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Brain circulation: Evolution and development with 
related clinical implication, 

with particular attention to hippocampus evolution
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ABSTRACT
Reviewing the brain circulatory system evolution and development is crucial as it helps understand brain circulation 
diseases including stroke. Literature review shows limited research on this topic. We tried to collect all available 
sources and present a summarized, compact evolutionary data to help further investigation and research on this 
important subject.
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Abbreviations
central nervous system (CNS), neurovascular unit (NVU), ICA: internal carotid artery, ACA: anterior cerebral artery, MCA: middle 
cerebral artery, PCOM: posterior communicating artery, ACOM: anterior communicating artery, PCA: posterior cerebral artery, 
PCOM: posterior communicating artery, PICA: posterior inferior cerebellar artery, VA: vertebral artery, AICA: anterior inferior 
cerebellar artery, RAH: recurrent artery of Heubner, AChA: anterior choroidal artery, PTA: persistent trigeminal artery, SCA: supe-
rior cerebellar artery, ITDPCS; infarct in the territory of the deep perforators from the carotid system, PI: pulsatility index, WMH: 
white-matter hyperintensity, NF: nasal fossa, PAA: pro-atlantal artery.

INTRODUCTION

From a gross anatomical level, the pathways of 
blood vessels and nerves appear in a good harmony. 
From a cellular level, proliferating vessels and neu-
rons get benefi t from similar specialized structures 
that operate target tissue pathway through sensing 
their local environment (1). The vascular and nerv-
ous systems have developed a complex relationship 
within the central nervous system (CNS) itself. This 
connection is found at the surface between the vas-
cular and nervous systems that is generally recog-
nized as the neurovascular unit (NVU). The NVU 
is composed of endothelial cells, neuroglial cells, 
pericytes, and neurons which are fi rmly coupled to 
control cerebrovascular function (2). Most scien-
tists believe that the modern nervous system evolved 
prior to the circulatoryr system. It is believed that 

the evolution of brain circulation provides evidence 
to progressive recruitment of already existing vas-
cular networks to supply newly developed cortical 
territories, rather than development of arterial net-
works by itself.

After closure of the neural tube (around week 4), 
it is encircled by a dense connective tissue, the 
primitive meninx (weeks 5-8). This primitive me-
ninx which is a primitive network of mesenchymal 
cells, contains primitive vascular loops that are de-
veloped by vasculogenesis from the primitive dor-
sal aorta and cardinal veins, and through them, they 
are connected with the primordial vascular organ 
that is initially developed over the yolk sac. The 
meninx follows the cortical folds that appear during 
development of the brain. It fi lls the interhemi-
spheric fi ssure which forms between the two lateral 
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telencephalic bulges and eventually will become 
the falx cerebri. At this early stage (when the em-
bryo < 4 mm length), there is no differentiation into 
arteries and veins. The irregular network of en-
dothelial vascular channels constitutes a early de-
veloped of germinal bed of endothelium rather than 
a true circulatory system. The primitive meninx dif-
ferentiates into three separate layers, which will ul-
timately become the dura mater, the arachnoid, and 
the pia mater (3). Eventually, the angioblastic cells 
from the meninx become applied to the superfi cial 
surface of the developing brain, then penetrate the 
surface and extend perpendicularly to the pial sur-
face between the glial elements. This so-called en-
dothelial “buds” , forms an extensive capillary-like 
network of endothelial cells (4).

As the cephalic portion of the neural tube grows 
and expands to form the three primary brain vesi-
cles (rhombencephalic, mesencephalic, and prosen-
cephalic vesicles), the primitive meninx evolves 
further to better supply the neural tissue through 
invagination into the roofs of the prosencephalic 
and rhombencephalic vesicles. This process forms 
the primordia of the choroid plexuses (approxi-
mately between weeks 5-7). At this stage, diffusion 
of nutrients to the neural tissue is both peripheral 
from the primitive meninx and through ventricular 
from the developing choroid plexuses (5). From the 
point of morphogenesis of the cerebral vasculature, 
this complex differentiation is crucial: it leads to 
the early differentiation of specifi c choroid feeders 
within the meningeal vascular meshwork from 
which all brain arteries eventually evolve (6).

One of the earliest researches in understanding 
cerebral vascular development comes from Streeter 
studies (7). He described fi ve periods in the devel-
opment of the cerebral vasculature. The fi rst period 
is the appearance of primordial endothelium-lined 
channels that create a primitive plexus within the 
head. There is no circulation in the vessels at this 
early stage. This stage matches the third week of 
fetal development in human fetus. The second peri-
od is when the primitive plexus begins to organize 
into arteries, veins and capillaries. Connection of 
this system with the primitive aortic vessels initi-
ates the circulation in the head which coincides 
with the late fourth week of fetal development. 
During the third period, there is a division of the 
vasculature of the head into three separate systems 

involving the external structures, the dura, and the 
cerebrum which matches the weeks 6th and 7th of 
fetal age. During the fourth period, the vasculature 
develops and matures in response to the growth of 
the brain. This period matches with the 9th week of 
the fetal age. Fifth period includes histologic chang-
es in the wall of the vessel that result in the appear-
ance of mature arteries, capillaries, and veins. This 
period extends beyond birth (8).

