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This article describes the growth and elaboration of the human brain from its inception in the 
early embryo through birth and beyond.  Although ontogeny does not, in fact, strictly recapitulate 
phylogeny, the stages through which the brain develops in the embryo and fetus do bear some 
resemblance to the stages through which it evolved, as we will see.  Those stages include: 

• Formation of the neural tube 

• Emergence of the major structures of the brain 

• Generation of neurons and their migration to their final location 

• Extension of axons and formation of connections 

• Influence of experience on the formation of neural circuits and connections 

You can view and manipulate three dimensional visualizations of the development of the human 
embryo up to about 3 months by downloading files from the 3D Atlas of Human Embryology at 
https://www.3dembryoatlas.com/blank (the link is in Extra Stuff). 

Neural Tube 

During the first two weeks after a zygote is formed by the joining of egg and sperm, the incipient 
embryo grows first into a blastula and then transforms into a gastrula, stages which do not 
concern us because the nervous system has not yet begun to emerge.  The gastrula comprises 
three layers, with the ectoderm layer on top.  The “fate” of the cells in the ectoderm—how they 
will develop in the absence of any external genetic instruction—is to become cells of the nervous 
system.  [4:  see footnote ]  Most ectoderm cells, however, are redirected to become skin cells by 1

a “signal” from cells along the edges of the two lower layers of the gastrula.  This signal takes 
the form of a bone morphogenic protein (specifically Bmp4), which diffuses into the ectoderm 
and triggers conversion of cells to an epidermal fate.  Nevertheless, along the center of the 
ectoderm, other signals prevail.  These Bmp antagonists, which block the action of Bmp4, are 
called noggin, chordin, and follistatin; they are produced by genes in cells in the center of the 
ectoderm that earlier played a role in the formation of the gastrula.  Consequently, a strip of cells 
along the center of the ectodermal layer continues to develop into nervous system cells.  Cells in 
this strip are also affected by a second system of signals, which specify whether they should 
develop into spinal cord or brain.  A gene product called Wnt is produced in cells at the rear of 
the embryo and diffuses forward.  It’s effect is to specify that cells it reaches become posterior 

 Numbers in brackets indicate the figures at the end of this document which illustrate the 1

information that follows the brackets.
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(spinal cord and hindbrain) components of the nervous system.  As it diffuses forward, however, 
it also is counteracted by antagonists, which disable its action and cause rostral cells to evolve 
into midbrain and forebrain structures.  The genetic mechanisms involving Bmp, Wnt, and their 
antagonists are much more complicated than this description suggests.  Similarly complex 
genetic systems control almost all of the developmental processes to be discussed below.  This 
article will not describe those genetic systems.  Unless otherwise indicated, however, the driving 
forces behind the developments described are complex patterns of gene expression. 

[5-8]  Between 18 and 23 days after conception the neural tube emerges.  A depression forms 
along the center of the ectodermal layer from back to front.  It gradually deepens.  The edges on 
either side come into contact at the centerline and fuse, starting in what will be the neck region 
and proceeding forward and backward.  The newly formed neural tube is then covered with a 
layer of epidermal cells.  [9]  By 25 days the embryo as a whole has grown to a length of about ⅛ 
inch, and the neural tube has been formed. 

Major Structures 

[10]  As soon as it is formed, the neural tube bends—in two places, both in the same direction.  
The more caudal bend is called the cervical flexure, and the more rostral bend is the cephalic 
flexure.  Between them, the tube expands into what will become the hindbrain.  In front of the 
cephalic flexure the end of the tube expands into what will become the forebrain.  The midbrain, 
not yet much expanded, originates in the curve of the cephalic flexure. 

[11]  By 41days the tube bends a third time, forming the pontine flexure.  The pontine flexure 
bends in the opposite direction from the previous two.  It divides the hindbrain into the caudal 
medulla oblongata and the more rostral cerebellum, and the bend brings the cerebellum to lie 
over the rostral end of the medulla.  At the same time, the forebrain separates into the 
diencephalon and the telencephalon.  At this point, the five major brain structures that evolved in 
vertebrate brains have been formed. 

The forebrain grows three outpouchings.  [10 left]  The first forebrain outpouching (the optic 
cup) will become the retina of the eye.  It is visible at 26 days in the area that will become the 
diencephalon.  [11]  By 41 days this structure has migrated away from the brain proper, to which 
it remains connected by the optic nerve (cranial nerve II in the figure).  [11 and 12]  The second, 
and by far the largest, forebrain outpouching is the cerebral hemisphere.  More about this later.  
[12]  The third outpouching, at 56 days, forms the olfactory bulb at the front of the 
telencephalon.  [13]  At this stage, the fetus is just over one inch long. 

