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ABSTRACT

1.2 Hongxin Quan'?, Yinfeng Wang' and Fucheng Luo'2*

Neurogenesis, the process of generating neurons from neural stem cells, occurs during both embryonic and

adult stages, with each stage possessing distinct characteristics. Dysfunction in either stage can disrupt

normal neural development, impair cognitive functions, and lead to various neurological disorders. Recent
technological advancements in single-cell multiomics and gene-editing have facilitated investigations into
primate neurogenesis. Here, we provide a comprehensive overview of neurogenesis across rodents,

non-human primates, and humans, covering embryonic development to adulthood and focusing on the

conservation and diversity among species. While non-human primates, especially monkeys, serve as

valuable models with closer neural resemblance to humans, we highlight the potential impacts and

limitations of non-human primate models on both physiological and pathological neurogenesis research.
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INTRODUCTION

Neurogenesis, the process of generating neurons
from neural stem cells that contribute to brain de-
velopment and cognitive functions, has always been
of interest to the field of neuroscience. Neural stem
cells originate from neuroepithelial (NE) cells of the
neural tube during embryonic development. With
the transition of NE cells into radial glial (RG) cells,
neural stem cells start to differentiate and give rise
to neurons that mark the beginning of neurogenesis.
Neurogenesis is very active during development
and becomes restricted in adulthood. While our
understanding of human neurogenesis and brain de-
velopment has significantly advanced in recent years
(reviewed in [1,2]), numerous questions remain due
to ethical and material limitations. The intricacies of
neurogenesis during embryonic development and
adulthood pose challenges for direct investigation.
Ethical considerations restrict the accessibility of
human embryonic samples, impeding comprehen-
sive studies of early neurodevelopment. Moreover,
studying neurogenesis in the adult human brain
is constrained by limited sample availability and
the complex interplay of various factors that affect
neuronal production.

Recent advancements have highlighted the im-
portance of studying non-human primates to gain
deeper insights into human neurogenesis and its
related disorders. Non-human primates, such as
monkeys and apes, share significant anatomical and
functional similarities with humans, making them
valuable models for understanding the complex
processes of neurogenesis and primate species-
specificity. In comparison to rodents, primates
undergo an expansion of cortex during their em-
bryonic development, which involves a slower NE
to RG transition [3] and the presence of a notable
region called the outer subventricular zone (OSVZ)
enriched with outer radial glia (0RG) cells [4-6].
During embryonic neurogenesis, these oRG cells
possess greater proliferation and division capacity
and can generate a wider range of neuron types and
quantities, which cause the evolution of the cerebral
cortex from a lissencephalic state to a gyrencephalic
state [7,8]. Conversely, neurogenesis after birth
in primates declines during childhood, with lev-
els dropping further in adulthood and becoming
restricted to specific niches, such as the subven-
tricular zone (SVZ) of the brain ventricle and the

subgranular zone (SGZ) of the hippocampal gyrus.
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Especially in adult human brains, hippocampal
neurogenesis and its function have been a topic of
debate for a long time and requires deeper investi-
gation in primates [9-18]. In addition, disruptions
in neurogenesis are associated with various neuro-
logical disorders, including neurodevelopmental
diseases in the embryonic stage and neurodegener-
ative diseases and mood disorders in the adult stage
[19]. Insights gained from studying neurogenesis
in non-human primates under physiological and
pathological conditions extend our understanding
of human neurodevelopment and hold promise for
neurological disorder therapies.

Considering the above reasons, we provide a re-
view mainly focusing on neurogenesis in non-human
primates and humans. In this review, we summarize
embryonic and adult neurogenesis in rodents and
primates, highlighting their similarities and differ-
ences. We also discuss the impacts of neurogenesis
on neurological disorders, aiming to foster a deeper
understanding of neurogenesis and its implications
for therapeutic interventions.

EMBRYONIC NEUROGENESIS IN
PRIMATES VERSUS RODENTS

During early embryonic development, the process
of gastrulation results in the formation of three germ
layers: the ectoderm, endoderm, and mesoderm.
One of the main events after gastrulation is neu-
rulation, which is the process of the neural plate
transforming into the neural tube and eventually
developing into the brain and spinal cord. Following
neurulation, neurogenesis commences, marking
a critical period in central nervous system (CNS)
development. Embryonic neurogenesis varies in
its initiation and completion times across different
regions of the CNS [2]. Moreover, the processes and
regulatory mechanisms of neurogenesis also differ
among these regions [20-22]. The cerebral cortex
holds particular interest due to its crucial roles in
higher-order cognitive functions in humans, such as
language, perception, motor planning, and decision-
making. Additionally, this region displays significant
disparities between primates and rodents, under-
scoring the importance of studying neurogenesis
specifically in primates [2,4,23]. As a result of the
importance of cortical regions in the primate brain
and their differences from rodent models, current re-
search on neurogenesis primarily focuses on this re-
gion. Therefore, this section will mainly concentrate
on the embryonic neurogenesis processes in cortical
regions.
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Cortical neurogenesis in primates: from
cell types to architecture

The neocortex originates from the pallium of the te-
lencephalon. Once the neural tube is formed and
the telencephalic primordium is established, it ini-
tially consists entirely of dividing NE cells. These
proliferative cells form the ‘matrix,” ‘germinal epithe-
lium,” or ‘primitive ependyma,” which is termed the
ventricular zone (VZ) by the Boulder Committee
[24]. Before neurogenesis initiates, the NE cells of
the VZ form a homogeneous pseudo-stratified ep-
ithelium with radial processes, dividing in a sym-
metric proliferative manner [25-27]. The extent of
proliferation activity in NE cells is considered to
have a substantial impact on brain size, as it deter-
mines the initial size of the cortical neural progen-
itor pool. During neurogenesis initiation, NE cells
in the VZ undergo distinct morphological, molecu-
lar, and mitotic changes, gradually transforming into
apical RG cells (aRG cells or ventricular radial glia
cells, vRG cells) [3]. aRG cells are highly polarized,
with their cell bodies localized in the VZ and two
processes extending to the ventricular and pial sur-
faces. Their division involves interkinetic nuclear mi-
gration [28]. In the mid-to-late stages of cortical neu-
rogenesis, aRGs begin generating basal progenitors
(BPs), which progressively form the subventricular
zone (SVZ) at the basal surface of the VZ where in-
terkinetic migration is absent [29]. As only a small
portion of aRGs directly produce neurons, while the
rest give rise to BPs that can differentiate into neu-
rons, BPs are considered the primary progenitor cells
responsible for neuron production [30-32]. In pri-
mates, the SVZ contains two types of BPs: oRGs
and basal intermediate progenitors (bIPs) [6]. oRGs
were initially described as having a basal but often no
apical process; however, they exhibit diverse forms in
primates [4,6,33,34]. While oRGs are also found in
the mouse cortex, they are exceedingly rare [35,36].
In contrast, primates have an abundance of oRGs
and bIPs during development, with both displaying
a high proliferative capacity [4,33]. oRG cells can di-
vide symmetrically or asymmetrically, giving rise to
a daughter oRG cell and either a bIPs or nascent neu-
ron [4,24,37-39]. bIPs can undergo multiple divi-
sions before generating postmitotic neurons in pri-
mate corticogenesis [33]. The SVZ in primates is
expanded to accommodate the increased BP pool,
and it is further divided into the inner and outer
SVZ (ISVZ and OSVZ, respectively). The OSVZ
is bounded by the ISVZ, and is separated by a thin
layer rich in axonal fibers known as the inner fiber
layer (IFL). Externally, the OSVZ is limited by an
outer fiber layer (OFL) that contains the embryonic
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thalamic axons [4,40,41]. After approximately ges-
tational week (GW) 17 of human development,
VRG cells lose pial contacting basal processes and
transform into truncated radial glia (tRG) in the
VZ [27,42,43]. These tRG cells have processes that
contact the ventricular surface but not the pial
surface, and their processes often terminate on cap-
illaries, particularly in the ISVZ and the inner por-
tions of the OSVZ [27,42,43]. During this period,
these tRG cells have reduced neurogenic potential,
and oRG cells play a crucial role as the primary scaf-
fold for neuronal migration into the cortical plate
[38,42,44]. Similarly, tRG cells have been observed
in the rhesus macaque starting from E6S [45]. How-
ever, at present tRG cells have not been reported in
mice. Many questions regarding tRGs remain to be
answered, such as the underlying mechanisms be-
hind their formation, their distinct features, and the
types of cells they give rise to.

