154 sections 
per CS 14), CS 16 — 6 embryos (130 sections per  
CS 16), CS 18 — 4 embryos (136 sections per CS 18), 
CS 20 — 2 embryos (73 sections per CS 20). 

Immunohistochemistry

-
-

sed and rehydrated. Peroxidase activity was blocked by 

2O2 (Fluka, France) in methanol. Sections were 
washed in PBS (pH = 7.4) and after that in distilled wa-
ter (3 × 2 min). The slides were irradiated with 0.001 M 
citrate buffer (pH = 6.0) for 10 min using a microwave 
oven (Daewoo, model No KOG-840P) at 98ºC. The slides 

Invitrogen, USA) for 30 min at room temperature and 
incubated with the primary antibody Pax2 (4 μg/mL 
dilution in 0.1 M PBS, abcam, UK) overnight at 4°C in 
a humidity chamber. The primary antibody used was 
rabbit polyclonal antibody to Pax2 (abcam, ab23799), 
which has been reported to perform excellently in im-

-
ded human samples [13] as well in Western blotting 
applications with human tissue samples [6]. 

 On the next day, the sections were incubated 
with the universal secondary antibody (Vectastain 
ABC Universal Kit, Burlingame, USA) for 30 min at 
room temperature. Peroxidatic activity was detected 
with DAB (3,3’-Diaminobenzidine; Vector, USA) and 
the sections were counterstained with haematoxylin. 
The labelling was expressed by a subjective scale 
ranging from 0 to 3 (0 — no staining, 1 — weak 
staining, 2 — moderate staining, 3 — strong staining; 
Fig. 1). Immunohistochemistry negative controls were 
performed by omitting the primary antibody. The eva-
luation was performed by 2 independent observers 
in a blinded fashion. The mean of estimations was 
calculated and used for statistical analysis. The data 
were analysed by Kruskal-Wallis test (nonparametric 

RESULTS
The expression of Pax2 protein was detected in the 

forming neural tube and the developing spinal cord of 
human embryos at all the studied stages of development. 
However, variations seem to exist in immunostaining 
intensity at different developmental stages (Table 1). If 
Pax2 expression in CS 10–14 was relatively weaker in 
the developing spinal cord, then stronger expression 

expression of Pax2 was found in the embryos of CS 10 as 
compared to CS 16–20 (Table 1, Fig. 2). In the embryos 
of CS 16–20, Pax2 was detected in the ventricular (neu-
roepithelial) layer, mantle layer and also in the marginal 
layer of the developing spinal cord (Table 1, Figs. 3, 4). 
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Table 1. Expression of Pax2 in the developing spinal cord and brain

Carnegie stage 10 12 14 16 18 20

Spinal cord 1.37 ± 0.09a,b,c,d 1.61 ± 0.07 1.56 ± 0.07 1.80 ± 0.14a 1.83 ± 0.06b 1.80 ± 0.05c

Brain 2.0 ± 0.05d 1.91 ± 0.09 1.87 ± 0.06 1.87 ± 0.09 1.89 ± 0.08 1.83 ± 0.07 

 
(p < 0.01) in staining intensity between groups are indicated with the same letters; a — Pax2 expression of the developing spinal cord in CS10 vs. Pax2 expression in the developing spi-
nal cord in CS16; b — Pax2 expression of the developing spinal cord in CS10 vs. Pax2 expression in the developing spinal cord in CS18; c — Pax2 expression of the developing spinal cord 
in CS10 vs. Pax2 expression in the developing spinal cord in CS20; d — Pax2 expression of the developing spinal cord in CS10 vs. Pax2 expression in the developing brain in CS10

Figure 1. A set of micrographs of the developing human spinal cord illustrating the criteria for evaluation of the staining intensity;  
a. 0 (no staining); b. 1 (weak staining); c. 2 (moderate staining); d. 3 (strong staining).

Figure 2. Transverse section of the spinal cord of the human 
embryo at CS 12. The arrows indicated the ventricular layer of 
the developing neural tube, where weak expression of Pax2 was 
detected.

