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Abstract

It is widely accepted that new neurons are generated throughout life, which is 
called adult neurogenesis, in limited regions of the adult mammalian brain, such as 
the hippocampal dentate gyrus and subventricular zone. In these regions, neural 
stem cells (NSCs) and neural progenitor cells (NPCs) have been reported to proliferate 
and produce postmitotic neurons. Adult neurogenesis in these regions is influenced 
by various factors. For examples, antidepressant treatments, learning and memory, 
and environmental enrichment prompt to increase generation and survival of new 
neurons. Moreover, pathological processes, such as neuroinflammation, stroke or 
epilepsy, are able to induce proliferation and differentiation of NSCs and NPCs. In 
contrast, down-regulation of adult neurogenesis is associated with alcohol abuse, 
high stress level, some drugs, such as cytostatics, COX-2 inhibitors, and opioides. 
Recently, adult neurogenesis in the cerebral cortex is becoming clear gradually, and 
cortical NSCs and NPCs are identified in a few mammals. However, it remains largely 
unknown what factors can regulate adult neurogenesis in the cerebral cortex. This 
review focuses on the effects of regulating factors on cortical adult neurogenesis, 
such as brain damages, aging and certain drugs, and we discuss implications of 
cortical adult neurogenesis for brain diseases and damages.

Introduction
There are many reports that adult neurogenesis occurs in the 

subventricular zone (SVZ) and hippocampal dentate gyrus (HDG) of 
mammalian brains since the 1960s1,2. Adult neurogenesis in the SVZ 
and HDG has been reported to be regulated by some regulatory factors, 
such as stress, environmental enrichment, exercise, certain drugs, aging, 
and so on. On the other hand, it remains controversial whether adult 
neurogenesis occurs in other regions of the central nervous system 
(CNS). In the last decade, cortical adult neurogenesis and its neural 
stem cells (NSCs), which are self-renewing and can generate neurons, 
astrocytes and oligodendrocytes, and neural progenitor cells (NPCs), 
which have a tendency to differentiate into certain types of neurons, 
have been found in the cerebral cortex of adult mammals3. Interestingly, 
production of new neurons in the cerebral cortex, as well as in the SVZ 
and HDG, has been found to be strongly increased by brain ischemia3. 
Moreover, certain drugs, such as antidepressants, can accelerate 
production of neurons from cortical NPCs, and increased neurons from 
cortical NPCs have the inhibitory effect on neuronal cell death, which is 
induced by global ischemia4. In this review, I summarize recent studies 
of cortical adult neurogenesis. In particular, I focus on regulating factors 
of cortical adult neurogenesis. Furthermore, I discuss future research 
directions for achieving maintenance and treatments for diseases and 
damages of the cerebral cortex.
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Neurogenesis in the Cerebral Cortex of Adult 
Mammals

Historically, the discovery of cortical adult neurogenesis 
is old, and identifying generation of new cells in the adult 
cerebral cortex was first reported in 19125. After that, 
using the DNA synthesis marker tritiated thymidine, 
Altman rediscovered the addition of new neurons in 
the cerebral cortex of adult rats6. Thereafter, using a 
combination of autoradiography and electron microscopy, 
Kaplan demonstrated that new cells containing tritiated 
thymidine are stellate cells that have an axonal hillock, 
initial segment, and synapses on their dendrites and cell 
bodies in the cerebral cortex of adult rats7. Furthermore, in 
the last decade, several studies have found NSCs and NPCs 
capable of generating new neurons in mammals, including 
mice, rats, and humans.