[14]  The basic floor plan of the central nervous system—both brain and spinal cord—has now 
been established.  To get the general idea, let’s begin with the spinal cord.  [15]  In a cross 
section of the cord, the central ventricle containing cerebrospinal fluid separates the right and left 
halves of the cord.  Each half contains a dorsal alar plate that develops neurons and connections 
involved with sensory inputs and a ventral basal plate that develops neurons and connections 
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involved with motor outputs.  Above the alar plate is the roof plate, and below the basal plate is 
the floor plate.  If you cut the cord longitudinally rather than across, you would see  (from top to 
bottom) the roof plate, alar plate, basal plate, and floor plate.  

[16]  This structure is continued as you move forward into the brain.  Each side of the brain has a 
roof plate on the dorsal surface, an alar plate below it, then a basal plate, and a floor plate on the 
ventral surface.  Cross-cutting this “horizontal” division, the brain is divided into successive 
zones from back to front.  There are eight zones in the hindbrain, two in the midbrain, and three 
in the forebrain diencephalon.  Between these horizontal and cross-cutting divisions the brain is 
segmented into some three dozen morphological regions.  The patterning of these regions is the 
same in all vertebrates, from fish to us.  There is a unique gene expression pattern in each of 
these regions, which specifies the unique way in which structures develop in that region.  And, as 
a general rule, the major tracts of axons will run along the borders between these regions. 

Neurons 

At the beginning, the alar and basal plates are very thin in the medial/lateral dimension that is 
perpendicular to the plane of illustration [16].  In fact, they are only one cell thick.  This thin 
layer surrounds the ventricles in each hemisphere and in the midline of the brain.  This 
ventricular “matrix” layer,  surrounding the ventricle, contains progenitor cells that are the origin 
of all the brain cells to come.  [18]  Each progenitor cell divides repeatedly, producing two 
progenitor cells with each division.  [19]  Then, during a transition period that occurs at different 
times in different regions, progenitor cells switch to producing only one daughter progenitor cell 
that remains in the matrix layer, plus one daughter neuroblast that moves out radially, away from 
the ventricle toward the surface of the brain, into what is called the “mantle” layer.  It is covered, 
in turn, by a thin “marginal” layer, or coat, which in turn is covered by the pia matter that 
surrounds the entire brain. 

Most neurons are born, in this manner, during the middle trimester of fetal development.  At the 
peak of proliferation, the fetus gains on the order of 200,000 new neurons every minute. 

When new cells migrate radially outward in this manner over short distances, they haul 
themselves.  Upon their creation by division of a progenitor cell, they adhere to the wall of the 
ventricle below them.  Then they extend a process, like an arm, until it touches the pia matter 
above them, and it attaches there.  Next, the nucleus of the cell moves upward toward the outside 
attachment, like the pig going through the python.  After it arrives, the lower attachment comes 
free and the trailing process is retracted into the cytoplasm of the cell. 

[21 and 22]  When the distance to migrate is greater, however, fancier mechanisms are required.  
These involve glial cells.  Although apparently produced by the same progenitor cells that make 
neuroblasts, glial cells are not neurons.  They come in several varieties; here we are concerned 
with radial glial cells, which act as ladders from the ventricular zone where neurons are born to 
the current top layer where they will arrive.  Newly born neurons attach to these radial glial cells 
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and climb up them to reach their destination under the roof, extending a process ahead of them 
and pulling their nucleus along as when they move themselves, but with the glial cell for 
guidance and support. 

[23]  In the cord and much of the brain, new neuroblasts accumulate in the mantle layer, where 
they aggregate into nuclei that will perform specific functions.  [24]  They may sort themselves 
into two layers and form nuclei within each layer.  But in the cortex the process of migration is 
more complex.  [25]  In cortex, after the mantle layer is established, two new layers arise:  the 
“cortical plate” just inside the marginal layer, and a “subplate” between the cortical plate and the 
mantle layer.  New cells continue to arrive in the cortical plate, and it gradually thickens.  
Interestingly, the newly arriving cells pass through the cells that are already in place and 
accumulate on the outer side, just inside the marginal layer.  [26]  In the end, the marginal layer 
forms neocortical layer I, and the successively built up sublayers in the cortical layer form 
neocortical layers II through VI.  The mantle layer appears to serve to guide axons coming into 
the cortex from “below” to their proper destination. 