Figure 3. Transvere sections of the spinal cord of human embryo 
at CS 18; A — ventricular layer; B — mantle layer; C — marginal 
layer, arrow indicates the anterior horn. Expression of Pax2 in the 
ventricular, mantle and marginal layers.
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Comparing Pax2 expression in the dorsal and ventral 
parts of the developing spinal cord, varying staining 
intensity was seen in the embryos of CS 14–20. Sig-

wall of the developing spinal cord on both dorsal 
and ventral parts was noted, but in the ventricular 
layer, the expression of Pax2 was more extensive in 
the dorsal part than in the ventral part of the spinal 
cord (Fig. 5a, b). 

Comparing the expression of Pax2 in the develo-
ping spinal cord and brain, more intensive immuno-
staining was noted in the developing brain at early 

difference was found at CS 10 (Table 1). Concer-
ning the expression of Pax2 in the developing brain, 
staining was seen in the wall of 3 primary brain ve-
sicles: in the forebrain, midbrain and hindbrain (Figs. 
6a–c). Expression of Pax2 was also detected at the 
junction of the caudal midbrain and the rostral hin-
brain in the developing brain — strong Pax2 staining 
was seen in the region of the isthmus at later stages, 
CS 16–20 (Fig. 7). Expression of Pax2 was found also 

in the developing diencephalon: staining was noted  
in the outer regions of the dorsal (alar) plates and, as  
a thin strip, in the ventral part of the diencephalon (Fig. 8).  
Furthermore, Pax2 expression was detected in the 
ventricular, mantle and marginal layers of the develo-
ping cerebellum in the embryos of CS 18–20 (Fig. 8b).

DISCUSSION
In this study, Pax2 protein immunostaining was 

analysed in the developing nervous system in hu-
man embryos at CS 10–20. The results of the study 
demonstrated a spatially and temporally restricted 
expression pattern of Pax2 in the developing spinal 
cord and brain. 

In the early stages of development (CS 10–14), 
the forming spinal cord and brain vesicles consist of 
neuroepithelial cells, which extend over the entire 
thickness of the wall and divide rapidly to constitute 
the ventricular (neuroepithelial) layer [9, 11]. In our 
study, moderate PAX2 immunostaining was noted in 
the wall of the forming spinal cord during these early 
stages (Table 1). Throughout the following stages, 

Figure 4. Transverse sections of the spinal cord of human embryo at CS 16; A — ventricular layer; B — mantle layer; C — marginal layer;  
a. Expression of Pax2 in the ventricular, mantle and marginal layer; b. Negative control, where during processing primary antibody was omitted.

Figure 5. Transverse sections of the spinal cord of the human embryos at CS 18; a. Expression of Pax2 in ventricular layer of the dorsal part of 
the developing spinal cord (arrow); b. Expression of Pax2 in the ventral part of the developing spinal cord. Double arrows indicated the weaker 
expression of Pax2 in the ventricular layer.
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Pax2 protein expression increased and staining was 
stronger during CS 16–20 compared to CS 10 (Table 1).  
Furthermore, some regional differences in Pax2 
staining were seen in these later stages (CS 16–20) 
where the wall of the forming spinal cord has diffe-
rentiated into the ventricular, mantle and marginal 
zones. Differences were noted in the staining intensity 
between the dorsal and ventral parts: in the dorsal 
part of the developing spinal cord, expression of 

Pax2 was seen in all three layers at CS 16–20, but in 
the ventral part, staining was weak in the ventricular 
layer and Pax2 protein expression was mainly seen in 
the mantle and marginal layers. Spatial differences 
in the expression of Pax2 in the forming spinal cord 
of human embryos have also been found by other 
researchers. Terzic et al. [19] determined Pax2 expres-
sion in human embryos at CS 17 in the outer parts 
of the ventricular zone of the developing spinal cord, 

Figure 6. Transverse section of the brain of human embryos at CS 12; a. Expression of Pax2 in the wall of the hindbrain (A) and midbrain (B); 
b. Expression of Pax2 in the wall of the forebrain (arrow); c b.

Figure 7. Transverse section of the isthmus region in human brain at CS 20; a. Strong expression of Pax2; b. Negative control, where during 
processing primary antibody was omitted.

Figure 8. Transverse section of the brain of human embryos at CS 18; a. Expression of Pax2 in the wall of the diencephalon (arrows);  
b. Expression of Pax2 in the (A) ventricular, (B) mantle, and (C) marginal layers of the cerebellar plate.



