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Harmonic mechanisms orchestrate neurogenesis in the healthy brain within specific neurogenic niches, which

generate neurons from neural stem cells as a homeostatic mechanism. These newly generated neurons integrate

into existing neuronal circuits to participate in different brain tasks. Despite the mechanisms that protect the

mammalian brain, this organ is susceptible to many different types of damage that result in the loss of neuronal

tissue and therefore in alterations in the functionality of the affected regions. Nevertheless, the mammalian brain

has developed mechanisms to respond to these injuries, potentiating its capacity to generate new neurons from

neural stem cells and altering the homeostatic processes that occur in neurogenic niches. These alterations may

lead to the generation of new neurons within the damaged brain regions. Notwithstanding, the activation of these

repair mechanisms, regeneration of neuronal tissue within brain injuries does not naturally occur.
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1. Introduction

Pathologies that affect the central nervous system (CNS) and that involve neuronal death are the origin of

important and burdensome neurological symptoms . The search for the genetic, molecular, and environmental

initiating factors that trigger neuronal death in not only neurodegenerative diseases  but also stroke and

trauma  has received a great deal of attention within the last two decades with the goal of finding and designing

new therapies. However, despite the efforts, no novel disease-modifying therapies have been proven significant at

providing an effective benefit for patients with these devastating disorders. In this scenario, the discovery of new

neurons being generated daily from neural stem cells (NSCs) within the adult mammalian brain has brought

optimism for the treatment of these pathologies, and the search for therapeutic strategies based on stimulating

neurogenesis in the adult brain has gained prominence over the past 10 years. Neurogenesis is the process by

which new neurons are generated from neural stem cells (NSCs). NSCs are characterized by their capacity to

divide both symmetrically—giving rise to other NSCs—and asymmetrically, producing new cells with a higher

degree of differentiation but with the ability to generate a new progeny of neural cells . This process has been

extensively studied in the adult rodent brain, and it has been observed in the brains of other mammalian species.

One of the pioneering studies in the field was the work of Gould et al. in 1999, in which the existence of newly

generated cells with neuronal characteristics was described in the prefrontal, temporal, and parietal cortices of

monkeys .
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In order for neurogenesis to take place, the environment in which NSCs are located, known as the neurogenic

niche, is almost as important as their own existence since the inflammatory molecules, growth factors, and matrix-

bound signaling molecules condition NSCs fate towards mature functional neurons . The neurogenic niche is

a microenvironment characterized by a complex structure containing NSCs anchored to the basement membrane,

soluble factors, extracellular matrix-bound molecules, and a high rate of vascularization . Most of these

soluble factors are produced locally and play a key role in the neurogenic process by favoring, among other roles,

the constant production of new neurons . In the adult brain, there are basically two neurogenic regions, which

contain remnant populations of NSCs, that continue to produce neurons throughout life. These regions are the

subventricular zone (SVZ), adjacent to the ependyma in the lateral walls of the lateral ventricles (LV), and the

dentate gyrus (DG) of the hippocampus . In the case of rodents SVZ, it has been well described that neuroblasts

have the ability to migrate from the SVZ to the olfactory bulb (OB) through the rostral migratory stream (RMS) .

The microenvironment generated within the RMS allows neuroblasts to migrate tangentially from the SVZ to the

OB. Once in the OB, neuroblasts change their migration pattern from tangential to radial and finally finish their

differentiation process, becoming interneurons that integrate in the OB . A recent in vivo study 

demonstrates the existence of active NSCs within the OB core, meaning that the OB is another niche capable of

generating neurons that then integrate into the preexisting circuits. New cells originating in the different niches

participate in injury repair . The DG of the hippocampus is another neurogenic niche, and it is involved in tasks

such as memory and learning . In the DG, neurogenic and proliferative activity is maintained in the adult

mammalian brain, even in old individuals. Specifically, the sub granular zone (SGZ) contains astrocytes with radial

glia characteristics, which can divide and form neural precursors or neuroblasts. These have the ability to

proliferate and mature, giving rise to granular neurons that will settle in the granular layer , contributing to

memory and learning processes . The migration route in the SGZ is much shorter than in the SVZ, where

neuroblasts need to cover a long distance after reaching the OB . Other niches were described and are being

studied, as in the case of the striatum, the neocortex or the hypothalamus .