Distribution of Cortical NSCs and NPCs and Brain 
Damage-Dependent Cortical Neurogenesis

Previous reports demonstrate that the percentages of 
new neurons to total neurons are very small under healthy 
conditions, and it is in the range of 0.005-0.03% of all 
existing neurons in the cerebral cortex8–12. Interestingly, 
brain damages can up-regulate the production of 
new neurons by a factor of 0.06–1% of total cortical 
neurons4,13–16. These reports indicate that cortical NSCs and 
NPCs may produce neurons in a damage or stimulation-
dependent manner. In addition, emerging evidence has 
suggested that there seem to be cortical NSCs and NPCs, 
which can generate new neurons in the cerebral cortex by 
brain damages, in several subregions of the cerebral cortex, 
such as the anterior SVZ8,10,15,17,18, white matter19,20, gray 
matter9, marginal zone16,20,21, perivascular regions22, and 
leptomeninges23.

The first place of cortical NSCs and NPCs is the anterior 
SVZ. Migrating new neurons from the anterior SVZ to the 
cerebral cortex have been observed in healthy animals8,10, 
although the number of newborn neurons is quite small in 
these studies. Interestingly, pathological treatments, such 
as ischemia, artificial neural degeneration, and aspiration 
lesion, seem to reroute new neurons from the anterior SVZ 
to damaged regions of the cerebral cortex15,17,18.

The second place is the white matter of the cerebral 
cortex. NSCs are isolated from the white matter of the adult 
human brains19. The isolated NSCs generate neurospheres, 
which give rise to neurons and glial cells both in vitro 
and after transplantation to the fetal rat brains. The brain 
samples are surgically taken from patients with epilepsy, 
arterial aneurysm, and traumatic injury, so that these NSCs 
might be induced by neural damages. In fact, the laser-
lesions activate endogenous NSCs and NPCs in the white 
matter of the cerebral cortex of adult rats20.

The third place is the gray matter of the cerebral cortex. 
In the gray matter of the cerebral cortex, there are NG2-
positive cells, which seem to generate cortical new neurons9. 
Newly-generated neurons are classified as GABAergic 
interneurons that express GABA-related molecules, such 
as GABA, GAD67, calretinin, and calbindin. In the SVZ and 
HDG, NG2-positive cells have been also reported to act as 
NPCs24–26. However, some studies have reported that NG2-
positive cells do not produce new neurons at all, by using 
genetically modified mice27–30. Further studies to examine 
whether these progenitors generate neurons, glial cells, or 
both cell types are needed.

The fourth place is the cortical layer 1, the most 
superficial layer of the cerebral cortex. A few studies 
have reported that NSCs and NPCs are distributed in the 
cortical layer 1. The focal laser-lesion of the rat visual 
cortex induces NSCs/NPCs in the layer 120. Similar NSCs/
NPCs are induced in the layer 1 by spreading depression 
treatment21. The NSCs/NPCs are defined as the vimentin- 
or nestin-positive cells. However, the two reports described 
above cannot provide direct evidence that new neurons 
are produced from the vimentin- or nestin-positive NSCs/
NPCs, because these data are based on immunohistological 
data. The direct labeling method of progenitor cells with 
GFP-expressing retrovirus vectors has identified NPCs 
in the layer 1 of the adult rodents16,31. NPCs in the layer 
1 produce subclasses of GABAergic interneurons, and 
the layer 1 NPCs are designated as L1-INP cells (layer 1 
inhibitory neuron progenitor cell).

The fifth place is the perivascular regions in the cerebral 
cortex. Recently, one study found that NSCs exist around 
perivascular regions in the cerebral cortex. The NPCs were 
located around blood vessels within poststroke areas and 
immunoreactive for the NSC marker nestin and some 
pericytic markers22.

The last place is the leptomeninges surrounding the 
cerebral cortex. The leptomeninges seem to contain 
some nestin-positive NSCs. These cells were produced 
by amygdala kindling, and further repeated stimulus of 
amygdala generated inhibitory and pyramidal neurons in 
the cerebral cortex23. 