277

A. Namm et al., Expression of Pax2 protein during the formation of the central nervous system in human embryos

while Pax2 signal was missing in the ventral quarter 
of the ventricular zone. More extensive reaction was 
also described in the dorsolateral plates than in the 
ventrolateral plates [19]. Tellier et al. [18] detected 
Pax2 expression in the dorsal part of the germinati-
ve zone in human embryos of CS 14–18, and some 
cells of the alar plate, but not in the forming anterior 
horn. Spatially restricted expression of Pax2 in the 
developing spinal cord has also been demonstrated 
in studies on mice [10] and chickens [2]. Thus, accor-

of the key regulators in the combinatorial action of 
transcription factors which determine the fate of 

In our study, Pax2 protein expression was also 
found in all the 3 brain vesicles, prosencephalon 
(forebrain), mesencephalon (midbrain) and rhom-
bencephalon (hindbrain). In early stages, CS 10–14,  
Pax2 staining in brain vesicles was relatively strong, 
especially when compared to that seen in the deve-
loping spinal cord in the same young embryos. The 

stage — CS 10 (Table 1). However, at later stages, CS 
16–20, the strongest Pax2 expression was found at the 
junction of the midbrain and the hindbrain (Fig. 6a).  
This is in concordance with studies on chicken and 
mice embryos, where early expression of Pax2 has 
been detected in the mesencephalon and the anterior 
hindbrain, but subsequently Pax2 expression was 
restricted to the mid-hindbrain region [1, 14, 23]. 
In human embryos from day 32 to 50 (CS 14–19), 
Pax2 signal has been detected in the hindbrain, but 
not in the midbrain or the forebrain [18]. In studies 
on human 8-week embryos (CS 22), Terzic et al. [19] 
have shown Pax2 expression to extend from the me-
sencephalic-rhombencephalic border along the entire 
rhombencephalon. In particular, strong expression 
was detected in the outer part of the ventricular zone 
at the junction of the caudal mesencephalon and ro-
stral rhombencephalon [19]. This region is known as 
an isthmic organiser centre, which is believed to play 
an important role in the development of the mesen-
cephalon and the cerebellum [8]. Several experimental 
animal studies have suggested that initiation and fun-
ctioning of this organising centre crucially depends on 
Pax2 [1, 16, 22, 23], and that the regulatory role of 
Pax2 is an evolutionarily conserved feature for all ver-
tebrates [14]. Furthermore, it has been shown that a 
mutation of the Pax2 gene in the isthmus leads to the 
loss of the midbrain and the cerebellum [3, 15, 22].  

In our study, Pax2 was also determined in the deve-
loping cerebellum and diencephalon. Expression of 
Pax2 was seen in the ventricular, mantle and mar-
ginal layers in the developing cerebellar plate. In 

be expressed in a subset of GABAergic cells, and it is 
proposed that these cells are migratory precursors of 
the molecular layer interneurons (basket and stellate 
cells) [7]. The diencephalon, which develops from the 
median part of the forebrain, is thought to consist of 

and basal (ventral) plates [9, 11]. Expression of Pax2 
in our study was found mostly in outer regions of the 
alar plates of the diencephalon. In mouse embryos, 
Pax2 expression has been determined in diencephalic 
cells at the border of region between diencephalon 

of cells within the developing septum, hypothalamus 
and eminentia thalami [4]. Furthermore, in mice, 
Pax2 has been shown to play an important role in 
the formation of the optic cup, which develops as an 
outgrowth of the diencephalon wall and therefore 
represents a direct extension of the brain tissue [4, 10, 
12]. Expression of Pax2 in the developing optic cup 
has also been detected in human embryos [18, 19]. 
Thus, it can be suggested that, in human neurogene-
sis, Pax2 is associated with the establishment of the 
developing diencephalon as well with the migration 
and determining cells in the alar plates. 