To assemble the cortex architecture at the early
stage, there are a diverse group of early-born ‘pio-
neer’ neurons (i.e. predecessor cells, Cajal-Retzius
(CR) cells, and subplate (SP) cells) in the preplate,
which is also known as the primordial plexiform
layer [24,46-48]. In humans, these neurons occur
at approximately embryonic day (E) 33 in the lateral
part of the cortical wall, while in mice, it takes place
at approximately E10 [49,50]. The preplate is a dy-
namic and largely transient compartment of hetero-
geneous post-migratory cells and neuropil that de-
velops between the VZ proliferative zone and the
pial surface of the dorsal telencephalon before the
cortical plate (CP) appears. As cortical plate neu-
rons (L6 layer neurons) migrate into the preplate, the
preplate splits into the marginal zone (MZ) and SP
zone around E13.5 in mice and the seventh to eighth
week of gestation in humans [24,51,52]. The MZ is
the portion of the former preplate that lies above the
emerging CP and eventually develops into layer 1 of
the mature cortex [24]. The MZ contains fiber bun-
dles, CR cells, and distal dendrites of cells located
beneath it. The subplate is a transient zone located
below the cortical plate and above the intermediate
zone in the developing cortex [24,53]. It plays a crit-
ical role in various neurodevelopmental processes in-
volved in axon guidance and neural circuit forma-
tion [54-56]. Importantly, the subplate zone in the
developing cerebrum experiences secondary expan-
sion in humans and non-human primates [57]. The
emergence of MZ and SP establishes the upper and
lower borders of the cortical plate. Neurons gener-
ated in the VZ and SVZ migrate radially along the
radial glia scaffold through the subplate zone and
into the CP [24]. This sequential migration of dis-
tinct projection neurons forms cortical layers in an
‘inside-out’ manner [58,59]. While this basic prin-

Page 3 of 23

ciple is generally conserved across mammals, there
are notable cellular differences in humans and non-
human primates [21]. In primates, the first neurons
to be generated are the deep-layer (DL) neurons, set-
tling in layers S and 6 and projecting subcortically
[60]. Subsequently, layer 4 neurons, responsible for
receiving most of the monosynaptic connections
from the thalamus, are produced. Compared to ro-
dents, primates have an expanded and more complex
thalamo-recipient cortical layer 4 [61]. Upper-layer
(UL) neurons, destined for layers 2 and 3 with cor-
ticocortical projections, are then produced mainly
from oRGs [6]. Upon reaching the CP, neurons re-
ceive signals to halt their migration and begin the
differentiation process, involving the extension and
elaboration of dendrites and the formation of synap-
tic connections [2]. In summary, embryonic neuro-
genesis during cortical development involves com-
plex, time-dependent processes that determine the
proliferation and fate of neural progenitor cells (in-
cluding RGs and BPs), as well as the positioning,
maturation, and functional integration of newborn
neurons.

In addition, it should be noted that in the devel-
oping primate cerebral cortex, the onset of gliogen-
esis follows the neurogenic period, and that these
processes proceed in parallel for an extended period
of time [62]. However, it remains largely unclear
whether and how embryonic gliogenesis affects late
embryonic neurogenesis. Oligodendrocyte precur-
sor cells (OPCs) and astrocytes are generated from
RG cells after neurogenesis in a prolonged process
that continues postnatally [2,63-65]. In the rhesus
macaque monkey’s parietal cerebrum development,
cortical neurogenesis begins around E38-E40 and
concludes between E70 (in the limbic cortex) and
E102 (in the visual cortex) [$8,66,67]; gliogenesis
becomes the principal function of a robust OSVZ
after E92, coinciding with gyrification initiation be-
tween E100 and E125 [68]. Additionally, oRG cells
have been reported as a source of increased OPCs in
the late second trimester, exhibiting molecular fea-
tures similar to oRGs in humans [69]. Human OPCs
can undergo several rounds of symmetric prolifera-
tive divisions, exponentially increasing the progeni-
tor pool size [69]. These studies suggest that OSVZ
gliogenesis, rather than neurogenesis, correlates with
rapid enlargement and gyrification of the primate
cerebrum.

Differences in cortical neurogenesis
between primates and rodents
There are significant differences in the cerebral cor-

tex between primates and rodents. Non-human pri-
mates and humans exhibit cortical folding with sulci
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and gyri, whereas the brains of mice are smooth.
Moreover, both non-human primates and humans
possess a well-developed prefrontal cortex, includ-
ing a dorsolateral prefrontal cortex, which is ab-
sent in mice [70]. The surface area of the cerebral
cortex in non-human primates and humans is much
larger than that of mice, with approximate ratios
of 1:100: 1000 (mouse:macaque monkey : human)
[66]. Additionally, the cortical thickness of macaque
monkeys and humans is similar, approximately twice
that of mice [66]. Furthermore, the number and va-
riety of neurons in the cerebral cortex of non-human
primates and humans far exceed those found in mice
[21,71,72]. Investigating the variations in cortical
neurogenesis and the underlying mechanisms be-
tween species can shed light on human evolution
and the development of advanced cognitive abilities
not observed in mice. These species’ differences are
closely related to cortical neurogenesis, which plays
a crucial role in determining the number and sub-
types of neurons generated. The process of cortical
neurogenesis described above is largely conserved
among mammals. However, there are notable dispar-
ities in cortical neurogenesis between primates and
rodents, such as in the timing of neurogenesis, the
proliferative capacity and diversity of neural progeni-
tor cells, the capacity for generating diverse neuronal
subtypes, and the characteristics of the neurogenesis
niche (Fig. 1).

Longer timing of neurogenesis in primates
One significant contrast between primates and ro-
dents lies in the timing of neurogenesis. Embryonic
neurogenesis in primates extends over a longer du-
ration compared to rodents, which is believed to
contribute to the increased complexity and size of
the primate cortex [2]. For example, in mice, cor-
tical neurogenesis initiates around E8 and persists
for approximately 6-7 days [21]. Conversely, in rhe-
sus monkeys, cortical neurogenesis begins around
E38-E40 and lasts for about 2 months (ending at
E70 for the limbic cortex and E102 for the visual
cortex) [58,66,67]. In humans, the neurogenic pe-
riod in the cortex spans approximately 3-4 months
[21,73].

The prolongation of cortical neurogenesis in pri-
mates is apparent across several pivotal neurogenic
stages. First, the transition from NE cells to RG cells
occurs at a slower pace in primates than in mice.
In non-human primates and humans, this shift in-
volves a morphological intermediate state known as
transitioning NE cells [3]. Prolonged adherence of
NE cells to the ventricular zone, coupled with sup-
pressed migration and differentiation from the VZ,
potentially expands the NE cell progenitor pool and
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contributes to a larger cortex. The elongation of
this process in primates allows for an extended ex-
pansion period of NE cells. In mice, the amplifica-
tion of NE cells persists for about 1 day, whereas
in primates, this amplification period can span up
to 2 weeks [2,21]. Second, primate cortical neural
precursors undergo an extended cell-division cycle
compared to rodents [21,40,74]. Within the pro-
liferative cerebral ventricular zone of fetal rhesus
monkeys, cell-cycle durations are up to five times
longer than those observed in rodents [75]. Never-
theless, during the prolonged neurogenetic period
in the monkey cortex, a significantly higher num-
ber of total cell division rounds occur, forming the
basis for augmented cell production [75]. Third,
primates exhibit an elongated postmitotic phase of
fate plasticity following RG cell division, in con-
trast with rodents [21,76]. Postmitotic regulation of
cell fates through mitochondrial dynamics is con-
served in mouse and human corticogenesis [76].
However, this phenomenon occurs within a unique
time frame. In human cortical progenitors, this pe-
riod is further prolonged compared to mice, poten-
tially playing a role in their increased self-renewal
capabilities [76].