Evolution of the circulatory system of the central 
nervous system in different species

In fi shes, there is primitive cerebellum, also 
called a small olfactory lobe, and a primitive cor-
tex, composed of three layers. The higher center of 
movement is controlled by what will eventually be-
come the basal ganglia in higher developed species. 
The spinal cord will basically remain unchanged. 
The spinal cord is supplied by the segmental radic-
ulomedullary arteries at the thoracic segment and 
by segmental arteries arising from the vertebral ar-
teries (VA) at the cervical segment. The VAs are the 
result of longitudinal anastomosis between seg-
mental arteries. The arrangement in the brain is 
similar. It presents by two ascending large longitu-
dinal vessels in the neck that will enter the cranial 
cavity through the same way of segmental radicu-
lomedullary vessels in the spinal cord. Following 
entering the cranial cavity, the large longitudinal 
vessel (carotid) gives rise to internal carotid artery 
(ICA) which gives rise to paired longitudinal arter-
ies which run the length of the brain. The artery 
branch that projects forward is called the “cranial 
ramus” and the artery branch that projects caudally 
is the “caudal ramus”. The “cranial ramus” is the 
predecessor of the anterior cerebral artery (ACA) 
and middle cerebral artery (MCA). The caudal ra-
mus would become the predecessor of the posterior 
communicating artery (PCOM) and parts of the 
basilar artery. The basilar artery has already started 
fusing at midline at this level of development (9).

At this level, no signifi cant functional anastomo-
sis exists between the “caudal ramus” and vertebral 
artery system of the spinal cord. Brain, cerebellum 
and prosencephalon are supplied by ICA. Then, 
through the evolutionary process, the “cranial ra-
mus” makes two branches, the “medial olfactory 
artery” which gives rise to the ACA and the “lateral 
olfactory artery”. The “caudal ramus” also gives 
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rise to tectal artery which feeds the posterior supe-
rior of the brainstem. In addition, many small per-
forators come off all these vessels. Small segmental 
anastomosis between the carotid and vertebral ar-
tery gradually starts (9).

In amphibians, a primitive hippocampus and a 
primitive basal ganglia start to form. The cerebel-
lum also enlarges in size compared to fi shes. The 
lateral olfactory artery divides to two main branch-
es, the lateral striate artery and the posterior telen-
cephalic artery. On the caudal ramus, the tectal-cer-
ebellar complex starts to come to exist and will 
eventually supply a developing choroid plexus 
through a posterior choroidal artery branch. In am-
phibians, no effective anastomosis between carotid 
and vertebral system exists (9).

In reptiles, from the lateral striate artery of the 
rostral division, multiple perforator vessels arise 
that will eventually supply the developing hemi-
spheres. These perforator vessels will eventually 
become the MCA. A fused midline olfactory artery 
in some reptiles is observed. The posterior telence-
phalic artery is enlarged and supplies the posterior 
portions of the cerebral hemispheres. The posterior 
cerebral artery (PCA) does not exist in reptiles and 
its predecessor (the tectal artery) supplies a smaller 
territory in the brain circulation. An enlarging cere-
bellum and its caudal vermian portion are supplied 
by the homolog of the posterior inferior cerebellar 
artery (PICA) as part of the distal basilar system 
(9).

In birds, developmentally a distinct MCA, as a 
prominent perforator emerges from lateral striate 
vessels, driven by rapidly enlarging cerebral corti-
cal size. The perforator vessels arise from all sec-
tions of the circle of Willis and MCA. The ACA 
segment dominant perforator which is the analo-
gous to recurrent artery of Heubner (RAH) is pres-
ent. In birds, PCA continues as the dominant source 
to supply parieto-occipital area. The newly formed 
tectal artery extpands its coverage and forms an 
anastomosis with the anterior choroidal system. 
PICA continues to be supplied by the anterior cir-
culation via cranio-petal fl ow into the basilar artery. 
The vertebral system is confi ned to the spinal cord 
or in some cases with the lower medulla-vermian 
region (9).

In mammals, with the development of the caudal 
ramus with its enlarging cerebellum and posterior 

telencephalon, there is an increasing demand on the 
carotid system. In mammals as advanced as the 
sheep, the vertebral system does not contribute to 
the brain circulation. However, in higher mammals 
the carotid system progressively reaches to its high-
er functional limit and brainstem and cerebellar ter-
ritory will be supplied by the vertebro-basilar sys-
tem. At fi rst, this starts to the PICA region. Then 
evolutionary in higher mammals, the VA adds por-
tions of basilar territory that will result in reversal 
of cranio-petal basilar fl ow to the cranio-fugal form 
which is observed particularly in monkeys and apes 
(9).

Evolution, embryology and anatomical level in 
human brain circulation

At early embryonic developmental stage, the 
vessels are grouped in plexi. These vessels are ini-
tially paired and encircle the CNS. Starting from 
the basic level, the neural tube can be considered 
and imagined as a cylindrical mass. For a short pe-
riod of time after closure of the neural tube, nutri-
tional support can adequately be provided by sim-
ple diffusion. When limits of diffusion are exceeded 
and demand increased, dedicated vascular supply to 
the neural tube and adjacent tissues is going to be 
established via segmental (metameric) vessels aris-
ing from the dorsal aorta. Each segmental vessel 
supports its endodermal, ectodermal, and mesoder-
mal tissue. Following these evolutional steps, lon-
gitudinal anastomoses are established between seg-
mental vessels, thereby giving rise to new vessels 
extending from cranial to caudal along the length of 
the cord.