CONCLUSIONS
In conclusion, Pax2 protein expression in the de-

veloping spinal cord and brain of the human embryos 
mostly resembles descriptions of the role of Pax2 in 
the neurogenesis of animals where Pax2 is associated 
with the establishment of craniocaudal and ventro-
dorsal boundaries within the developing neural tube 
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Bone morphogenetic proteins (BMPs) are multifunctional growth factors implicated 
in multiple biological events. Studies on mice, chickens and other experimental ani-
mals have shown that BMP signalling plays critical role in embryonic development, 
in particular in the neural patterning. In our study we comparatively evaluated 
BMP-2 and BMP-4 protein expression in the developing spinal cord of human and 
rat embryos. The human and rat embryos of Carnegie stages 14, 18 and 20 were 

detected by immunohistochemical staining. Spatial and temporal expression pattern 
of BMP-s during early stages of spinal cord development was similar in human and 
rat embryos. Higher expression of BMP-s was seen in the dorsal and lower expression 
in the ventral part of the developing spinal cord both in human and rat embryos. 
However, temporal difference in the expression of BMPs in the non-neural ectoderm 
between human and rat embryos was noted. Staining of BMP-s in the non-neural 
ectoderm adjacent to the developing spinal cord in the human embryos seemed to 
have a tendency to decrease from earlier to later developmental stages, while in rat 
embryos there was an opposite tendency. (Folia Morphol 2015; 74, 3: 359–364)

Key words: BMP-2 and BMP-4, human and rat embryos, spinal cord 
development

INTRODUCTION
Bone morphogenetic proteins (BMPs) are signal-

ling molecules that act at distance to control cell fate 
in the developing embryos. Although BMPs were 

-
mation of cartilage and bone, it is now generally 
accepted that BMPs are among the key regulators 
in the embryonic development guiding many criti-
cal steps in the formation of various cells, tissues 
and organs [4, 10]. BMPs in conjunction with other 
important regulatory factors like Sonic Hedgehog 
(SHH), WNT and FGF family members are believed 
to coordinate neural tube development and cellular 
proliferation [10, 13, 15]. Experimental data from 

studies mainly on mice and chickens have provided 
evidence that BMPs are implicated in the patterning 
of the developing central nervous system (CNS) [3, 
5], in particular BMPs have been shown to regulate 
dorso-ventral patterning of the vertebrate spinal cord 
[14, 16]. Although BMP activity must be inhibited to 
allow initial neural fate determination, it is clear that 
BMP signalling positively regulates CNS development 
at later stages [13]. Once the neural tissue is estab-
lished, BMP-2 and BMP-4 signalling has a positive 

formation [10]. Several studies have demonstrated 
that formation and regionalisation of spinal cord is 
highly dependent on activity of the roof plate sig-
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nalling activity. As the caudal neural tube closes the 
roof plate progenitors differentiate into mature roof 
plate cells, which occupy the dorsal-midline region 
and act as an organising centre controlling numerous 
aspects of dorsal spinal cord development [1, 2]. In 
studies both on mice and chickens expression of BMPs 
in the roof plate during neural tube development at 
the time of dorsal neuronal cells formation has been 
clearly shown [7, 8]. 

In our previous study on human embryos we fou-
nd strong BMP-2 and BMP-4 protein expression in the 
dorsal part of the developing spinal cord, including 
also the roof plate region [11]. In order to see if this 
temporal and spatial BMP-2 and BMP-4 protein ex-
pression pattern found in the forming nervous system 
of human embryos is equally similar to the situation 
in embryos of other mammals we aimed in this study 
to compare the BMP-2 and BMP-4 expression in the 
developing spinal cord of human and rat embryos 
throughout early stages of development.

MATERIALS AND METHODS

Obtaining embryos and section preparation

Twenty two human embryos of Carnegie stages 
(CS) 14, 18 and 20 were obtained by medical abor-
tions. The study was approved by the Ethics Review 
Committee on Human Research of the University of 
Tartu. 22 Sprague Dawley strain rat embryos of CS 
14, 18 and 20 were used in this study (rat embryos 
were obtained from the Umea University, Sweden). 

-

to standard methods. Tissue blocks were serially cut 
in transversal direction and mounted on glass slides. 

-
lopmental stages and the number of embryos used in  
this study are presented in Table 1. This table also 
presents an approximate comparison of human and 
rat embryos based upon Carnegie staging. 

