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OPINION

Rise of the human-mouse chimeric brain 
models
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Abstract 

Human-mouse chimeras offer advantages for studying the pathophysiology of human cells in vivo. Chimeric mouse 
brains have been created by engrafting human fetal tissue- or pluripotent stem cell-derived progenitor cells into the 
neonatal mouse brain. This provides new opportunities to understand human brain development and neurological 
disorders.

Keywords: Human pluripotent stem cells, Chimera, Macroglia, Astroglia, Oligodendroglia, Microglia, Neurons, 
Neurological Disorders

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Understanding disease pathogenesis and recapitulating 
species-specific disease mechanisms have been chal-
lenging in studying human neurological diseases. A lack 
of functional human brain tissues has led scientists to 
use  human pluripotent stem cells (hPSCs) in develop-
ing models. By using hPSC-based in  vitro 2-dimen-
sional (2D) cell culture and 3D brain organoid models, 
basic aspects of the diseases, such as cell differentiation, 
migration, and neuron-glia interactions, can be exam-
ined. However, how these altered cellular events lead to 
the disruption of neural circuits under disease conditions 
remains to be studied. Ultimately, specific disease mecha-
nisms can only be modeled in live animals to identify the 
links between the altered cellular functions and behavio-
ral performance. Human-mouse chimeric brain models 
allow scientists to study the pathophysiology of human 
neural cells in vivo and elucidate the mechanisms of neu-
rological diseases. Here we discuss the generation and 
application of human-mouse chimeric brain models for 
studying neurological diseases.

Human‑mouse chimeric glial and neuronal brain 
models
Human-mouse chimeric brains can be created by 
implanting human glial progenitor cells (GPCs), primi-
tive macrophage progenitors (PMPs), or neural progeni-
tor cells (NPCs) into neonatal mouse brains at selected 
anatomical sites (Fig.  1).  The extraordinary ability of 
human cells to widely disperse and functionally integrate 
in the adult mouse brain indicates a level of conserved 
fundamental biological mechanisms involved in neural 
cell and circuit development, which form the basis of the 
human-mouse chimeric brain models.

One of the first effective brain chimerism was origi-
nally achieved by transplantation of human fetal brain 
tissue-derived glial progenitor cells (GPCs). Goldman 
and colleagues demonstrate that engrafted human fetal 
brain tissue- or hPSC-derived GPCs differentiate to mac-
roglia (astroglia and oligodendroglia) in the mouse brain 
(Windrem et al. 2008). Engrafted human GPCs (hGPCs) 
can continue to divide for up to one year post-transplan-
tation, thus, dispersal of human cells is extensive and 
involves various brain regions, generating human macro-
glial mouse chimeric brain. Over time, human glia cells 
gradually replace their host counterparts, due to the fact 
that hGPCs divide at rates substantially higher than those 
of endogenous murine progenitors (Han et al. 2013, Win-
drem et al. 2014). The hGPCs respond to signaling cues 
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from the host  brain; for example, in hypomyelinated 
immunodeficient Shiverer mice, hGPCs differentiate with 
a bias towards oligodendroglia (Windrem et  al. 2017, 
Windrem et al. 2014), whereas in myelin wildtype immu-
nodeficient mice, hGPCs differentiate more towards 
astroglia (Han et  al. 2013, Osipovitch et  al. 2019, Win-
drem et  al. 2014). Once engrafted, cells are able to sur-
vive throughout the life span of the recipient mice and 
can be found up to 20  months post-implantation(Han 
et al. 2013). In chimeric Shiverer brains, hGPCs produce 
human oligodendrocytes, which ensheath murine axons 
and form compact myelin (Windrem et  al. 2017). Neo-
natally transplanted hGPCs can also remyelinate axons 
in the adult mouse brain following cuprizone treatment 
(Windrem et al. 2020). Several myelinogenesis pathways 

in these cuprizone-treated hGPCs were not described 
in rodents before, further highlighting the relevance of 
chimeric models in recapitulating human disease con-
ditions and developing stem cell regenerative medicine. 
Human astroglia derived from engrafted hGPCs inte-
grate structurally and functionally within the host tissue 
while retaining their complex morphology and primate-
specific interlaminar astrocytes, suggesting that astro-
glial human-specific features are cell-intrinsic and can be 
recapitulated in chimeric brains (Han et al. 2013). These 
human astroglia enhance learning in adult chimeric mice 
via release of TNF-α (Han et al. 2013).