As these longitudinal vessels develop, hemody-
namically a need for having a segmental radicu-
lomedullary vessel at each level is decreased. 
Therefore, later on, most segmental vessels would 
supply only a region of a segmental nerve root. In 
the next step in the process of circulation evolution, 
the cord is then supplied by the “anterior spinal” 
artery ventrally. Then, a loose network of arteries 
with two dominant channels would shape the “pos-
terior spinal” arteries. As the cord continues to 
grow, perforator or sulco-comissural branches 
would come into existence.

If primitively and basically consider that a de-
veloping brain is a progressively enlarging segment 
of the cord, it requires a larger surface and deep 
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perforator vessels to essentially understand the evo-
lution and vascular variation in the brain circula-
tion. It is believed that the arrangement in the brain 
is similar to cord circulation evolution. The fi rst six 
pairs of aortic arches and their intersegmental arter-
ies compose the vascular formation which eventu-
ally will develop into adult cerebral circulation. The 
fi rst pair of aortic arches gives rise to the primary 
head plexus. From this plexus, the external and in-
ternal carotid arteries will arise. The ventral roots 
between the third and fourth arches form the com-
mon carotid artery and the dorsal roots regress. Two 
large longitudinal vessels, here they are the carot-
ids, ascend the neck and enter the cranial cavity. 
This ascending and devotement is in a way similar 
to that of segmental radiculomedullary vessels in 
the cord. Inside the cranium, the internal carotid ar-
tery (ICA) would give rise to paired longitudinal 
arteries which run the total length of the brain (10). 
During evolution, the ICA projects to its fi nal place-
ment with the fi rst cervical position starting above 
the carotid bulb and collateral branches that origi-
nates between the segments. The terminal segments 
of the ICAs divide in plexiform channels toward 
the Ratke’s pouch to communicate with the oppo-
site side and in the primitive trigeminal artery, ex-
tending dorsally to communicate with the bilateral 
longitudinal neural arteries on the hindbrain wall 
(11). Eventually, most of these vascular communi-
cations regress, with the fused portion of the longi-
tudinal neural arteries forming the midline basilar 
artery, and the posterior communicating artery re-
placing the tentorial artery as the source of collater-
al supply between the anterior and posterior circu-
lation.

Each ICA grows rostrally and at the level of the 
optic vesicle, divides into cranial and caudal branch-
es. The cranial branch will give rise to anterior cho-
roidal artery (AChA), MCA and primitive olfactory 
artery and also the anterior cerebral artery (ACA) at 
its end. The caudal branch gives rise the dience-
phalic, mesencephalic and posterior choroidal 
branches (12). The ICA fi rst gives rise to primitive 
olfactory artery (POA), which eventually termi-
nates in the nasal fossa (NF). The secondary branch 
of the POA is the medial olfactory artery (MOA), 
which constitutes future ACA and the lateral olfac-
tory artery.

The segmental anastomosis which already exists 
between the carotid and vertebral systems would 

start to regress as the vertebrobasilar system devel-
ops. Next, in the evolutionary process of CNS cir-
culation, the lateral striate (the precursor of Heub-
ner) branch of the rostral division gives rise to 
multiple “perforator” vessels that will supply the 
developing hemisphere. These “perforator” ves-
sels will eventually become the MCA. In fact, the 
MCA is phylogenetically a relatively late acquisi-
tion hypertrophied perforator branch of the ACA. 
In evolutionary process, the MCA gives origin to 
two main groups of perforators: the medial and lat-
eral lenticulostriate arteries. The ACA also gives 
rise to the anterior lenticulostriate and the recurrent 
artery of Heubner (RAH) (13).

The lenticulostriate arteries are terminal vessels 
that have no anastomosis and will supply future ba-
sal ganglia in the brain circulatory system. In the 
early embryonic stages, the germinal matrix forms 
the entire wall of the cerebral vesicles. This layer is 
fed by a dense rete of thin- walled vessels that is 
connected to the surface of the vesicles by large 
connections. Due to migration and development of 
cerebral cortex and white matter, the germinal layer 
and its vascular rete will become more deeply lo-
cated in the cerebral hemispheres. The rete remains 
connected to the surface by ventriculopetal parallel 
running channels. From the third fetal month, the 
germinal layer and its rete would start to regress. 
This occurs fi rst around the third and fourth ventri-
cles and later around the posterior parts of the later-
al ventricles. Only from the fourth fetal month the 
deep perforating vessels would start to differentiate 
in arteries with specifi c cortical vessels. Further re-
gressing of capillary rete until birth leaves the ven-
triculopetal (medullary) branches in the white mat-
ter around the frontal horn and the body of lateral 
ventricle that would end with some distance from 
the ventricular wall, opposite to the ventriculofugal 
branches developed from deep perforating branch-
es of the basal ganglia (lateral striatal branches) 
(11).