Immunohistochemistry

-
-

2O2 
in methanol (Merck, Darmstadt, Germany). Then the 
sections were washed in tap water and in phosphate 
buffered saline (PBS) (pH = 7.4) for 10 min, treated 

Corporation, USA) for 20 min at room temperature 

and incubated overnight at 4oC with the primary an-
tibody: rabbit polyclonal antibody to BMP-2 (Abcam, 
Cambridge, UK, diluted 1:250) or rabbit polyclonal 
antibody to BMP-4 (Abcam, Cambridge, UK, diluted 
1:100). The next day, sections were washed in PBS and 
incubated with the secondary antibody (VECTASTAIN 
ABC Universal Kit, Burlingame, USA) for 30 min at 
room temperature. Peroxidatic activity was detected 
with 3.3’-diaminobenzidine (DAB; Vector, Burlingame, 
USA) and sections were counterstained with haema-
toxylin. BMP-2 and BMP-4 labelling was expressed 
by a subjective scale ranging from 0 to 3 (0 — no 
staining, 1 — weak staining, 2 — moderate staining, 
3 — strong staining). Immunohistochemistry negative 
controls were performed by omitting the primary 
antibody. BMP-2 and BMP-4 immunohistochemical 
staining was evaluated in the developing spinal cord 
separately in its dorsal and ventral parts. Also, staining 
was evaluated in the adjacent non-neural ectoderm. 
Two independent observers evaluated the intensity 
staining; the mean of estimations was calculated and 
used for statistical analysis. The data were analysed 
by Kruskal-Wallis test (nonparametric ANOVA). The 

RESULTS
Expression of BMP-2 and BMP-4, as determined 

by immunohistochemistry, was observed in the spi-
nal cord at all developmental stages analysed in this 
study (CS 14, CS 18 and CS 20). BMP-2 signal in the 
developing spinal cord was found to be stronger 
compared to BMP-4 both in human and rat embryos 
(Table 2, Figs. 1–4). BMP-2 and BMP-4 exhibited si-
milar immunolocalisation and expression patterns — 

expression to decline at later stages of development. 
However, the developing spinal cord of rat embryos 

Table 1. Number of studied embryos, developmental Carnegie 
stages (CS) and age in postovulatory days of investigated hu-
man and rat embryos

CS 14 18 20

Human 
embryos

Number of embryos 7 5 10

Developmental days 31–35 44–48 51–53

Rat  
embryos

Number of embryos 7 5 10

Developmental days 13 15 18 

The table shows an approximate comparison of days of development in human and rat 
embryos based upon Carnegie staging. 
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Table 2. Immunohistochemical estimation of bone morphogenetic proteins (BMP)-2 and BMP-4 in the spinal cord and non-neural ecto-
derm of the human and rat embryos at different developmental stages

BMP-2 BMP-4

CS 14 CS 18 CS 20 CS 14 CS 18 CS 20

Human  
embryos

DP 2.4 ± 0.06a,g 2.3 ± 0.04b,h 2.2 ± 0.09c,i 2.2 ± 0.03d,j 1.9 ± 0.10e,k 1.9 ± 0.10f,l

VP 1.8 ± 006a 1.6 ± 0.05b 1.8 ± 0.10c 1.0 ± 0.05d 1.0 ± 0.10e 1.0 ± 0.03f

NE 2.6 ± 0.08m,r 2.3 ± 0.14n 1.9 ± 0.03r 1.7 ± 0.03o 1.8 ± 0.08p 1.4 ± 0.07

Rat  
embryos

DP 1.6 ± 0.06g 1.6 ± 0.10h 1.4 ± 0.05i 1.3 ± 0.08j 1.2 ± 0.06k 1.2 ± 0.08l

VP 1.0 ± 0.04 1.1 ± 0.05 0.9 ± 0.05 0.8 ± 0.06 0.8 ± 0.07 0.7 ± 0.08

NE 1.8 ± 0.04m 1.4 ± 0.12n,s 2.1 ± 0.05s 0.9 ± 0.12o,t 1.0 ± 0.06p 1.5 ± 0.11t

CS — Carnegie stages; DP — dorsal part of the developing spinal cord; VP — ventral part of the developing spinal cord; NE — non-neural ectoderm. Immunostaining intensity was graded 

Figure 1. Transversal section of the developing spinal cord of human 
embryo at Carnegie stage 18. Arrows indicate stronger expression  
of the bone morphogenetic protein-2 in (BMP-2) neuronal cells. 