As the reason why NSCs and NPCs are located in 
various places, one possibility would be multistep 
cellular reactivity for depending on the strength and area 
sizes of the damages of the cerebral cortex. For example, 
in brains under healthy conditions, new neurons are 
generated at very low levels from NSCs and NPCs in gray 
matter9. After animals are subjected to a mild injury, 
such as kindling and ischemic insult resulting from 
a 10-min occlusion of both common carotid arteries, 
NSCs/NPCs in the cortical layer 1 and leptomeninges 
generate new neurons. More intense injuries, such as 
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focal cerebral ischemia caused by 90-min or permanent 
clamp (7–90 days until perfusion)17,32, aspiration-18 or 
laser-lesion20 of the cerebral cortex, and chromophore-
targeted neuronal degeneration13,15, cause the generation 
of new neurons from the SVZ, perivascular regions, gray 
and white matter, and layer 1. Thus, if NSCs and NPCs with 
different responsiveness for brain damage or stimulus exist 
in several places of the cerebral cortex, the cerebral cortex 
will be able to react to any damage or stimulus.

Regulating Factors of Cortical NSCs and NPCs

Recent studies have been clarifying that adult 
neurogenesis in the SVZ and HDG can be regulated by 
various factors; exercise, environmental enrichment, 
pregnancy, antidepressant treatments, and brain damages 
up-regulate neurogenesis, while stress and aging down-
regulate it33. Similar to adult neurogenesis in the SVZ and 
HDG, it is becoming clear that there are a few factors that 
can alter cortical neurogenesis. As described above, brain 
damages have the promoting effects of cortical adult 
neurogenesis. Besides brain damages, administration 
of antidepressant drugs and aging has been known as 
regulating factors of cortical adult neurogenesis.

The antidepressant fluoxetine (FLX) is one of the 
most widely used drugs for treating depression and 
anxiety disorders. Interestingly, chronic FLX treatment 
can change adult neurogenesis; upregulation of the HDG 
adult neurogenesis34 and down regulation of the SVZ adult 
neurogenesis35. Previous studies have found NSCs and NPCs 
in some subregions of the cerebral cortex, as described 
above. Of these regions, NPCs in the layer 1 at least have 
been shown to respond to chronic FLX treatment4. FLX 
treatment for 3 weeks increased the number of NPCs in 
the cortex in a dose-dependent manner and up-regulated 
production of inhibitory interneurons in all cortical layers in 
the prefrontal cortex of adult mice4. However, it is unknown 
whether the increase of cortical adult neurogenesis by FLX 
has an antidepressive effect, so future studies are needed 
to determine this.

Two reports demonstrated the presence of adult 
neurogenesis in the aged cerebral cortex. One study found 
that, during aging in mice, the densities of NPCs decreased 
in the layer 1 of the cerebral cortex36. The number of 
NPCs was kept by 12-month-old, dramatically decreased 
at 17-month-old, and maintained the same level until 
24-month-old (Figure 1). NPCs in the aged cerebral cortex
(24-month-old) have the capacity to produce new neurons
by ischemia, the levels of which were higher than those of
young controls (5 month-old). The other finding was derived
from elderly humans22. NSCs were isolated from the brain
samples obtained from the poststroke areas in two patients 
(79 and 81 years females). Interestingly, NSCs isolated from 
patients with stroke can differentiate not only to neurons,

but also to osteoblasts, adipocytes, and chondrocytes, under 
osteoblastic, adipogenic, and chondrocytic differentiation 
conditions, respectively. The multipotent NSCs are likely 
derived from brain pericytes localized near blood vessels. 
Although cortical adult neurogenesis decreases with age, 
NSCs and NPCs are present in the aged cerebral cortex and 
the neurogenic capacity of the cerebral cortex, especially 
damage-dependent neurogenesis, might be maintained 
during aging.

Exercise, enrichment, stress, learning and memory, 
and the like are known as regulating factors influencing 
adult neurogenesis of the HDG and SVZ. It is necessary to 
investigate whether cortical adult neurogenesis changes 
due to these factors.