Further during evolution, both olfactory arteries 
fuse in the midline and make the new anterior com-
municating artery (ACOM). Physiologically, the 
circle of Willis, unites the ICA and vertebrobasilar 
systems and is formed by anastomosis among the 
ICA, pre-communicating part (A1) of ACA, 
ACOM, pre-communicating part (P1) of posterior 
cerebral artery (PCA) and posterior communicating 
artery (PCOM) (14).
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Reviewing variations in the circle of Willis re-
vealed that most of the branches are derived from 
the ICA, gradually from the third arch artery (15). 
At the 5 to 7-mm fetal stage, the caudal branch of 
the ICA makes anastomosis with the ipsilateral lon-
gitudinal neural artery. With blood fl ow via this 
anastomosis as well as via the pro-atlantal interseg-
mental artery (= a branch arising from dorsal aor-
ta), the primitive arteries of otic, hypoglossal and 
trigeminal arteries which already given rise from 
the ICA will start to regress (12).

The perforator vessels arise from all portions of 
the circle of Willis, and mainly from the MCA. The 
phylogenetically novel contribution of vertebral 
system in brain circulation is optimized in the hu-
man, where the PCA, is functionally acquired from 
the posterior circulation, even though it develop-
mentally belongs to the carotid arteries (9). The 
connection and joining of the caudal branch of the 
ICA and the longitudinal neuronal artery makes the 
PCA (12).

On the other hand, the posterior inferior cerebel-
lar artery (PICA) directly derives from basilar ar-
tery. Superior cerebellar duplications are common, 
but transfer of overall territory to another cerebellar 
branch is uncommon. As a matter of fact, the devel-
opment of the cerebellar arteries occurs later in 
brain circulatory development, which totally match-
es the delayed development of the cerebellum com-
pared to the cerebrum (16). Then PCOMs start to 
form and continues to supply the PCA through ca-
rotid arteries. As mentioned earlier, the MCA arises 
as a dominant vessel from joining few lateral striate 
perforators of the ACA. If a MCA duplication oc-
curs (in 0.2% to 2.9% of cases) which originates 
from another dominant striate perforator, an acces-
sory MCA would come to existence. Manelfe clas-
sifi es the accessory MCA into three types: type 1 is 
an uncommon vessel that arises from the ICA at a 
point proximal to its bifurcation, type 2 is another 
variation that originates from the proximal portion 
of the ACA, and type 3 is the vessel that originates 
from the distal portion of the A1 segment of the 
ACA proximal to the ACOM (17). The end arteries 
that later originate perpendicularly from the major 
vessels including the MCA, lack collaterals from 
nearby arteries which make them more susceptible 
to arterial hypertension. These arteries will supply 
the vascular centrencephalon which includes phy-

logenetically the older sections of the brain (18). 
Continuing branching of a separate striate perfora-
tor gives rise to RAH (medial striate artery) which 
is in fact a medial ACA perforator (9). AChA origi-
nates from the ICA or occasionally from the MCA 
and has a rich vascular territory, making two 
branches, anterior part supplying different anatom-
ical structures including anterior part of optic tract 
and internal part of globus pallidus and the posteri-
or part supplying structures like the uncus and piri-
form cortex (19). AChA supplies a signifi cant por-
tion of cortical territory that is also incorporated by 
the PCA. This supply continues nearly toward late 
stage in the evolutionary process. By 7- to 12-mm 
fetal stage, the longitudinal neural arteries would 
join to form the basilar artery. The intersegmental 
arteries that arise from the posterior aorta to supply 
the cervical somites would connect at their dorsal 
ends in a rostro-caudal fashion.

Following this evolutionary process, all commu-
nications to each dorsal aorta regress except that 
from the sixth intersegmental artery. This dorsal 
channel becomes the vertebral artery and the sixth 
intersegmental artery contributes to the subclavian 
artery (12). From the basilar artery the superior and 
anterior inferior arteries start to appear and from the 
vertebral arteries, the posterior inferior cerebellar 
arteries form. Occasionally, following completion 
of development, the level of inter communication is 
incomplete and large portions of the cortex would 
remain under AChA control and as a result the PCA 
contribution is reduced. This is sometimes called as 
duplicated PCA. Persistent trigeminal artery (PTA) 
is the most common embryonic carotid-verte-
brobasilar anastomosis at the mid-basilar level that 
constitutes persistence of segmental ICA-basilar 
connection along the trigeminal nerve. Distal to the 
origin of PTA, the hypoglossal artery enters the cra-
nium through the hypoglossal canal and makes the 
anastomosis between the distal vertebral and the 
proximal ICAs. The direct perforators from the ICA 
supply an area at the junction of the anterior part 
and the genu of the internal capsule and the anterior 
poles of the putamen and pallidum (20).

Pro-atlantal artery is an embryonic carotid-ver-
tebral anastomosis. Two types of pro- atlantal arter-
ies are well recognized, both of them arise from the 
carotid artery and then enter the cranium through 
foramen magnum. The type 1 pro-atlantal artery 
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(also called pro-atlantal intersegmental artery) aris-
es from the caudal ICA. It ascends to the level of 
the occipito-atlantal space without passing through 
the transverse foramen of any cervical vertebra. 
This artery takes a dorsal course cephalad to the 
transverse process of C1 and then travels rostrally 
to enter the foramen magnum. The type 2 pro-atlan-
tal artery (also called C1 intersegmental artery) 
arises laterally from the external carotid artery and 
remains more exterior than the type 1 artery. It joins 
the course of the horizontal portion of the VA be-
fore entering the foramen magnum (21).