Figure 2. Transversal section of the developing spinal cord of hu-
man embryo at Carnegie stage 18. Arrows indicate weaker expres-
sion of the bone morphogenetic protein-4 (BMP-4) in neuronal cells.

Figure 3. Transversal section of the developing spinal cord of rat 
embryo at Carnegie stage 18. Arrows indicate moderate expres-
sion of bone morphogenetic protein-2 in (BMP-2) neuronal cells.

Figure 4. Transversal section of the developing spinal cord of rat 
embryo at Carnegie stage 18. Arrows indicate weaker expression 
of bone morphogenetic protein-4 (BMP-4) in neuronal cells.
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showed weaker immunostaining of BMP-s (Figs. 3, 
4) compared to human embryos (Figs. 1, 2; Table 2). 
Especially weak staining intensity of BMP-4 was de-
tected in the rat embryos at CS 20 (Table 2, Fig. 5). 
In negative controls where the primary antibodies 
to BMP-2 or BMP-4 were omitted no staining was 
detected (Fig. 6).

In the developing spinal cord expression of BMP-2 
and BMP-4 was evaluated separately in the roof plate, 

intensity of BMP-s was detected in the dorsal part of 
both human and rat embryos spinal cord as compa-
red to the ventral parts. At the end of the 5th week 
of human and 13 days of rat embryos development 
(CS 14) 3 zones could be distinguish in the wall of 
the spinal cord: the ventricular, mantel and marginal 
layer. A comparison of differences between dorsal and 
ventral part in the spinal cord showed that in human 
embryos staining intensity of BMP-2 and BMP-4 was 
more extensive in 3 layers of the dorsolateral (alar) 
plates than in ventrolateral (basal) plates (Figs. 7, 8). 
Similarly, more intensive staining of BMP-2 and BMP-
4 was noticed in dorsal parts of the rat spinal cord 
(Table 2). Also in rat embryos expression of BMP-2 was 
detected in the ventricular, mantel and basal layers in 
CS 14–23 of the spinal cord (Fig. 9), but expression of 
BMP-4 was weaker. Expression of BMP-2 and BMP-4 in 
the roof plate cells was found in both human and rat 
embryos at all studied CS. We also noticed expression 

expression was found to be less intensive than in the 
roof plate (Figs. 7, 9). 

Figure 5. Transversal section of the developing spinal cord of rat 
embryos at Carnegie stage 20. Arrows indicate very weak expression 
of bone morphogenetic protein-4 (BMP-4) in neuronal cells.

Figure 6. Transversal section of the developing spinal cord of 
human embryo at Carnegie stage 18. Negative control, arrows indi-
cate no staining intensity in neuronal cells.

Figure 7. Transversal section of the dorsal part of developing spinal 
cord of human embryo at Carnegie stage 14. Expression of bone 
morphogenetic protein-4 (BMP-4) in: a — ventricular layer; b — 
mantel layer; c — marginal layer; arrows indicate roof plate cells. 

Figure 8. Transversal section of the ventral part of developing spinal 
cord of human embryo at Carnegie stage 14. Expression of bone 
morphogenetic protein-4 (BMP-4) in: a — ventricular layer; b — 
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of human and rat embryos. The results, summarised 
in Table 2, show the temporal pattern of BMP-2 and 
BMP-4 expression during spinal cord morphogenesis. 
Our estimations of BMP-2 and BMP-4 immunostaining 
in the dorsal and ventral parts of the developing 
spinal cord of human and rat embryos throughout 
developmental stages CS 14–20 are in general in 
accordance with data obtained from animal studies. 
Several investigations in experimental animals, mai-
nly mice and chickens, have demonstrated that the 
normal development of the spinal cord is tightly 
regulated by BMP signalling [13]. High levels of BMP 
signalling set up the most dorsally located precursor 

located cells. The regionalisation of the precursor cells 
leads to the formation of distinct dorsal and ventral 
neuronal cell types [6, 10]. In our study stronger im-
munostaining of BMP-s was seen in the dorsal part 
of the developing spinal cord: higher expression of 
BMP-2 and BMP-4 was noted in the ventricular, mantel 
and marginal layers of the dorsal part in developing 
spinal cord of both human and rat embryos (Figs. 7, 
9), while staining in the ventral part was weaker (Fig. 
8). Similar expression gradient of BMP-s has been fo-
und in other experimental animals [6, 10, 13]. In our 
study on human and rat embryos, BMP-2 and BMP-4 
expression was also noted in the roof plate (Fig. 7), 
which is in concordance with studies on mice, where 
it is demonstrated that BMP-s mediated signals from 
the roof plate are required for the differentiation of 
neuronal cells in the dorsal spinal cord [1, 2]. 