As mentioned before, neurogenesis has been extensively studied in mammals, especially rodents, but also in

humans. However, it has been described as having several differences between species. For example, striatal

neurogenesis is only present in humans , while OB neurogenesis is present in other mammals but not in

humans . In this regard, adult human hippocampal neurogenesis (AHN) is now in the spotlight because of the

high level of controversy surrounding the aging process. In nonhuman primates and mice, it was reported a clear

decline of AHN neurogenesis  through aging. However, Boldrini et al. used healthy human autopsy samples

of the hippocampus and observed a similar number of intermediate neural progenitors and immature neurons in

the DG of individuals at different stages of life (from 14 to 79 years old) . Simultaneously, Sorrells et al.

described a sharp decline in the production of new neurons in the human DG during the first year of life, becoming

nearly nonexistent after the first year . These apparently contradictory results aroused great controversy, and

authors including Flor-García et al. identified the problem in how the human post-mortem samples were handled

and provided an alternative and promising protocol to better control immunohistochemistry .

An association of alterations in neurogenesis in both niches with cognitive impairment has been described in

mouse models of metabolic alterations , cerebrovascular damage , aging , and neurological
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disorders  and in general, increased organized, non-aberrant neurogenesis leads to improved cognitive

performance. In addition to the generation of neuroblasts and their maturation, post-neurogenic migration is

another mechanism that undergoes significant changes during different disease processes. However, more

extensive studies are required to properly understand the migration mechanisms and their role in different

neurological disorders. Neurodegenerative diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD),

or Huntington’s disease (HD) have a deep impact on brain configuration, even modifying the anatomical structure

and its associated physiological conditions. These structural modifications could be observed also in stroke and

trauma. The neuronal loss generates distinctive consequences, including decreased cognitive function, impaired

attention, and even personality alterations . In order to find strategies to compensate this neuronal loss,

researchers worldwide have contributed to the understanding of the neurogenic processes, including migration, as

well as the intrinsic characteristics of the neurogenic niches, which play a key role in neurogenesis as they harbor

the NSCs from which new neurons derive.

2. Neurogenesis in Stroke

A stroke is a serious medical emergency that occurs when blood flow to the brain is interrupted. This can be due to

a vessel blockage (ischemic stroke, which occurs in over 80% of cases) or a hemorrhage (hemorrhagic stroke).

The lack of oxygen and glucose caused by the loss of blood flow leads to the death of neurons and results in an

acute loss of function in the area of the brain supplied by the affected vessel. The initial cell death is followed by a

longer structural and functional reorganization period. Stroke can cause symptoms such as weakness, difficulty

speaking, sensory deficits, and difficulty walking . Stroke represents the second leading cause of death and

the third leading cause of disability globally .

The CNS has a limited capacity for repair, as demonstrated by previous research . However, it has been

observed that a certain degree of spontaneous recovery from brain ischemia can occur . Several mechanisms,

such as neurogenesis, angiogenesis, axonal sprouting, and synaptogenesis, mediate this recovery process .

Experimental evidence suggests that functional improvement following stroke may be mediated by the replacement

of lost neurons by activating endogenous NSCs . The proliferation of NSCs and their progeny in the adult brain

following stroke has been demonstrated in both human and animal models . In animal models, stroke has been

found to stimulate the proliferation of NSCs in the SVZ and the SGZ of the DG. These progenitor cells can

potentially migrate to the affected area and differentiate into neurons, contributing to improved functional outcomes

post-stroke  . This migration begins 3–4 days after stroke and is able to continue for at least 4 months,

where reactive astrocytes, activated microglia/macrophages, blood vessels, and migratory scaffolds formed by

astrocytic processes are essential for the movement of neuroblasts toward the injured site. In fact, after a stroke,

there is an increase in the density of blood vessels, which increases blood supply to the injured brain regions.