Greater diversity and enhanced proliferative
capacity of neural stem and progenitor cells
in primates

First, primates display a heightened capacity for NE
cell expansion. The process of NE cell proliferation
is believed to have a significant impact on brain size
by determining the initial size of the cortical neural
progenitor pool [3,77]. Notably, even before the on-
set of neurogenesis, the telencephalic primordium of
human and macaque embryos exceeds that of mice
in size [49,78]. Furthermore, the ability for NE cell
proliferation in primates is largely preserved when
investigating cerebral organoids in vitro, suggesting
the presence of inherent developmental regulatory
mechanisms [3].

Second, unlike rodent corticogenesis where
aRGs in the VZ maintain high proliferative activity,
macaque and human aRGs exhibit a decreased
proliferative capacity, leading to a rapid reduction
of their VZ during corticogenesis. This coincides
with a significant expansion of the BPs pool in the
OSVZ [4,6,34,37,41]. By GW25-GW27, while
the OSVZ continues to proliferate, the human VZ
reduces in size to a one-cell-thick ependymal layer
[79].

Third, non-human primates and human corti-
cal neurogenesis exhibit a more pronounced expan-
sion of bIPs compared to rodents. While bIPs are
present in significant numbers in the embryonic
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Figure 1. Comparison of cerebral cortical neurogenesis in mouse, monkey and human. Cortical development processes exhibit broad conservation
across primates and rodents. During embryonic development, cortical layering emerges in an inside-out manner as forebrain progenitors proliferate,
giving rise to distinct waves of excitatory pyramidal neurons and inhibitory interneurons. Following amplification of neuroepithelial (NE) cells and their
transition into radial glial (RG) cells in the ventricular zone (VZ), RG cells undergo both symmetric proliferative divisions to expand their pool and
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Figure 1. (Continued) asymmetric divisions for self-renewal and differentiation, leading to either direct neurogenesis, generating neurons, or indirect
neurogenesis via intermediate progenitors (IPs), which further divide to yield pairs of neurons. However, several key differences can be highlighted in
primates: predecessor neurons from subpallium in human cortex primordium prior to local neurogenesis [49]; extended NE cell expansion in monkeys
and humans (proportional to arrow thickness) [3]; NE-to-RG transition: rapid in mice, gradual in monkeys, delayed in humans [3]; prominent outer
subventricular zone (0SVZ) expansion in primates [6,34,231]; increased outer radial glia (0RG) cell numbers in non-human primates, especially in human
cortex, driving layer 2/3 upper-layer (UL) neuron generation [60,232]; varied oRG cell types in primates [33]; an increase in the number of cell divisions
for basal intermediate progenitor cells (basal IPs) and outer radial glial (o0RG) cells in primates [33]; ventricular radial glia (vRG) cells shift to truncated
radial glia (tRG) during the transition from deep-layer (DL) to UL neuron production in primates [42]; OSVZ axonal plexus expansion and multilaminar
axonal-cellular compartment emergence in primates [106]; early thalamocortical plexus arrival in primate cortical anlage [105]; expanded subplate
(SP) linked with the expansion of the axonal plexus, but not with SP cell numbers [57]; persistent Cajal-Retzius (CR) cells in primate emergence [108].
ISVZ, inner subventricular zone; I1Z, intermediate zone; CP, cortical plate; MZ, marginal zone; PP, preplate. This figure was created using Biorender
software.

mouse cortex, their abundance is even higher in pri-
mates [80]. In rodents, over 95% of bIPs undergo
symmetric neuronal terminal divisions [4,36,81]. In
contrast, primate bIPs have the remarkable ability to
self-renew for up to five successive divisions [33],
indicating a parallel increase in both morphological
diversity and proliferative capacity.

Fourth, notable differences between primates
and rodents are observed in the characteristics of
oRG cells. During mid-corticogenesis in mice, the
majority of SVZ progenitors are identified as neu-
rogenic bIPs [32,35,82,83], with oRG cells be-
ing scarcely present (<0.5%) in the mouse cortex
[35,83]. In contrast, the primate OSVZ is charac-
terized by a substantial predominance of oRG cells,
constituting about 75% of all BP types [33,37]. Im-
portantly, the macaque OSVZ showcases a diverse
range of bBRG morphotypes unlike rodents (Fig. 1)
[33]. Through long-term ex vivo live imaging and un-
biased sampling of cycling precursors, four distinct
oRG cell morphotypes have been identified in the
macaque OSVZ: basal process-bearing bRG (bRG-
basal-P) cells, apical process-bearing bRG (bRG-
apical-P) cells, bRG cells bearing both apical and
basal processes (bRG-both-P), and transient bRG
(tbRG) cells that transition between stages with or
without apical or basal processes [33]. These oRG
cells can undergo both symmetric proliferative di-
visions and asymmetric self-renewal, and they also
have the ability to directly give rise to neurons [33].
They exhibit noteworthy self-renewal capabilities:
in vitro clonal experiments have uncovered that in-
dividual oRG cells can generate hundreds of neu-
rons [84]. The expansion of oRG cells occurs dur-
ing the later stages of corticogenesis, coinciding with
the generation of UL neurons [21]. Notably, these
oRG cells are also capable of generating a wider va-
riety and greater quantities of neuron types (further
discussed later). Moreover, oRG cells play a crucial
role in the evolution of the cerebral cortex from a
lissencephalic state to a gyrencephalic state [7,8].
Importantly, the recently published single-cell atlas
of early human brain development highlights the het-
erogeneity of human NE cells and early RGs [85,86].
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These distinct characteristics within neural stem and
progenitor cells in primates significantly contribute
to the expanded cortical surface area and thickness
observed in them.

Enhanced neuronal diversity and outputin

primates

The third significant difference in cortical neuro-
genesis between primates and rodents is reflected
in the type and number of neurons produced by
neural stem and progenitor cells. The neocortex is
comprised of six layers, housing both long-distance-
projecting, excitatory pyramidal neurons and lo-
cally projecting, inhibitory interneurons. Recently,
through a combination of approaches including
single-cell transcriptomics, spatial transcriptomic
analysis, electrophysiological studies, and morpho-
logical profiling, researchers have unveiled signifi-
cant cellular distinctions in primates compared to
rodents [87-90]. There is enhanced heterogeneity
and diversity among UL and DL neurons in the pri-
mate cortex [87-90]. In humans, researchers have
identified at least five distinct subtypes of UL neu-
rons, whereas mice have only three [87,91]. No-
tably, Betz neurons, a subtype of DL corticospinal
neurons responsible for fine motor control, are
enriched in primates [88]. Comparing transcrip-
tomic data across human, macaque, and mouse cor-
tices unveiled primate-specific L4/S IT glutamater-
gic neurons enriched in cortical layer 4, with their
marker genes expressed in a region-dependent man-
ner [90]. Previous viewpoints have posited that ex-
citatory neurons originate from progenitor cells in
the developing pallium, while y -aminobutyric acid—
expressing (GABAergic) interneurons derive from
the ganglionic eminences [37,92]. However, recent
research has reshaped this notion, revealing that
GABAergic neurons in the primate brain cortex may
arise from cortical precursors within OSVZ. Cor-
tical precursors for GABAergic neurons have been
identified in the developing brains of humans and
macaques [93-96]. Notably, these precursors are ca-
pable of generating calretinin neurons, which rep-
resent the predominant category of interneurons in
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primates (12%) [97]. In vitro experiments have fur-
ther shown that human cortical progenitors, un-
like those of mice, exhibit the capacity to gener-
ate GABAergic neurons with transcriptional features
and morphologies similar to cortical interneurons
[98,99]. Recent studies also illuminated that the di-
versity of cortical neurons is established early during
the precursor stages of pallium and ganglionic emi-
nence formation [92]. Consequently, the increased
neural diversity observed in primates could be at-
tributed to the heightened diversity and differenti-
ation capacity of neural stem and progenitor cells
found in primates, enabling differentiation into a
broad spectrum of cell types. These findings pro-
vide fundamental insights into brain development
and evolution.