Comparing staining estimations of BMP-2 and 
BMP-4 in the dorsal part of the developing spinal 

the consecutive developmental stages (from CS 14 
to CS 20) both in human and rat embryos, though 
slight declining tendency was noted in later deve-
lopmental stages (Table 2). However, this tendency 
was more visible in our previous study on neural tubes 
of human embryos where more earlier developmental 
stages were investigated, in particular clear differen-
ces in BMP-4 immunostaining intensity was noticed 
with higher level at CS 10 and lower level at CS 20 
[11]. This seems to support the idea that the roles of 

closing when the differentiation of the neural tube 
begins [10]. 

Although resembling descriptions in experimental 
animals, human BMP-2 and BMP-4 immunostaining 
in the developing spinal cord displayed slight diffe-

Figure 9. Transversal section of the dorsal part of developing spi-
nal cord of rat embryo at Carnegie stages 20. Expression of bone 
morphogenetic proteins-2 in: a — ventricular layer; b — mantel 
layer; c — marginal layer; arrows indicate roof plate cells.

Figure 10. Transversal section of the developing spinal cord and 
non-neural ectoderm of human embryo at Carnegie stages 18; a — 
expression of bone morphogenetic proteins-2 (BNP-2) in non-neural 
ectoderm; b — expression of BMP-2 in developing spinal cord.

The expression of BMP-2 and BMP-4 in human 
and rat embryonic non-neural ectoderm was detec-
ted from anterior to posterior level of the forming 
spinal cord. In the non-neural ectoderm of human 
embryos BMP-2 and BMP-4 staining was found to be 
stronger in early stages and weaker in later stages of 

-
-level expression of BMP-2 was seen at CS 14 (Table 2). 
Differently from human embryos, BMP-2 and BMP-4 
staining in the non-neural ectoderm of rat embryos 
was weaker in CS 14–18. 

DISCUSSION
In the present study we compared the expression 

of BMP-2 and BMP-4 in the developing spinal cord 
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rences in their expression pattern when compared 
to rat embryos. It refers to the higher expression of 
both proteins in the dorsal part of the developing 
spinal cord of human embryos. Also, when in human 
embryos BMP-2 and BMP-4 immunostaining in the 
non-neural ectoderm declined throughout the con-
secutive developmental stages, then in rat embryos 
there was an opposite tendency as the expression of 
BMP-s increased from CS 14 to CS 20 (Table 2). There 
is evidence from studies on chick spinal cord that 
BMP-2 and BMP-4 produced by dorsal non-neural 
ectoderm (surface ectoderm) function as dorsalizing 
signals to pattern adjacent neuroectoderm [7–9, 14]. 
The strong to moderate level of BMP-2 and BMP-4 
protein expression in the non-neural ectoderm seen in 
our study suggest that BMP-s could likely have similar 
involvement in the dorsal neural tube development 
of the human embryos, especially in the early stages 
of development (Table 2).

CONCLUSIONS
It can be concluded that protein expressions of 

BMP-2 and BMP-4 in the developing spinal cord of 
human embryos during the studied CS 14, CS 18 and 
CS 20 have similar spatial and temporal pattern to the 
corresponding stages of rat embryos. Similarly higher 
expression of BMP-s in the dorsal and lower expression 
in the ventral part of the developing spinal cord was 
seen in both human and rat embryos thus resembling 
the situation described in other vertebrates. However, 
in the non-neural ectoderm adjacent to the developing 
spinal cord staining of BMP-s in the human embryos 
seemed to have a tendency to decrease from earlier to 
later developmental stages, while in rat embryos the 
situation was in opposite as the staining of BMP-s was 
found to be stronger in the last studied developmental 
stage compared to the earlier stages.
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