Important to mention that the pro-atlantal artery 
enters the skull through the foramen magnum and 
the hypoglossal artery enters through the hypoglos-
sal canal (22).

Following development of the anterior circula-
tion, the basilar artery is shaped through joining of 
multiple vessels belonging to the longitudinal neu-
ral system,. This process constitutes of several stag-
es that could make multiple basilar artery varia-
tions, which can be considered from the standpoint 
of “extent of fusion” and “completeness of fusion” 
(i.e. fenestrations). Variations of basilar artery could 
include: 1) “Short basilar artery” that is equivalent 
to relative lack of fusion of the caudal segment, 2) 
remains unjointed at the top that is equivalent to 
“unzipping” at the basilar tip, 3) fenestrated which 
constitutes a broken fusing in the middle (9). An 
example of variation in basilar artery is when the 
top of the basilar artery is separated in two, so that 
one or both superior cerebellar arteries (SCA) orig-
inate from the P1 segment. Fenestration of basilar 
artery is common but has no clinical signifi cance, 
except in a situation when it is too short and mimics 
a dissection.

Duplications and variations

Some duplications or variations in the brain cir-
cularly system described earlier. In general, dupli-
cation in arteries during brain circulation develop-
ment is occasionally seen and the most commonly 
duplicated vessel is the SCA.

In reviewing the anterior circulation variations, 
the majority of anatomic variations have been re-
ported in the ACOM section, showing multiple an-
atomic complexity and diversity. The ACOM, A1 
and A2 segments of ACAs and the RAH combined 
with their perforators and other branches are often 

referred as the ACOM complex. Variations can be 
described in terms of two factors; fusion and pat-
tern of branch takeoff. The spectrum of variations 
could extend from non-fusion (i.e., there would be 
no ACOM, multiple types of short segment fusions 
(duplicated ACOMs) or elongated segments merg-
ing (unpaired or azygous arrangements) (23). The 
unpaired type is the one where a long segment of 
merging divides into two branches, each of which 
gives rise to individual cortical branches to its spe-
cifi c hemisphere. The Azygous type (Azygos ACA) 
is a rare variant where the ACA is merged through 
its entire length and the individual branches to each 
hemisphere arises from a common trunk. In other 
words, the Azygos ACA involves a common trunk 
in the A2 segment above the ACOM. Its prevalence 
is between 0.3-2% (24).

Regarding branch takeoff variations, any takeoff 
variation could be possible. One of them that is 
clinically signifi cant is the arrangement at the 
ACOM region. The fronto-polar branch may arise 
from the ACOM region. In addition, the separation 
of calossomarginal-pericalossal artery may occur 
anywhere along the length of ACA, starting from 
ACOM to the genu of the corpus callosum. If this 
separation occurs at the ACOM region, a three-
branched appearance could result with pericalossal 
and calossomarginal arteries arising from one side, 
and A2 branch from the other side (9).

Between rare variations, the thalamotuberal ar-
tery may arise from the MCA but more commonly 
it originates from the PCOM (13).

Hippocampus

The hippocampus and fornix have long been 
considered part of the anatomic rhinencephalon. 
Experiments have demonstrated that these struc-
tures are without olfactory function (1). In different 
species that have been studied, including fi sh, am-
phibians, reptiles and mammals, relational rep-
resentations are moderated by structures in the 
brain that phylogenetically derive from the inner 
medial part of the telencephalic anlage (2). In mam-
malians, this section is named the hippocampal for-
mation. It is suggested that there is a correlation 
between the volume of the hippocampal formation 
and level of spatial performance in different spe-
cies. The mammalian hippocampal formation rep-
resents one of the phylogenetically oldest cortical 
areas (3).
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The hippocampus (medial pallium) is a part of 
the cerebral cortex that evolutionally originates 
from the medial edge of telencephalic pallium. The 
medial pallium that is present in all vertebrates is 
phylogenetically characterized by features like 
connections to other brain regions. Also contains 
areas that are more specialized and varies in verte-
brate groups like difference in cyto-architectural 
organization (4).

Nonmammalian vertebrates do not contain a 
similar dentate gyrus structure as mammals have 
and, hippocampal neurogenesis in them appears to 
be similar to the neurogenesis elsewhere in the 
brain (5).