Distinctive traits of the neurogenic

microenvironment in primates

The dynamic activity exhibited by the processes of
aRG cells and oRG cells facilitates the sampling
of the cerebral cortical microenvironment, which
extends from the pia to the ventricular surface.
Through this intricate mechanism, signals from both
pre- and postmitotic cells, along with those present
in the cerebrospinal fluid, are integrated [100,101].
Consequently, microenvironmental changes play a
significant role in neurogenesis, influencing neu-
ral stem cell proliferation and differentiation. Re-
search has highlighted notable disparities in the cor-
tical neurogenic microenvironments between ro-
dents and primates, potentially contributing to dis-
tinct neurogenic outcomes among species.

In primates, the OSVZ displays several distinctive
characteristics. First, it offers a microenvironment
enriched with extracellular matrix (ECM), in con-
trast to the mouse SVZ, where ECM components are
downregulated compared to the VZ [102]. Second,
the trajectory of embryonic thalamic axons in the de-
veloping cortex varies significantly between primates
and rodents. Prominent axon tracts from dorsal tha-
lamic nuclei innervate the developing cortex. These
axons release extrinsic factors, such as basic fibrob-
last growth factor (bFGF) and VGF nerve growth
factor inducible, which foster the proliferation of cor-
tical precursors [103,104]. The thalamic axons’ ar-
rival in the developing cortex of primates precedes
that in rodents, occurring even before stage CS18 of
human development [105]. By this stage, fibers from
the primitive internal capsule have reached and likely
penetrated the developing cerebral vesicle [ 105]. Ad-
ditionally, in primates, thalamic axons persistently
remain in proximity to the OSVZ and OFL [41].
Notably, there is an expansion of the OSVZ axonal
plexus and the emergence of a multilaminar axonal-
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cellular compartment in the fetal human cerebrum
[106]. Conversely, in fetal mice, thalamocortical ax-
ons are positioned more dorsally, distant from SVZ
[41,103].

The processes of VRGs and oRGs can extend into
the SP and MZ regions, facilitating information ex-
change that influences the neurogenic process. How-
ever, these regions also exhibit significant differences
between rodents and primates. Apart from the dis-
tinct characteristics of CR cells in the MZ (as de-
scribed above), the subpial granular layer (SGL) is
found in humans and monkeys [107]. In contrast,
rodents lack a clearly identifiable SGL [108]. While
still requiring further investigation, this structure is
believed to serve as an additional source of CR cells
and interneurons in primates [109]. Similarly, dis-
tinct characteristics are evident in the primate SP be-
yond those already described for SP neurons [54].
In rodents, the SP is relatively small and exhibits uni-
form width. The murine SP compartment undergoes
a minimal size increase during embryonic develop-
ment and is not always clearly distinguishable in his-
tological sections [54]. In contrast, the subplate in
primates is notably thicker and varies in thickness
based on the brain region [57]. This increased sub-
plate thickness in primates primarily results from a
substantial influx of fibers, leading to the dispersion
of early-generated subplate cells after completing ac-
tive migration [57].

Mechanisms underlying primate-rodent
differences in cortical neurogenesis

In the intricate landscape of neurodevelopment, the
regulatory mechanisms shaping the divergent path-
ways of cortical neurogenesis in primates and ro-
dents stand as a captivating enigma awaiting explo-
ration. Delving into this realm of inquiry promises
not only to unravel the profound disparities that have
shaped the evolution of their brains but also to of-
fer profound insights into the fundamental forces
driving the complexity of neural development across
species.

Molecular mechanism. Primates exhibit species-
specific differences in embryonic neurogenesis
due to the molecular regulation mechanisms.
These differences contribute to the diversity of
brain structure and function among primates, as
evidenced in reviews and articles [60,65,70,110].
Many of the key genetic regulators of cortical
development are conserved throughout the ver-
tebrate lineage [111]. However, their patterns of
expression exhibit significant variations across
species and even within distinct brain regions
of the same species. These differences in gene
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expression regulation are recognized as significant
drivers of phenotypic diversity during evolution. For
instance, the zinc-finger transcription factor ZEB2
has been identified as a driver of the NE-to-RG cell
transition, and its delayed onset in humans con-
tributes to human-specific neocortical expansion
[3]. The expression of the proneural transcription
factor BRN2 occurs earlier in telencephalic develop-
ment in monkeys than in mice, as BRN2 is strongly
expressed in the early aRG cells of the VZ at E36 in
monkeys, while it marks late RGs and upper-layer
cortical neurons in mice. In contrast to its limited ef-
fects on mouse brain development, a BRN2 biallelic
knockout in cynomolgus monkeys is lethal before
midgestation [112]. Research has uncovered various
factors contributing to differential gene expression
regulation, including primate-specific miRNAs,
human accelerated regions (HARs), human gained
enhancers (HGEs), 3D nuclear organization of
DNA, and chromatin structures. These elements
collectively contribute to the disparities observed in
cortical neurogenesis between primates and rodents
(as reviewed in [4,21]). Of particular interest, recent
studies have revealed that endogenous retroviruses
(ERVs) can also influence neural development
processes. Studies have revealed region-specific
expression of ERVs in the developing human brain,
forming transcriptional networks via interactions
with proteins like TRIM28 [113]. ERVs also impact
neural differentiation through TUT7 and NAT1
proteins [ 114], while the envelope protein of HERV-
K (HML-2) maintains stemness and triggers specific
signaling pathways crucial for neurodevelopment
[115]. These studies collectively underscore the
central importance of ERVs in sculpting neural
differentiation and development. ERVs play a role in
forming gene regulatory networks, affecting RNA
processing, and sustaining stemness. However, the
specific impact of ERVs on the process of cortical
neurogenesis and their underlying mechanisms
require further exploration.

The increase in gene copy number and varia-
tions in protein function resulting from mutations
in existing genes in primates contribute significantly
to the disparities in cortical neurogenesis between
primates and rodents. Frequent genomic duplica-
tions in primate and human lineages, exemplified
by DUF1220, have introduced pivotal changes to
the cortical neurogenesis program [116,117]. Amino
acid substitutions further modify protein function,
evident in instances like FOXP2, a transcription fac-
tor heavily expressed in the developing and adult hu-
man neocortex, which is associated with language
and vocal learning [118]. The amino acid substitu-
tions in its DNA-binding motif influence neuroge-
nesis and synaptic plasticity [119,120]. Another il-
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lustrative case is transketolase-like 1 (TKTL1), pos-
sessing a lysine-to-arginine substitution, augments
the abundance of basal radial glia in modern hu-
mans, which is pivotal for enhanced neuron gener-
ation [121].