Functions of Cortical Adult Neurogenesis
For the last decade, studies of cortical adult neurogenesis 

have made steady progress, however, its functions remain to 
be largely unknown. One hint is that there are many reports 
that cortical adult neurogenesis is upregulated after brain 
damages, such as ischemia, epilepsy, neural degeneration, 
and lesion. These findings suggest that cortical adult 
neurogenesis has some functions against brain injury. 
Importantly, enhanced neurogenesis in the cerebral cortex 
may have neuroprotective effects4. When FLX increased the 
production of new inhibitory interneurons from NPCs in 
advance of forebrain ischemia, neuronal cell death around 
new neurons significantly decreased compared with the 
controls4. FLX is a antidepressant drug and has been also 
reported to have neuroprotective effects on brain infarction 
in rodents and humans. The finding might suggest that 
new inhibitory interneurons suppress neuronal cell death 
in the infarction regions. Similar to the above finding, 
mice genetically deleted nestin-positive cells in the 
leptomeninges showed high susceptibility to electrical 
stimulation23. Consequently, almost all of the mice without 
nestin-positive cells died or dropped out during kindling 
progression in 20 days later, suggesting that nestin-
positive cells activated by amygdala kindling might be 
involved in neuroprotection against epilepsy. These results 
may suggest that brain tolerance to brain injury increases 
as new cells are produced in the cerebral cortex. Future 
studies may reveal the molecular and cellular mechanisms 
underlying neuroprotection by new cells, which may lead 
to a new treatment for brain injury.

Cell Therapy in the Cerebral Cortex
It was not believed enough, just ten years ago, that new 

neurons were produced in the cerebral cortex. Currently, 
increasing evidence supports adult neurogenesis in the 
cerebral cortex in humans as well as rodents. In the nervous 
system, researches on regenerative medicine are being 
actively conducted, by using iPS cells and ES cells. In addition 
to these stem cells, cell therapy using endogenous NSCs 
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Figure 1: Changes of the numbers of L1-INP cells during aging in the cerebral cortex. 
Schematic representation of the cerebral cortex at 5-month-old. A boxed area indicates the area of (B). The drawing was quoted from 
the mouse brain atlas37. (B) GABA-immunostained cells in the primary motor cortex at 5-month-old. (C) Representative images of L1-
INP cells during aging of the cerebral cortex. Arrowheads indicate L1-INP cells, which are labeled with anti-GABA (green) and anti-Ki67 
(magenta). (D) A Z-plane of serial optical planes of L1-INP cell in the cerebral cortex of 5-month-old mice. L1-INP cells, which is marked 
by arrowheads, are stained with anti-GABA (green) and anti-Ki67 (red) antibodies. (E) Quantification of the numbers of L1-INP cells 
during aging in the cerebral cortex. The data are shown as means ± S.E.M. ****, P<0.0001. Values are analyzed by one-way ANOVA 
and Tukey’s post hoc test, n=4 each.
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and NPCs can be applied to the cerebral cortex. Although 
few functional studies have been carried out, activation of 
endogenous NSCs and NPCs in the cerebral cortex might 
reduce the loss of the cortical functions with aging. In 
particular, preventive effects can be expected in treatments 
using the endogenous NSCs and NPCs. In this case, how to 
activate endogenous NSCs and NPCs may be mentioned 
as an important technique. One hint is that L1-INP cells 
can be increased and differentiated with antidepressant 
treatments4. In other words, it is possible to manipulate 
the proliferation, suppression, and/or differentiation of 
endogenous NSCs and NPCs by administering substances, 
such as drugs and nutrients. Thus, we can say that research 
on adult neurogenesis of the cerebral cortex has changed 
from the study that clarifies its own existence to one that 
clarifies its functions. It is necessary to identify what factors 
have proliferative, differentiative, and inhibitory effects on 
endogenous NSCs and NPCs in the cerebral cortex at each 
life stage.
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