In reptiles, the medial pallium (limbic) is a 
three-layered cortex, that contains medial (MC) 
and dorsomedial (DMC) subdivisions. The reptili-
an MC and DMC are homologous to the dentate 
gyrus and Ammon’s horn of the mammalian HF, 
respectively. In addition, the adjacent medial por-
tion of dorsal cortex (DC) is phylogenetically simi-
lar to the transitional entorhinal cortex of the mam-
malian hippocampus. Pyramidal-like neurons that 
are present in the reptilian medial pallium appear to 
be an apomorphic feature of amniotes. The MC of 
reptiles receives afferent projections from several 
telencephalic cortical regions. The DMC is mainly 
connected with the MC. In addition to reciprocal 
connections with MC, there is a signifi cant com-
missural connection between the DMCs of the two 
hemispheres. Both MC and DMC are reciprocally 
connected with the septum and would receive as-
cending connections from the anterior dorsomedial 
nucleus of the dorsal thalamus, the mammillary 
body, periventricular areas of the hypothalamus, 
the raphe nuclei, the locus ceruleus and also the re-
ticular formation (4).

Earlier it was believed that the medial pallium 
and dorsomedial pallium that together is called as 
hippocampal formation (HF) was the homologue of 
the mammalian hippocampus. Both areas develop 
from the same region of the enlarging prosenceph-
alon and both show a similar developmental gene 
expression pattern. In birds, the cortex of the medi-
al surface of the pallium joins with more ventrally 
located pallial structures. As a result, the typical 
layered structure of the cortex would no longer be 
seen (3). The avian HF has a layered pattern mostly 
seen close to the “V” shaped cell layers in medial 

HF. Bitufted spinous neurons, which resemble 
mammalian hippocampus pyramidal cells, popu-
late the “V” layer. Also, multipolar spinous neurons 
populate more dorsomedial regions. Shared ex-
tra-HF/hippocampal connectivity includes similar-
ly organized connections with the septum, lateral 
hypothalamus, amygdala (phylogenically the archi-
pallium in birds), brainstem monaminergic nuclei 
and telencephalic sensory processing regions. The 
avian HF and mammalian hippocampus also share 
a generally similar neurochemical profi le. At the 
electrophysiological level, both the mammalian 
hippocampus and avian HF display NMDA de-
pendent and NMDA-independent changes in syn-
aptic effi cacy referred to as long-term potentiation. 
The evolution of hippocampal/HF organization 
may be characterized by inertia with respect to the 
combination of spatial dimensions that can deter-
mine variation in a neuron’s action potential fi ring 
rate, but with distinguished plasticity in the way 
neurons with different spatial response properties 
are assembled into functional organizations (4).

Mammalian adult hippocampal formation and 
neurogenesis is characterized by evolutionary forc-
es that are involved in the benefi t of natural selec-
tion that are connected with the mammalian dentate 
gyrus. The mammalian hippocampus is generally 
described as a three layered structure containing 
three major subdivisions: the dentate gyrus, the 
Ammon’s horn (CA1, CA2 and CA3) and the su-
biculum. In mammals, adult hippocampal neuro-
genesis starts from an ectopic precursor cell popu-
lation that locates in a well-defi ned stem-cell center 
derived from the ventricular wall (6).

Comparative neuroanatomical and embryologi-
cal studies have shown that in mammals the hip-
pocampal formation most likely is homologous to 
parts of the medial cortex in reptiles. It is believed 
that the hippocampal formation derives from a dor-
somedially located anlage in the newly developed 
brain which presents an overall likeliness with the 
dorsomedial cortex in reptiles (7). The hippocam-
pus of rodents locates inside the telencephalon’s 
caudal pole, whereas the primate hippocampus re-
sides deep within the medial temporal lobe. How-
ever, the mammalian hippocampus always devel-
ops in the telencephalon’s dorsomedial sector and 
remains at that location in the most primitive mam-
malian lineages including monotremes and marsu-
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pials (8). Therefore, one can predict that the hip-
pocampal homolog in non-mammals should 
likewise occupy a dorsomedial position, at least 
during the early stages of development.

Blood supply to hippocampus and its evolution

Hippocampal arteries can be subdivided to su-
perfi cial (leptomeningeal) and intra- hippocampal 
(deep) vessels.

Superfi cial hippocampal arteries

The hippocampal arteries mainly arise from the 
posterior cerebral artery (PCA) and to some extent 
from the anterior choroidal artery. The arterial sup-
ply of hippocampus that usually arise from the PCA 
include: anterior hippocampal artery that mostly 
gives rise from the PCA and less commonly from 
the anterior choroidal artery. Larger middle hip-
pocampal artery most commonly gives rise from 
the PCA and posterior hippocampal artery mostly 
arises from the splenial artery or less likely from 
the PCA.

Phylogeny and evolution of posterior cerebral 
artery

The PCA is an advanced vessel, primarily made 
in the lower species prior to development of the 
MCA. The areas that it supplies include occipital 
and mesial temporal lobes (next to the tectum) 
which are phylogenetically more established than 
the bulk of frontoparieral areas which lately sup-
plies by the MCA. The PCA originally belongs to 
the anterior, carotid circulation that arises as the ca-
rotid ends into the cranial and caudal rami. Transfer 
of the PCA territory to the vertebrobasular circula-
tion is a procedure that appears to be necessary to 
make the phylognenetic start-point by the relatively 
large volume of brain that is supplied by the carotid 
system in higher species including the human. In 
many mammals the vertebrobasilar system does 
not primarily involve in the PCA supply and con-
fi nes to the brainstem and cerebellum. This is the 
simple phylogenetic explanation for the most com-
mon circle of Willis variant (the “fetal” PCA) called 
as such when early “fetal” arrangement of PCA or-
igin from the ICA continues to exist in the adult 
form, which is between 20-25% of the time. The 
variability in number is due to disputes over the se-

mantics of what actually constitutes a “fetal” PCA.  
The defi nition is varied but it is crucial to realize 
that there is not such an example like an “absent” 
PCOM or P1. There is defi nitely an angiographic, 
MRA or CTA absence of these vessels, that means 
these equipment are not very sensitive to visualize 
it (9). The PCA can be categorized during its pre- 
mesencephalic path into two segments; P1 segment 
that is located in inter crural cistern and P2 segment 
that is located in the crural, along the uncus and 
ambient cisterns (10).