Endothelial cells secrete growth factors such as BDNF and angiopoietin that promote neuroblast recruitment within

the lesion area, promoting proliferation and migration from the SVZ. The molecular and migratory capacities of SVZ

neuroblasts are altered in stroke; genes such as Hif-1α or Notch4 are upregulated, and molecules such as MMPs

are overexpressed in SVZ neuroblasts in response to stroke in order to facilitate emigration .
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The timeline of the neurogenic process after stroke varies depending on the location and severity of the stroke, as

well as the species studied. In general, studies have found that neurogenesis begins within a few days after the

stroke and can continue for several weeks . The in vivo studies performed by Zhang et al. have shown that

following a stroke, there is a significant increase in the proportion of dividing cells within the SVZ. This increase

starts at 2 days post-stroke (24%), peaks at 7 days post-stroke (31%), and at 14 days post-stroke, the proportion of

dividing cells returns to the baseline level observed at 2 days post-stroke. Additionally, the cell cycle length of SVZ

cells undergoes dynamic changes over a period of 2–14 days following a stroke. The shortest cell cycle length

observed was 11 h at 2 days post-stroke, which is significantly shorter than the cell cycle length of 19 h in non-

stroke SVZ cells. There is a gradual increase in the cell cycle length by 4 days post-stroke, and by 14 days post-

stroke, it reaches the length of non-ischemic progenitor cells . Studies in human subjects have

demonstrated that the extent of neurogenesis following a stroke is less extensive than in animal models. Jin et al.

found an increase in the number of new neurons in the hippocampus during the initial week post-stroke; however,

this number returned to pre-stroke levels within 2–3 months . It is important to note that while neurogenesis has

been observed in certain brain regions following a stroke, the extent and duration of this process are still an active

area of research. Stroke triggers neurogenesis in the DG , but the newly generated neurons produced post-

stroke show an aberrant morphology . The authors refer to this abnormal neurogenesis as responsible for the

cognitive impairment found in mice after stroke and propose abolishing abnormal neurogenesis as a mechanism to

improve cognitive performance post-stroke .

In this scenario, the activation of astrocytes in the SVZ and hippocampus after stroke results in the secretion of

growth factors that promote the proliferation and differentiation of neural stem cells into new neurons. Faiz et al.

have shown that SVZ-derived NSCs give rise to reactive astrocytes at the stroke site and can be converted to

neurons in vivo following overexpression of Ascl1 . This process is thought to be critical for the repair and

recovery of the brain after a stroke. Reactive astrocytes also play an important role in forming new blood vessels

after stroke, which is essential for the survival and integration of new neurons in the brain . Several signaling

pathways have been proposed to play roles in the adult neurogenic response to ischemia-induced stroke. The

Notch signaling pathway regulates cell proliferation and differentiation during development and in adult tissue

repair. In cooperation with ciliary neurotrophic factor (CNTF), Notch signals guide neural stem cells to generate

astrocytes. Notch-CBF1 knockdown results in the conversion of neural stem cells to intermediate progenitor cells,

which then generate neurons . Studies have found that after a stroke, the Notch pathway assists the

proliferation and differentiation of NSCs in the SVZ and hippocampus, leading to the formation of new neurons 

. The sonic hedgehog (Shh) signaling pathway also plays a crucial role in early CNS development,

influencing oligodendrocyte development . After a cerebral ischemic stroke, Shh signaling improves the recovery

of neurological function by increasing angiogenesis, neurogenesis, and oligodendrogenesis and reducing

astrogliosis . The upregulation of Shh expression and its transcription factor Gli1 in NPCs improved motor

function in stroke mice, indicating its protective role in stroke .

Stroke-induced neurogenesis has been found to occur in humans, although the process is more limited compared

to animal studies. Jin et al. found an increase in the number of new neurons in the hippocampus during the initial

week post-stroke; however, this number returned to pre-stroke levels within 2–3 months . An examination of
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brain tissue from advanced-age humans who have experienced ischemic stroke reveals an increase in the

proliferation of SVZ cells and neuroblasts . It is noteworthy that the mechanisms and extent of neurogenesis in

stroke patients are not yet fully comprehended, and ongoing studies continue to investigate this process in

humans.
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