The driving force behind differences between pri-
mate and rodent neurogenesis can also stem from
novel genes, often arising due to extensive seg-
mental genomic duplications or retrotransposition
events within primates [122]. A substantial number
of genes unique to humans, hominoids, or other pri-
mates appear to have played a pivotal role in the
evolutionary expansion of the cerebral cortex. No-
table examples include ARHGAP;; B (Rho GTPase-
activating protein 11B), NOTCH2NL (Notch 2 N-
Terminal Like), CROCCP2 (ciliary rootlet coiled
coil pseudogene 2), TBC1D3 (TBC1 domain family
member 3), and TMEM14B (transmembrane pro-
tein 14B), all of which contribute to the enlargement
of basal progenitor populations, including oRG cells
[8,123-126]. Among these, inactive ARHGAP;;B
emerges as a human-specific gene resulting from a
partial duplication of ARHGAP; A. It contributes to
the augmentation of the human neocortex by fos-
tering the generation of bRG cells while suppressing
neural progenitor cell differentiation [127,128]. The
hominoid-specific gene TBC1D3 stimulates the gen-
eration of basal neural progenitors and triggers cor-
tical folding in mice [129]. In the primate context,
TMEM14B, expressed within oRG cells of the hu-
man neocortex, induces IPs and oRG expansion by
promoting G1/S transitions and gyrification when
introduced into mice [8].

Cellular mechanism. Cellular processes are also
associated with the species-specific features of
cortical neurogenesis. Mitochondrial dynamics
in postmitotic cells regulate neurogenesis and
show differences between humans and mice [76].
Augmenting mitochondrial metabolism has demon-
strated its potential to expedite human neuron
maturation both in vitro and in vivo, leading to
advanced development; conversely, suppression of
this process in mouse neurons results in reduced
maturation rates [130]. Remarkably, human cells
exhibit an approximately twofold greater protein sta-
bility and an extended cell cycle duration compared
to mouse cells [131]. Lysosome-mediated protein
degradation also displays notable variation across
mammalian species [132]. Moreover, diminished
rates of protein translation can directly influence the
timing of cortical neurogenesis [21,133,134]. Mi-
totic spindle orientation and cell adhesion are also
reported to regulate cortical neurogenesis and show
species-specific features (reviewed in [40,135]).
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these underscore the
likelihood that variations in cellular processes,
encompassing mitochondrial metabolism, protein

turnover, cell division and cell adhesion, significantly

Cumulatively,

findings

shape species-specific temporal developmental dis-
parities.

Non-human primates hold great promise
for understanding human
neurodevelopmental diseases

The development of the brain involves a sequen-
tial series of events, including neurogenesis, new
neuron migration, differentiation/maturation, and
the establishment of synaptic connections [136].
Neurogenesis generates undifferentiated neural stem
cells that serve as the foundation for brain develop-
ment. Through proliferation, these stem cells give
rise to progenitor cells, which subsequently differ-
entiate into specialized neurons. The timing and
location of neurogenesis are pivotal in determin-
ing neuronal migration paths. Guided by molecu-
lar cues and structural scaffolding, newly formed
neurons migrate from their birthplace to precise
destinations, ensuring organized positioning within
the developing brain. In these designated locations,
neurons undergo further differentiation and matu-
ration, acquiring distinct functional and morpho-
logical characteristics. The establishment of synap-
tic connections enables neuronal communication
and the formation of functional circuits. Neuroge-
nesis sets the stage for subsequent processes, pro-
viding neuronal diversity and a population crucial
for migration, differentiation, and the establishment
of intricate synaptic connections, ultimately shap-
ing the complex architecture and functionality of
the mature brain. Malfunctions in any of these steps
can lead to neurodevelopmental disorders, such as
autism spectrum disorders, schizophrenia, intellec-
tual disability, microcephaly, hemimegalencephaly,
and lissencephaly.

Most of our understanding of the molecular
mechanisms underlying human neurodevelopmen-
tal diseases is from rodents. However, differences
in the regulation of gene expression, neurodevelop-
mental processes, and brain structures between ro-
dents and humans make it difficult to model hu-
man neurodevelopmental diseases in rodents. As
a result, many studies using rodent models have
not been successfully translated into clinical ap-
plications, and drug development based on these
models has faced significant challenges. Recent ad-
vancements in human brain organoid culture have
provided an efficient means to model structural mal-
formations that include microcephaly, lissencephaly,
and macrocephaly. However, brain organoids have
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limitations in modeling disorders that affect neural
networks (reviewed in [137]), and their develop-
mental capacity needs to be improved. Non-human
primates, with their close similarity in gene expres-
sion patterns and brain architecture to humans, of-
fer a valuable avenue for studying human neurode-
velopment and diseases. Compared to other animal
models, they show great promise in bridging the gap
between basic research and clinical translation. The
prolonged stages of cortical cell production observed
in non-human primates provide a unique opportu-
nity for detailed temporal investigations into brain
structural development, molecular regulatory mech-
anisms, and the impact of critical windows during
CNS development in response to external stimuli.
Recent progress in generating genetic mutants in
non-human primates has created new opportunities
to investigate neurodevelopmental disorders in
humans by using genetically modified non-human
primates as models. For example, Rett syndrome
(RTT) is a neurodevelopmental disorder caused by
a mutation in the MECP2 (methyl-CpG-binding
protein 2) gene. Although mouse models have been
used to study the disorder, they do not fully represent
the complete range of symptoms observed in human
patients, and male mice with the mutation are viable
[138]. In contrast, a MECP2 mutant cynomolgus
monkey model has been developed, with females
showing similar symptoms to human RTT patients,
including reduced social interaction, stereotyped
repetitive behaviors, and decreased sensitivity to
sensory stimuli [139]. Mutant monkeys also exhib-
ited structural MRI (magnetic resonance imaging)
abnormalities, reduced heart rate, and changes in
immune and RNA processing pathways. This model
demonstrates the potential value of genetically mod-
ified non-human primates for studying RT'T, with
future research expected to further elucidate dis-
ease mechanisms and uncover potential therapies.
Mouse models have limitations in simulating aspects
of autism spectrum disorder (ASD), while monkeys
can mimic human ASD symptoms and have helped
researchers to discover disease mechanisms. Muta-
tions in the SHANK3 (SH3 and multiple ankyrin
repeat domains protein 3) gene cause ASD and
Phelan-McDermid syndrome, and mouse models
have provided insights into SHANK3 function.
However, heterozygous SHANK3 knockout mice
only show mild or no phenotypes [140,141]. To ad-
dress this, SHANK3 mutant cynomolgus monkeys
were generated using CRISPR/Cas9, and both full
knockout and heterozygous mutant SHANK3 mon-
keys exhibited multiple behavioral abnormalities,
altered global and local functional connectivity, and
potential biomarkers consistent with human ASD
patients [142]. CHDS8 deficiency-mediated ASD
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symptoms and macrocephaly were also investigated
in monkeys, revealing that gliogenesis is crucial for
brain size in primates and that abnormal gliogen-
esis may contribute to ASD [143]. These monkey
models can facilitate the discovery of biomarkers
and preclinical evaluation of therapeutics for ASD.
MCPHI1 (microcephalin 1), also known as BRIT1
(BRCT-repeat inhibitor of hTERT expression 1),
plays a crucial role in the enlargement of the primate
brain, and its mutation leads to microcephaly accom-
panied by mental retardation. MCPHI deficiency
in mice led to small skull sizes, hearing impairment,
or smaller brains [144,145]. Furthermore, in the
mouse models not all MCPH1 mutants replicate the
severe human brain size reductions, and neurolog-
ical symptoms are absent [146,147]. Importantly,
the microcephaly phenotype of MCPHImt/mt
monkeys closely resembles that caused by mutant
human MCPHI1 [148].