Early development of the PCA is presented by 
its supply of the lateral and third ventricular choroi-
dal territory coupled with the anterior choroidal ar-
tery. As a matter of fact, from a phylogenetic point 
of view, it is the anterior choroidal artery (AChA) 
that supplies as the artery to the occipital and tem-
poral lobar areas, not the PCA. In the human, the 
anterior choroidal parenchymal artery supply is re-
stricted to its segment proximal to its plexal point, 
with hemispheric territory transferred to the PCA. 
However, on occasion the AChA keeps some of its 
formerly extensive cortical possessions, and there-
fore might be mistaken for a fetal PCA. In the great 
majority of cases, however, the PCA is responsible 
for the supply of the mesial occipital, inferomesial 
parietal, and inferior temporal lobes, as well as the 
choroid plexus of the lateral and third ventricles 
(together with the AChA). Importantly, it also pro-
vides supply of the cerebral peduncles and the col-
licular plate which is phylogenetically considered 
the older territories (9).

The middle and posterior hippocampal arteries 
which mostly arise directly from the PCA, have a 
straight path on the surface and when they approach 
the hippocampus, they move parallel to the superf-
cial hippocampal sulcus and the margo denticula-
tus. Along their longitudinal terminal segment, the 
hippocampal terminal arteries phylogenically arise 
and end into large and small subdivisions. The large 
subdivisions directly penetrate the hippocampus in 
the deep sulci between the dentes of the margo den-
ticulatus at a right angle which are only seen in pri-
mates. The small subdivisions penetrate the whole 
surface of the margo denticulatus. Some small par-
allel arteries (straight arteries) have a rectilinear 
path on the margo denticulatus and then penetrate 
the hippocampus (10).
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Phylogeny and evolution of anterior choroidal 
artery

The AChA supplies a signifi cant portion of cor-
tical territory until late in evolution that in the hu-
man is joined by the PCA. This connection is deter-
mined by the proximity of the two vessels in the 
subarachnoid space around the midbrain (11). The 
AChA system is composed of two parts, one be-
longs to the cranial division of the ICA and supplies 
the paleostriatum and piriform cortex, the other be-
longs to the caudal division and supplies the rest of 
the anterior choroidal territories. This is the caudal 
part that supplies the hippocampus. The AChA is a 
peculiar artery, considering its territory that sup-
plies and its small size. Its origin is variable; it can 
be a branch either of the cranial division of the ICA 
(because of its phylogenie past) or of its caudal one 
(PCoA) (through its cortical link with the dienceph-
alo-mesencephalic origins). In most cases it will 
give rise from the ICA anterior division (10).

Intra-hippocampal (deep) arteries

The intra-hippocampal arteries are distinguished 
by their twisted path following of the cornue Am-
monis and the gyrus dentatus. They are branched 
into large ventral, large dorsal, small ventral and 
small dorsal intra-hippocampal arteries. The large 
ventral intrahippocampal arteries get into the hip-
pocampus between the dentes of the margo dentic-
ulatus. The large ventral arteries supply CA1 and, 
by their terminal branches, CA2. Arterial branches 
arising from the large ventral arteries often have an 
oblique and extended course through CA1. In con-
trast, the large dorsal intrahippocampal arteries are 
shorter, twisted shape. They pass between the 
dentes of the gyrus dentatus and then situated inside 
CA4 along the gyrus dentatus. Their terminal seg-
ment reaches CA3, and occasionally CA2, through 
a sharp curve. Along their route, the large dorsal 
arteries also supply CA4 and the distal portion of 
the gyrus dentatus. The branches to the gyrus den-
tatus have a long, straight course (10).

Variations and collateral anastomosis

Anastomoses between anterior hippocampal ar-
tery (AHA), middle hippocampal artery (MHA), 
and posterior hippocampal artery (PHA) can be 
identifi ed in a signifi cant number of cases (12). The 

intrahippocampal arteries present with variations. 
For example, an artery originating from the large 
ventral or dorsal group may supply a territory ex-
tending to almost the whole hippocampus. Mostly 
CA1 is supplied by the large ventral arteries, where-
as CA2-CA4 and the gyrus dentatus have several 
incoming arteries coming from different arterial 
groups. This specifi c arterial supply of CA1 and the 
long route of its arterial subdivisions have been in 
favor of a vascular theory describing the selective 
vulnerability of CA1 to anoxia. Against this theory 
it could be emphasized that the gyrus dentatus, like 
CA1, is supplied by fi ne, long arteries, whereas it is 
mostly believed as a subdivision which is resistant 
to anoxia (10).