Recent advances in stem cell differentiation tech-
nologies have led to the generation of microglial chi-
meric mouse model, in which hPSC-derived PMPs are 

Fig. 1 Schematic diagrams summarizing the generation, characterization, and application of the human-mouse chimeric brain models. A The 
progenitor cells, including glial progenitor cells (GPCs), primitive macrophage progenitors (PMPs), and neural progenitor cells (NPCs) are derived 
from human pluripotent stem cells (PSCs) or human fetal brain tissue. B Progenitor cells are engrafted to appropriate injection sites in neonatal 
immunodeficient mouse brain, such as the lateral ventricles, frontal cortex, hippocampus, as well as anlagen of the corpus callosum. C Three types 
of chimeric mouse models are established, including macroglial chimeric mice, microglial chimeric mice, and neuronal chimeric mice, in which the 
brain is widely populated by human astroglia and oligodendroglia, human microglia, and human excitatory or inhibitory neuron, respectively. D 
Characterization and application of chimeric mouse models using a variety of techniques
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implanted. Xenografted PMPs differentiate and mature 
into microglia that retain complex region-specific phe-
notypic and functional characteristics of human micro-
glia (reviewed in (Jiang et  al. 2020)). Microglia have 
been implicated in neurodevelopmental and neurode-
generative neurological disorders (Prinz et  al. 2021). 
Transplanted human microglia with TREM2 deletion 
(TREM2KO) – an Alzheimer’s disease (AD) risk locus 
– in AD mouse models respond to beta-amyloid pathol-
ogy similarly to murine microglia (McQuade et al. 2020).
Transplanted human TREM2KO microglia in AD mouse 
models remain homeostatic rather than transitioning to 
disease-associated microglia (DAM) subtype, but inter-
estingly, the lost ‘DAM’ population partially overlaps 
with the murine counterpart in gene expression pro-
file. Down syndrome (DS) is  the most common genetic 
origin of intellectual disability and the most common 
risk factor for AD (Lott and Head 2019). In DS human 
induced pluripotent stem cell (hiPSC)-based microglial 
chimeric brains, DS microglia exhibit enhanced synaptic 
pruning function, resulting in impaired synaptic neuro-
transmission and plasticity (Jin et al. 2022). Upon being 
exposed to pathological tau proteins, DS microglia dis-
play dystrophic and senescent phenotypes, recapitulating 
microglial pathology seen in human brain tissue derived 
from AD patients. Further single-cell RNA-sequencing 
analyses of chimeric mouse brains and mechanistic stud-
ies demonstrate that inhibiting type I interferon signal-
ing can correct DS microglia dysfunction and prevents 
senescence(Jin et  al. 2022). These studies show that 
human-mouse microglial chimeric models can be used to 
study pathophysiology of human microglia during brain 
development and in neurodegenerative diseases. Moreo-
ver, human-mouse chimeric models can be used to study 
novel functional aspects of genes and variants expressed 
by human cells in vivo.

Human PSC-derived NPCs have been used to generate 
human-mouse neuronal chimeras, in which NPCs differ-
entiate and widely populate the host brain with human 
neurons (Chen et al. 2016, Espuny-Camacho et al. 2017, 
Linaro et al. 2019, Xu et al. 2019). Donor-derived human 
excitatory neurons undergo prolonged morphological, 
electrophysiological, and synaptic maturation within the 
host brain and exhibit spine sizes consistent with human 
neurons (Linaro et al. 2019). These findings suggest that 
human neuron-specific development and phenotypes 
in the mouse brain are partly governed by cell-intrinsic 
mechanisms. Donor-derived human neurons function-
ally integrate into the mouse brain by forming synaptic 
contacts between human and host neurons (Chen et  al. 
2016, Espuny-Camacho et  al. 2017, Linaro et  al. 2019). 
Spontaneous and evoked postsynaptic neurotransmis-
sion have been identified in engrafted human neurons 

(Linaro et al. 2019, Xu et al. 2019). Some human neurons 
in the mouse visual cortex exhibit visual-stimuli-driven 
calcium transients and show host-neuron-like specificity 
for stimulus direction or orientation (Linaro et al. 2019). 
When transplanted into the neonatal brain of a murine 
AD model, donor NPC-derived human neurons showed 
neuropathological  hallmarks of AD in the adult mouse 
brain and importantly, exhibited neuronal cell death, 
which was absent in the host mouse neurons (Espuny-
Camacho et al. 2017). Engrafted hiPSC-derived interneu-
ron progenitor cells can differentiate and widely populate 
the mouse cerebral cortex with human interneurons. 
Mice transplanted with DS hiPSC-derived interneurons 
displayed impaired recognition memory compared to 
control mice (Xu et al. 2019). These findings support the 
notion that development, maturation, and aging of trans-
planted human cells can be influenced by the host brain 
environment. In turn, the human cells can structurally 
integrate and modulate the function of host brain cir-
cuitry and further impact animal behavior.

Conclusions
Human-mouse chimeric brain models permit studies of: i) 
the development, integration, and function of human neural 
cells in  vivo; ii) aging and neurodegeneration of engrafted 
human neural cells; iii) whether engrafted “diseased” human 
cells alter neural circuit formation and synaptic plasticity, 
and cause behavioral changes; and  iv)  whether modulat-
ing expression of genes could rescue “diseased” cells’ phe-
notypes. Future improvement in chimeric models could 
include generating chimeric brains containing multiple 
types of human neural cells and chimeric brains together 
with humanized immune systems (Jiang et al. 2020, Jin et al. 
2022). The human-mouse chimeric brain models present 
possibilities for augmenting our understanding of human 
brain development and pathology.
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