Although some non-human primate models of
neurodevelopmental disorders have been success-
fully constructed and can simulate human diseases
well, there are still many human neurodevelopmen-
tal diseases with a lack of primate models, and
the mouse models of these diseases differ greatly
from human diseases. For example, lissencephaly is
a rare genetic disorder that affects brain develop-
ment, resulting in the absence or underdevelopment
of folds in the brain’s surface. Mutations in the LISI
(lissencephaly-1) or DCX (doublecortin) genes are
known to cause lissencephaly [ 149]. LIS1 is involved
in the regulation of microtubules that are essential
for neuronal migration during brain development,
while DCX codes for a protein that plays a crucial role
in neuronal migration. Although mouse models with
mutations in these genes have been created, they do
not fully recapitulate the human disease phenotype.
Specifically, lissencephaly in humans is characterized
by a smooth brain surface, whereas the surface of
the mouse brain is naturally relatively smooth. It also
lacks prominent gyri and sulci. While mutations in
LIS1 and DCX are associated with the disorder, the
exact mechanisms by which they cause lissencephaly
are not fully understood. Therefore, developing non-
human primate models of lissencephaly might help
explore the mechanisms of the disease in more depth
in the future. These gene mutation related neural de-
velopmental diseases and their phenotypes in hu-
man, monkey, and mouse models are summarized in
Table 1.

ADULT NEUROGENESIS IN PRIMATES
VERSUS RODENTS

Adult neurogenesis is the process of generating new
neurons in the adult brain, which is widely con-
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served across different species, including fish, birds,
and mammals [150,151]. As evolutionary status in-
creases, the regions of adult neurogenesis become
more restricted, and the capacity gradually decreases
[152,153]. In mammals, adult neurogenesis was first
discovered in the 1960s by Joseph Altman [154,155].
However, its existence was not confirmed until the
1990s using BrdU labeling and immunostaining with
neuronal maker [156-158].

Evident adult neurogenesis in rodents

In recent decades, the existence of adult neurogen-
esis in rodents has been widely acknowledged and
extensively studied. Numerous research papers and
reviews have documented the characteristics and
regulatory mechanisms associated with this phe-
nomenon [19,152,159,160]. In this context, we will
only offer a concise overview. In the adult rodent
brain, there are limited numbers of neural stem cells
located in two specific niches that support neuro-
genesis: the SVZ in the lateral ventricles and the
SGZ in the hippocampus [159]. The SVZ pro-
duces new interneurons for the olfactory bulb, con-
tributing to odor discrimination; the SGZ gener-
ates new granule cells in the dentate gyrus of the
hippocampus, which is essential for learning and
memory [19,161]. Recent studies have also sug-
gested the presence of adult stem cell populations
and potential neurogenesis in other brain regions,
such as the hypothalamus, striatum, substantia ni-
gra, cortex, and amygdala under stroke/ischemia and
neurodegenerative disorders [162,163]. While the
level of neurogenesis decreases with age in the ro-
dent brain [164], considerable amounts of prolifer-
ating NSCs and newborn neurons are sustained in

adulthood [165,166].

Adult neurogenesis in non-human
primates persists throughout their
lifespan

In contrast to rodents, research on adult neurogen-
esis in primates has been limited due to technolog-
ical, material, and ethical constraints. Compared to
human studies, it is more feasible to conduct cell
labeling and marker immunostaining experiments
in non-human primates to track adult neurogenesis.
Using the BrdU labeling method, newborn neurons
were discovered in the hippocampus of both mar-
moset monkeys and Old-World monkeys [167,168].
The rostral migratory stream (RMS), a migratory
route for neuronal precursors from the subventric-
ular zone to the olfactory bulb, has also been ob-
served in the adult monkey brain [169]. Moreover,
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Table 1. Gene mutation-related neural developmental diseases can exhibit diverse phenotypes in mouse, monkey, and human models.

Mutant Neurodevelopmental
gene disorder Mouse models Monkey models Human phenotypes
MECP2 Rett syndrome (RTT) ® Both males and females are viable ® Males exhibit embryonic lethality ® Patients are females with
® Neurological symptoms typically ® Females show physiological, heterozygous mutation
appear at 5-6 weeks behavioral, and structural ® Loss of voluntary movements
® Exhibiting a distinct phenotype abnormalities between 6 and 18 months
compared to the human disease [138] ® Resembling the clinical ® Exhibiting mental retardation [139]
manifestations of RTT patients [ 139]

SHANK3  Autism spectrum ® Synaptic transmission defects ® Full knockout and heterozygous ® Aberrant synaptic connections
disorder (ASD) and (InsG3680 mutation) monkeys exhibit multiple behavioral ~® Experiencing defective development
schizophrenia ® Impaired juvenile social interaction abnormalities of neural networks

® Heterozygous mutants only show ® Altered global and local functional ® Abnormal neural synchronization
mild phenotypes (R1117X mutation) ~ connectivity, resembling human ASD ~ [234,235]
[140,141] patients [142]
CHDS8 ASD symptoms and ® Abnormal behavior and enhanced ® Enhanced gliogenesis (astrocytesand ~ ® Autism
macrocephaly neuronal activation in males oligodendrocytes) ® Language disability and sleep
® Reduced baseline neuronal activity in ® Increased white matter volume [143] disorder
female [236] ® Macrocephaly [237,238]
MCPHI ® No neurological symptoms ® Closely resembling MCPHI mutant ~ ® A smaller brain size
® Not all mutants show reduced brain microcephaly in humans [148] ® Reduced neural progenitor
size [ 144,146,147 proliferation [148]
LISI ® Homozygous-null mice exhibit early ~ ® Lack of models ® Lissencephaly
embryonic lethality ® Abnormal progenitor proliferation
® Neuronal migration defects and neuron migration
[149,239] ® Delayed brain development [240]
DCX ® KO shows abnormalities in ® Lack of models ® Lissencephaly

hippocampal CA3 pyramidal cell
lamination

® Suffering from spontaneous epilepsy
[241]

® Subcortical band heterotopia

® Neuronal migration defects [242]

the presence of newborn neurons in the amygdala,
neocortex, piriform cortex, and adjoining inferior
temporal cortex of adult primates has been reported,
although some findings remain controversial [170-
172]. Compared to other brain regions, a signifi-
cant number of reports regarding adult hippocam-
pal neurogenesis emerged after the 1990s, which
have been well reviewed [173,174]. Studies have
shown the occurrence of adult hippocampal neu-
rogenesis in some non-human primate species (i.e
treeshrews, marmosets, and macaque monkeys) us-
ing various techniques, such as BrdU labeling and
marker immunostainings for proliferating cells (e.g.
proliferating cell nuclear antigen, PCNA), immature
neurons (e.g. class III B-tubulin, TuJ1, and Turned
on after division 64 kDa protein, TOAD-64) and
mature neurons (neuron-specific enolase, NeuN)
[167,168,175]. Moreover, several reports have indi-
cated that adult hippocampal neurogenesis in non-
human primates can be affected by stress [176],
antidepressants [177], and ischemia [178-180].
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Recent studies utilizing single-cell sequencing tech-
niques have confirmed the existence of neural stem
cells and newborn neurons in the adult monkey hip-
pocampus [11,17,181,182]. These studies have also
shown that neural stem cells isolated from the adult
monkey hippocampus can be cultured in vitro while
retaining their self-renewal and differentiation ca-
pabilities into neurons [181]. However, the rate of
adult neurogenesis in monkeys is much lower than
in mice, with a noticeable decline during infancy and
early childhood [14]. In contrast, the maturation of
neurons is relatively prolonged, taking six months
or more [183]. The precise functions of these new-
born neurons, including their potential involvement
in memory and learning [184], remain to be fur-
ther investigated, particularly in comparison to their
rodent counterparts [185]. While adult neurogene-
sis in non-human primates persists throughout their
lifespan at a low level, adult neurogenesis in humans
has been a topic of controversy for decades. We will
delve into this topic in the subsequent discussion.
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Adult neurogenesis in humans needs
more scrutiny

As mentioned above, various sources of data, in-
cluding immunostaining, single-cell sequencing, and
stem cell isolation and cultivation, have substanti-
ated the existence of adult neural stem cells and
neurogenesis in monkeys. Nevertheless, the occur-
rence of neural stem cells and neurogenesis in the
adult human brain has been debated. In humans, the
turnover of olfactory neurons is negligible after in-
fancy [186,187]. Instead, activated NSC and neurob-
last cells can be found in the subventricular zone and
the neuroblast cells migrate toward the nearby stria-
tum [188,189]. The existence of adult hippocam-
pal neurogenesis in humans is more controversial.
Some research laboratories have reported that hip-
pocampal neurogenesis terminates in humans after
childhood [10,14,190], while others have observed
its persistence into old age and even its detection in
individuals with neurological disorders [9,13,15,16].
These studies mostly rely on tissue immunostain-
ing and quantification. Because the accuracy and re-
liability of tissue immunostaining results can be in-
fluenced by various factors, including the sensitiv-
ity and specificity of the antibodies used, the post-
mortem interval of tissue samples, the methods of
fixation, and the staining protocols, discrepancies
have been observed among these studies.