White matter, phylogeny and circulation

The brain enlargement in humans has been fol-
lowed by disproportionate enhancing in specifi c 
regions. Some alterations of internal organization 
may be anticipated because of functional, develop-
mental, or constructional restrictions that need re-
design with changes in total brain size. For exam-
ple, in humans compared to other primates there is 
extra white matter underneath the neocortex. The 
proportion of neocortical white matter volume in 
humans, matches with allometric measuring expec-
tations based on the demands for interconnections 
of gray matter. Additionally, the human neocortex 
(gray and white matter combined) holds a large 
fraction of total brain size than it does in great apes. 
While most of this additional neocortical growth 
could be described by evolutionarily conserved 
schedules of neurogenesis, it is important that the 
size of the human neocortex actually surpasses 
what would be anticipated for an anthropoid pri-
mate of the same brain size (4).

In addition to the maturational changes of major 
cerebral arteries, the microcirculation of the brain 
undergoes an important developmental evolution. 
The evolution affects the vulnerability of the fetus 
and preterm infants to lesions seen rarely after 36 
weeks of gestation, such as extensive white matter 
infarcts, periventricular leukomalacia, and germi-
nal matrix hemorrhages. The penetrating vessels 
supplying the white matter of the cerebral mantle 
are mostly end-arterioles with few anastomoses and 
little collateral circulation in the fetus and prema-
ture (13).
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Duvernoy describes six types of perforating ar-
teries in mature intracerebral vascularization (ex-
cluding the arteries of the basal ganglia), depending 
on their degree of penetration into the brain: Type 1 
is the most superfi cial and supplies only the outer, 
molecular layer. Type 2 reaches the pyramidal lay-
er. Type 3 is the most abundant and supplies the 
medial granular layer and the closest portions of the 
adjacent layers. Type 4 reaches the deepest layers 
of the cortex. Type 5 reaches the subcortical white 
matter and the adjacent deep cortex and type 6 (the 
medullary arteries of Duret) do not supply the cor-
tex but only the white matter lining the ventricular 
wall (9). Leptomeningeal arteries comprise the ter-
minal branches of the cerebral and cerebellar arter-
ies, which penetrate the cortex and subjacent white 
matter. Infarcts involving the leptomeningeal artery 
system are often described as territorial infarcts 
(11).

Clinically, understanding the evolution and de-
velopment of white matter circulation is important 
as both the germinal matrix and periventricular 
white matter are border zone regions and the risk 
for ischemic injuries is signifi cantly increased dur-
ing periods of systemic hypotension, particularly in 
a pressure-passive cerebral circulation in these are-
as (14).

Clinical implications

Reviewing the brain circulation evolution and 
development is fundamentally important to under-
stand the brain circulation diseases including stroke. 
For instance, small infarcts (lacunae) have often 
been reported in the basal ganglia or the subcortical 
white matter supplied by the deep perforators of the 
ICA (25). The collateral circulation plays a crucial 
role in the pathophysiology of cerebral ischemia. 
Intracranial collateral circulation represents a vas-
cular network which is dynamically recruited after 
occlusion of cerebral arteries to provide a source of 
residual blood fl ow (26). Past researches have 
shown that the infarct in the territory of the deep 

perforators from the carotid system (ITDPCS) are 
most commonly involved the territory of the lentic-
ulostriate arteries followed by the AChA and water-
shed zones between these two territories (27). In 
other words, lateral lenticulostriate territory is re-
sponsible of more than half of the infarcts that oc-
curs in the territory of the deep perforators from the 
carotid system (13). White-matter hyperintensities 
(WMHs) may also have lacunes at the edges along 
the course of perforating vessels supplying the re-
spective brain region that could be a factor in the 
enlargement of the WMH (28). The striatal arteries 
develop a muscularis wall at approximately 24 
weeks’ gestation but most other cerebral vessels do 
not form a smooth muscular wall until the last few 
weeks of the fetal life. The muscularization of in-
tra-cerebral arteries occurs in a centripetal direc-
tion. The maturational changes of major cerebral 
arteries undergo developmental evolution that af-
fect the vulnerability of the fetus to some lesions 
that would rarely be seen after 36 weeks of gesta-
tion, such as extensive white matter infarcts, pe-
riventricular leukomalacia, and germinal matrix 
hemorrhages. The penetrating vessels supplying the 
white matter are mostly end arterioles with few 
anastomosis and little collateral circulation in the 
fetus. In addition, the vascular channels of germinal 
matrix are immature, thin-walled vessels. Their thin 
endothelial cells are easily damaged by hypoxia 
and acidosis (29). Furthermore, cognitive disorders 
like dementia may also be related to focal cerebral 
lesions of vascular origin or chronic ischemia of the 
white matter due to arteriosclerosis or lipohyalino-
sis of small perforating arteries following high 
blood pressure during mid-life and after (30). Tech-
nically, there are methods like arterial pulsatility 
index (PI) to measure the vascular resistance of an 
artery, which is done by using transcranial Doppler 
ultrasonography (TCD) that refl ects the vascular re-
sistance distal to the artery being examined. Any 
pathology of small intracranial perforating arteries 
may affect the PI of the proximal artery (31).
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