The neurons discussed to this point will be excitatory, producing the neurotransmitter glutamate 
to stimulate other neurons with which their axons make contact.  Inhibitory neurons, which 
produce the neurotransmitter GABA and discourage firing of other neurons with which their 
axons make contact, come from special sources and move to their final destinations tangentially, 
not radially as discussed above. 

[27]  In the forebrain, most GABA-producing inhibitory neurons arise in the medial and lateral 
ganglionic eminences of the two lateral ventricles.  They flow in streams, horizontally as it were, 
through the cortex to their final destinations.  [28]  Similar flows originate in other parts of the 
brain, with other destinations than the cortex.  The mechanisms that control this movement 
appear not to be well understood at present. 

[32 left]  While in the neighborhood, note that the ganglionic eminences of the two lateral 
ventricles are also the source of the neurons that make up the basal ganglia of the telencephalon:  
the striatum (caudate nucleus and putamen) derives from the lateral eminence, and the globus 
pallidus derives from the medial eminence.  [32 right]  In the diencephalon, the large and 
complex thalamus grows out of the ventricular zone progenitor cells around the central, third 
ventricle. 

[33]  Although the cortex of each hemisphere is a single sheet, it is folded into a complex system 
of gyruses and sulcuses (ridges and valleys).  Where the temporal lobe meets the frontal lobe, the 
folding is so extreme that the insula is completely covered by folds of those lobes, even though 
the whole complex consists of a single sheet of gray matter.  The pattern of folding is largely 
similar from person to person, at least as concerns primary sulcuses (those that arise first and 
independently) and secondary sulcuses (those that branch off of primary sulcuses), if not tertiary 
sulcuses (those which branch off secondary sulcuses).  There are many hypotheses to explain this 
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folding, but neither comparison of species nor experimentation has yielded a demonstrably 
correct answer. 

[34]  One hypothesis, however, receives widespread support.  It appears that the folds are 
arranged so as to minimize the total length of the connections between the different areas of 
cortex.  Consider, for example, the central sulcus.  It runs across the top of the head from left to 
right, dividing the postcentral gyrus (where somatosensory inputs from the skin are received and 
processed) from the precentral gyrus (where motor outputs to the muscles originate).  The 
somatosensory areas for adjacent parts of the body communicate intensively with each other, and 
the length of the axons that carry those communications is minimized by the gyrus, which brings 
the different parts of the somatosensory cortex closer together than they would be if the cortex 
were stretched out flat.  The same is true for the motor cortex in the precentral gyrus on the other 
side of the sulcus.  There is also a lot of communication between somatosensory inputs and 
motor outputs, and so these two gyruses are adjacent, separated by a single sulcus that their 
axons have to go around, rather than being situated in widely separated parts of the cortex.  (If 
the sensory-motor traffic were more intense than the traffic within each area, axon lengths would 
be minimized by one big gyrus, with sensory inputs on one side and motor outputs on the other.  
But that is not the case; in primates the processing within the somatosensory and motor areas is 
more intense than the traffic between them.)  [36]  At the other extreme, the lowest volume of 
communication is between the two hemispheres, which are, perhaps therefore, connected only by 
long-distance bridges called commissures.  The largest and best known commissure is the corpus 
callosum. 

Axons 

[37 - 39]  How are all these communication links established during development?  How do the 
axons find their way to their targets, which may be the next cell over, the other side of the brain, 
or all the way down the spine?  The growing axon has, at its tip, a “growth cone” that finds the 
way, following genetically controlled signals.  The axon as a whole is maintained and extended 
by long stiff molecules called microtubules, which can be lengthened by adding new sections (do 
you remember erector sets?).  In addition to structuring the axon, these microtubules form a 
highway along which all the components need for growth are transported from the cell body, 
where they have been assembled.  The microtubules extend into the growth cone and spread out 
like a fan, which enables the cone to put out feelers, called filopodia, in all directions.  These 
filopodia are supported by actin molecules (also long and thin like microtubules).  The filopodia 
sense the chemical and physical environment and extend or retract based on the conditions they 
find.  When a filopodium actually touches a target cell it attaches to it, other filopodia retract, the 
growth cone is dismantled, and the axon begins to establish synapses with the newly found target 
cell. 