The emergence of single-cell transcriptomic anal-
ysis has been expected to provide new opportunities
to resolve the aforementioned discrepancies. By us-
ing single-cell transcriptomic sequencing, cell popu-
lations and markers can be identified to construct the
developmental trajectories. However, the contro-
versy with adult human hippocampal neurogenesis
persists despite the use of single-cell sequencing
techniques. While Franjic et al. did not find neuro-
genic lineages in adult human hippocampal tissues
[11], several research groups, including ours, have
identified neural stem cells and immature neurons in
the adult human hippocampus using single-nucleus
transcriptomic sequencing [17,18,191]. By analyzing
single-cell sequencing data obtained from human
hippocampal samples of varying ages, these three
studies have demonstrated that neural stem cells
and neurogenesis do exist in the adult human hip-
pocampus, and also identified STMN1 (stathmin
1) and STMN2 (stathmin 2) as immature neuron
markers in humans. Hongjun Song’s group further
validated the neurogenic capacity of the adult hu-
man hippocampus by confirming the existence of
proliferating neural progenitors and newborn gran-
ule neurons in cultured surgical specimens. Notably,
Song’s group found a significantly higher population
(3%-8%) of immature granule cells in humans com-
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pared to adult monkeys and mice [14,18,192], but
with very few progenitors (0.005%-0.015%). This
observation could potentially suggest that neurons
in humans have a longer maturation period com-
pared to non-human primates and rodents [183].
However, several reports did not find comparable
amounts of immature granule cells based on DCX
or PSA-NCAM (polysialylated form of neural cell
adhesion molecule) staining in middle aged and old
humans [9,16,191]. Also discussed by Tosoni et al.
[193], factors such as sample processing, experimen-
tal design, computational analysis, inter-individual
variability, and co-existing pathologies may directly
interfere with the neurogenic process. Together,
given the ongoing controversy and unresolved
challenges, adult human neurogenesis requires
more scrutiny, and we must consider the functional
significance of such a small population of cells.

Characterizing neurogenic lineages in
adult primates requires identifying
specific markers

During the process of adult neurogenesis, neural
stem cells undergo proliferation, differentiation, and
maturation stages, ultimately transforming into func-
tional neurons. Each stage is characterized by the ex-
pression of distinct marker proteins in different cell
types, providing indicators of the adult neurogenesis
process. In extensively studied mouse hippocampus,
quiescent neural stem cells express GFAP, HOPX
(homeodomain only protein), and Nestin (interme-
diate filament protein), while activated neural stem
cells begin to express BLBP (brain lipid-binding pro-
tein), Ascll(achaete-scute homolog 1), EGFR (epi-
dermal growth factor receptor), PCNA, and Ki67.
Neural progenitor cells highly express Tbr2, and
as they differentiate into neuroblasts and become
dentate granule neurons, they express Prox1 (Pros-
pero homeobox 1), DCX, PSA-NCAM and CALB2
(calretinin). Finally, during the maturation process,
NeuN and CALBI (calbindin 1) is upregulated
[19,159,194-197] (Fig. 2). However, in the context
of adult neurogenesis in primates, do cells at different
stages express similar markers as rodents or display
species-specific differences? Currently, research on
adult neurogenesis in primates is still limited due to
the lack of reliably identified markers. Several stud-
ies including our own indicated that some markers
commonly used in mice may be non-specific in pri-
mates. For instance, DCX, PSA-NCAM, and CALB2
are widely used to identify newborn neurons in mice,
but they have also been found to be expressed in
non-neurogenic brain regions and mature interneu-
rons in primates [ 11,198-202]. We have also shown
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Figure 2. Comparison of hippocampal neurogenesis capacity and markers in mouse, monkey, and human. Neurogenic lineages and their corresponding
markers in the adult hippocampus are presented based on previous studies [18,19,159,195—-197,233]. The traditional markers that were first discovered
in mice are shown in black, while the markers that were newly found in primates are shown in red, indicating the corresponding neurogenic populations.
The asterisk symbols (*) indicate the markers that are not specific to newborn neurons in primates. The question marks (?) indicate markers that have
been reported in monkeys but need further validation in humans. The colorless neurons represent the presence of long-lasting immature neurons and
their potential to mature in primates. This figure was created using Adobe lllustrator.

that DCX and CALB?2 are highly expressed in ma-
ture interneurons in humans [191]. As most current
research still relies on insights gained from mouse
models, there is a pressing need to develop markers
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that specifically indicate neural stem cells and new-
born neurons in primates.

Recent advancements in single-cell sequenc-
ing analyses have provided valuable insights into
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identifying markers for neural lineages in primates.
For example, ETNPPL (ethanolamine-phosphate
phospho-lyase) is identified as a primate-specific
marker for neural stem cells [17], HMGB2 (high
mobility group protein B2) for IPs [181], and
STMNI1 and STMN2 as markers for newborn gran-
ule neurons [17,18] (Fig. 2). These findings high-
light the potential of single-cell sequencing analy-
sis to unveil new marker genes that can be used
in primate studies, enhancing our understanding
of adult neurogenesis in these animals. Neverthe-
less, it is crucial to carefully evaluate the specificity
of existing markers in characterizing the process
of primate adult neurogenesis. Additionally, further
verification of the reliability of newly identified
markers is necessary. By combining the markers
identified from transcriptomics, proteomics, epige-
nomics, and metabolomics, we can better explore the
similarities and differences between adult neurogen-
esis in primates and rodents with greater accuracy.

Monkey models for understanding adult
neurogenesis and its related diseases

As discussed above, the scarcity of human samples
and limited interventions have been persistent
obstacles in definitively resolving the controversy
surrounding adult neurogenesis. With this predica-
ment, non-human primates, especially monkeys,
provide a bridge for understanding adult neurogen-
esis in the human brain due to their high similarity
to humans and easier access to materials. Studies
on monkeys have reliably shown that adult neuro-
genesis in primates declines significantly after birth
[14,17], and that immature neurons in primates un-
dergo a longer maturation period [183]. Moreover,
markers that characterize neurogenesis in rodents
may not be specific in primates [11,198-202]. The
striking similarity between monkeys and humans
enables us to investigate the underlying mechanisms
of neurogenesis in primates and explore its potential
therapeutic application in the treatment of human
neurological disorders. For example, we could iden-
tify reliable primate-specific markers of neurogenic
lineage and investigate the functions of primate adult
neurogenesis by using monkey models. By manipu-
lating key regulatory factors in the monkey models,
we can then investigate whether these factors can
promote adult neurogenesis in primates. These
studies can provide a solid foundation for human
neurogenesis research. However, it is important to
note that research on monkeys cannot fully address
the challenges faced in human studies, as adult
neurogenesis in non-human primates is higher than
that in humans [11,14,17,18,181,182]. The question
remains whether the low levels of neurogenesis

Page 14 0of 23

observed in humans hold significance or only play
a role in specific circumstances [203,204] such as
injury, neuropsychiatric disorders, or environmental
stimuli, which necessitates further investigation.

It is known that the neurogenesis capacity and
neurogenic lineage marker proteins of the adult
brain under normal physiological conditions show
some consistency as well as differences between ro-
dents and primates. However, what happens to adult
neurogenesis under pathological or disease-related
conditions? Can adult neurogenesis regulate brain
function in these states? These questions are of
great interest and importance in the field. In con-
ditions such as epilepsy and stroke, mouse models
have shown a significant increase in neurogenesis
[205,206]. Similarly, patient samples have indicated
that stroke and epilepsy can induce neurogenesis
[205,207], showing a high degree of consistency
between mouse models and human patients. Nev-
ertheless, the changes in adult neurogenesis are
variable in different neurodegenerative diseases
between mouse models and human patients. In
mouse models of Alzheimer’s disease (AD) with
overexpression of either amyloid precursor pro-
tein (APP) or presenilin, inconsistent changes in
neurogenesis have been observed [208]. In mouse
models of Parkinson’s disease (PD) that overexpress
wild-type «-synuclein, the survival of newborn
neurons is significantly reduced, and the expression
of an a-synuclein mutant inhibits cell proliferation
[209]. R6 transgenic mice exhibit several symptoms
and signs of Huntington’s disease (HD) the same
as in humans [210], including neurological and
endocrine changes. The reduction in neurogenesis
of R6 mice is evident in the dentate gyrus, but
the number of newborn neurons is normal in the
subventricular zone and olfactory bulb [211]. Unlike
mouse models, patient samples have shown that
neurogenesis is decreased in individuals with AD
but increased in those with PD, amyotrophic lateral
sclerosis (ALS), and HD [9,13,15,16]. Therefore,
using mouse models to study the relationship be-
tween adult neurogenesis and neurodegenerative
diseases may not accurately represent the situation
in the human brain and could potentially lead to mis-
understandings about the underlying mechanisms.

Furthermore, compared to the scarcity of human
tissue samples, the use of non-human primates al-
lows for gene editing and the construction of mod-
els that can more closely simulate human neurologi-
cal diseases. This provides valuable opportunities to
advance our understanding and develop innovative
therapeutic approaches for neurological diseases.
Non-human primate models, obtained through nat-
ural occurrences, genetic manipulation, and spe-
cial treatments, have been flourishing in recent
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years. These models can mimic age-related cogni-
tive decline, neurodegeneration (AD, PD, and HD),
epilepsy, stroke, autism, and psychiatric disorders
[212-214]. For instance, non-human primate mod-
els of AD have been established by intracerebral de-
livery of amyloid-8 oligomers [215-217] or through
PSEN1 mutation by TALEN [218]. To mimic
PD, chronic low-dose MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) or MPP+ (1-methyl-4-
phenylpyridinium ion, a toxic metabolite of MPTP)
has been employed in monkeys, leading to cognitive
impairments such as deficits in working memory,
cognitive flexibility, and visuospatial attention [219-
223]. By expressing exon 1 of the human gene encod-
ing huntingtin with 29 CAG repeats regulated by the
human polyubiquitin C promoter, a transgenic HD
monkey model has been developed. It shows similar
disease patterns to HD patients, including a decrease
of N-acetylaspartate (NAA), neuronal damage/loss
in the striatum, and progressive cognitive and mo-
tor impairment [224,225]. In addition to the above
discussion, various non-human primate models with
brain disorders have been well summarized by Scott
and Bourne [214]. These non-human primate mod-
els are summarized in Table 2 and they can provide
ample opportunities for observing and verifying the
relationship between neurogenesis and neurological
disorders in a more controllable environment.

LIMITATIONS OF NON-HUMAN PRIMATE
MODELS

Since non-human primates are phylogenetically
closer to humans than rodents, they are expected
to answer the above-mentioned questions, pro-
vide valuable insights for understanding human
neurogenesis, and further clarify the mechanisms
that control the specificity of neurogenesis in pri-
mates under both physiological and pathological
conditions. Nevertheless, non-human primate mod-
els have limitations in investigating human-specific
features and mechanisms. These include human-
specific gene regulatory elements, protein coding
mutations, novel genes, and gene expression patterns
[21]. The specific roles of these various examples
cannot be fully replicated in non-human primates.
For instance, HARs are cis-regulatory elements that
have undergone rapid evolutionary changes specif-
ically in the human genome compared to other
species [226,227]. Human HARS regulates the ex-
pression of FZD8 (frizzled class receptor 8), lead-
ing to increased RG cell proliferation and cortical
size [228]. Regarding adult neurogenesis, monkeys
also cannot fully address the challenges faced in
human studies, as the level of adult neurogenesis
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in non-human primates remains higher in most re-
ports [11,14,17,18,181,182]. As discussed previously
and summarized here, these human-specific features
imply that research in non-human primates cannot
completely replace research in humans. Therefore,
it is important to learn the similarities and differ-
ences in embryonic and adult neurogenesis among
rodents, monkeys, and humans to help us choose
the appropriate animal models to answer specific re-
search questions.

Importantly, when we use non-human primate
models to answer the scientific questions, we should
take responsibility and consider animal ethics and
welfare, which have been well discussed [229,230].
Prior to initiating projects, it is crucial to provide
a comprehensive and careful evaluation for the ne-
cessity and suitability of using non-human primate
models. This includes having a scientific understand-
ing and justification for why a non-human primate
model is the most suitable tool. Additionally, com-
pelling evidence should show the limitations of al-
ternative models in addressing key fundamental or
translational inquiries. Moreover, valid findings in-
dicate that the non-human primate model can more
effectively guide human applications. Regarding an-
imal ethics and welfare, due to their close phylo-
genetic relationship with humans, non-human pri-
mates are more likely to experience pain, stress, and
suffering that is similar to what humans experience.
We should consider both their physiological and
psychological well-being. Moreover, primates’ com-
plex social groups and dynamics emphasize the need
to minimize interference with their social bonding,
communication, and emotional health. Additionally,
their longer lifespans raise ethical concerns about
their long-term welfare and impact on overall health.
Although there are unavoidable needs to utilize non-
human primate animal models in certain circum-
stances, the goal is to effectively address significant
human health issues while adhering to the principles
of the 3Rs (Replacement, Reduction, and Refine-
ment). Furthermore, it is important to foster collabo-
ration, communication, and resource sharing among
researchers.

CONCLUSION AND FUTURE PROSPECTS

In summary, this article offers a comprehensive
overview of the embryonic and adult neurogen-
esis in rodents, monkeys, and humans. We com-
pare the similarities and differences of neurogenesis
among these species, highlighting the potential im-
pacts and limitations of non-human primate mod-
els on both physiological and pathological neuro-
genesis research. While neurogenesis in primates is
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gradually being revealed, we still have several remain-
ing questions that require further investigation. For
example, why does neurogenesis in primates occur
on a larger scale and take longer during embryonic
development compared to rodents? Is this limited
neurogenesis in primates solely attributed to the loss
of neural stem cell proliferation and differentiation
potential, or does it hold a specific evolutionary sig-
nificance to avoid psychiatric disorders? How can we
tully resolve the debates surrounding human adult
neurogenesis and understand the significance of its
presence or loss? What specific mechanisms govern
the fate of neural stem cells in primates? What are
their functions under both physiological and patho-
logical conditions?

To address these unknown questions in neuroge-
nesis, the utilization of non-human primate models
in combination with gene editing, single-cell multi-
omics, imaging and tracing techniques could be pow-
erful. With the continuous advancements in these
technologies, we believe that our understanding of
primate neurogenesis can be deepened, potentially
leading to the development of therapies for a wide
range of neural disorders.
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