[40]  After the axon is in place, it needs to be insulated.  Insulation is provided by glial cells 
called oligodendrocytes, which contain myelin, a fatty substance that is good for insulation.  
Oligodendrocytes extend a process from their cell body to the axon and around it in both 
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directions, then one edge burrows under the other and tunnels around and around the axon, 
creating several layers of fatty insulation.  Multiple oligodendrocytes insulate the same axon, 
each providing a short segment of insulation, with gaps between the segments where ion 
channels in the axon membrane can open and allow charged ions to flow in and out of the cell, 
propagating an action potential.  Although the successive segments of the sheath of one axon are 
formed by different oligodentrocytes, a single oligodendrocyte provides one segment of sheath to 
as many as 40 or 50 axons passing through its immediate area.   

During development, myelination proceeds from the back of the brain to the front.  Although 
much of the brain is myelinated at birth, the process is not completed in the frontal lobe until a 
person is in their twenties.  It is myelin that gives the axons their white color, making it easy to 
tell areas rich in axons from areas rich in cell bodies, which are gray. 

[41]  Evolution is a trial-and-error process:  many species arise, some persist.  The fine detail of 
neural connections is established by a similar trial-and-error process.  Many neurons are created 
and extend their axons into the target areas.  Those that do not happen to encounter target cells 
and establish synapses with them subsequently die off.  The axons of surviving neurons initially 
make widespread connections within the target areas, but over time they sort themselves out into 
more precise patterns of connection as needed for their functioning.  [42]  The same trial-and-
error occurs at the level of synapses as well.  Within the target area axons initially form many 
synapses with dendrites of different cells, then synapses are pruned by events.  More specifically, 
it appears that synapses are maintained if the postsynaptic cell fires when or shortly after an 
action potential arrives at the presynaptic side of the synapse.  One hypothesis is that the firing of 
the postsynaptic cell causes the release of a molecule that is picked up on the presynaptic side of 
the synapse and causes the synapse to persist, or grow stronger:  a “trophic” factor. 

Experience 

[43]  This brings us to our final subject:  the role of experience and the environment in shaping 
the structure and function of the brain.  The interaction between genetic and experiential/
environmental effects has been most extensively studied in the primary visual cortex.  The 
studies were mainly done on cats and monkeys, but it is clear that the findings apply to humans 
as well.  The primary visual cortex, at the very back of the brain, is organized into a set of 
parallel stripes or bands across the horizontal surface.  Alternating bands receive their primary 
input from alternating eyes:  right eye, left eye, right eye, etc.  (These alternating bands were 
originally named “ocular dominance columns”, before the term column came to be used for 
something else.)   The alternating pattern of inputs is fairly well established at birth, before the 
infant begins to see anything.  But if a newborn kitten’s right eye is sewn shut shortly after birth, 
then the bands that receive input from that eye become disorganized and break up; the left-eye 
inputs come to dominate areas that would have been dominated by right-eye inputs in a normally 
reared kitten.   Visual experience is required to fine tune and even to maintain the genetically 
specified pattern. 
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Other experiments were performed on rodents.  One type involved explants:  taking a chunk of 
tissue from one part of the cortex of a late-term rodent and inserting it at a different location in 
the cortex of another, newly born rodent.  If a chunk of visual cortex is plugged into the 
sensorimotor area that receives inputs from the vibrissae (whiskers:  the main sensory organs for 
a rodent), the formerly visual structures attract somatosensory inputs and develop a distinctive 
“barrel” columnar organization, and they produce long axons that run down the spine, like 
normal motor neurons do.  (The somatosensory and motor neurons of rodents are not segregated 
like those of primates.)  On the other hand, if sensorimotor tissue is transplanted to visual areas it 
attracts inputs from the eyes; it will grow long axons as well, but then they retract. 

Other rodent experiments involved rewiring.  When a young rodent’s links between the eyes and 
the primary visual cortex are severed, new axon branches grow from the eyes to the auditory 
cortex instead.  Furthermore, even if the links from eye to visual cortex are left alone, severing 
the links from ear to auditory cortex causes a similar rewiring:  visual-path axons sprout 
branches to the auditory cortex, and the cortex becomes organized like visual cortex with a two-
dimensional map of space coding orientation of edges and direction of movement, rather than a 
one-dimensional map coding sound frequency.  And the animal can see with this auditory cortex; 
if the visual cortex is subsequently removed, the animal can still make visual discriminations and 
learn from visual inputs. 

Although it is now clear that the brain is highly plastic and that it depends upon experience of the 
environment for much of its higher level organization, we are still far from understanding how 
far this plasticity goes. 
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