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A Competitive Advantage by Neonatally Engrafted Human
Glial Progenitors Yields Mice Whose Brains Are Chimeric for
Human Glia
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Neonatally transplanted human glial progenitor cells (hGPCs) densely engraft and myelinate the hypomyelinated shiverer mouse. We
found that, in hGPC-xenografted mice, the human donor cells continue to expand throughout the forebrain, systematically replacing the
host murine glia. The differentiation of the donor cells is influenced by the host environment, such that more donor cells differentiated as
oligodendrocytes in the hypomyelinated shiverer brain than in myelin wild-types, in which hGPCs were more likely to remain as progen-
itors. Yet in each recipient, both the number and relative proportion of mouse GPCs fell as a function of time, concomitant with the mitotic
expansion and spread of donor hGPCs. By a year after neonatal xenograft, the forebrain GPC populations of implanted mice were largely,
and often entirely, of human origin. Thus, neonatally implanted hGPCs outcompeted and ultimately replaced the host population of
mouse GPCs, ultimately generating mice with a humanized glial progenitor population. These human glial chimeric mice should permit
us to define the specific contributions of glia to a broad variety of neurological disorders, using human cells in vivo.
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Introduction
In an effort to develop human cellular vectors for therapeutic
remyelination, we have developed efficient methods by which to
identify and isolate human glial progenitor cells (hGPCs), in
quantities and purities appropriate for transplantation (Gold-
man et al., 2012). Using immune-deficient mice as hosts, we es-
tablished a neonatal multisite delivery procedure that results in
widespread hGPC engraftment throughout the brain and spinal
cord, with infiltration of the forebrain, brainstem, and cerebellum,
and ultimately the spinal cord and roots (Windrem et al., 2008).
When delivered to myelin-deficient shiverer mice (MBPshi/shi), these
donor hGPCs, whether isolated from tissue (Windrem et al., 2004,
2008) or generated from human embryonic stem cells or induced
pluripotential stem cells (Wang et al., 2013), exhibited efficient oli-
godendrocyte differentiation and myelination, as well as fibrous as-

trocyte production, permitting the clinical rescue of these otherwise
lethally hypomyelinated mice.

Yet in contrast to their bilineal oligodendrocytic and astro-
cytic fate competence in a hypomyelinated host, these xeno-
grafted hGPCs either remained as progenitors or differentiated
into astrocytes in wild-type mice, revealing little oligodendro-
cytic differentiation, and thus suggesting the context dependence
of their fate choice (Goldman et al., 2008). As a result, when
hGPCs were xenografted into immunodeficient but otherwise
wild-type neonatal mice, the recipient brains were effectively col-
onized by hGPCs and their derived astroglia (Han et al., 2013).
Indeed, the resultant occupation of these brains by human glia
was so robust that it prompted us to investigate the functional
and behavioral consequences of this interspecific chimerization.
We found that the glial chimeric mice exhibited both increased
synaptic plasticity and improved cognitive performance, mani-
fested by both enhanced long-term potentiation and improved
performance in a variety of learning tasks (Han et al., 2013). In
the context of that study, we were surprised to note that the
forebrains of these animals were often composed primarily of
human glia and their progenitors, with overt diminution in the
relative proportion of resident mouse glial cells.

On the basis of these observations, we asked here whether
neonatal human glial chimerization can yield the large-scale re-
placement of resident murine glial progenitor cells by hGPCs,
whether this process can result in the effective humanization of
the adult mouse with respect to its glial phenotypes, and if so, by
what kinetics this process proceeds, and with what context-
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dependent determination of cell lineage and fate. In doing so, we
have found that hGPCs exhibit a competitive dominance when
xenografted into the mouse brain that results in the effective, and
often complete, replacement of mouse glial progenitors by their
human counterparts, with subsequent astrocytic differentiation,
thereby yielding murine brains in which human glial cells
predominate.

Materials and Methods
Human and mouse cell dissociation. For xenograft of human fetal GPCs,
cells were extracted from second-trimester human fetuses (18 –22 weeks
gestation age) obtained at abortion. The forebrain ventricular/subven-
tricular zones were dissected from the brain, the samples chilled on ice,
minced and dissociated using papain/DNase, as described previously
(Roy et al., 1999, 2000), always within 3 h of extraction. The dissociates
were maintained overnight in minimal media of DMEM/F12/N1 with 10
ng/ml bFGF. Samples were deidentified and obtained with the approval
of the University of Rochester Research Subjects Review Board.

As controls, allografted mouse cells were obtained from Tg(CAG-
EGFP)B5Nagy/J mice (The Jackson Laboratory). P1 pups were cryoanes-
thetized, their forebrains removed, and dissociated as above; like their
human counterparts, the mouse cells were also maintained overnight in
DMEM/F12/N1 with 10 ng/ml bFGF before sorting.

Sorting. Glial progenitor cells were isolated the day after tissue disso-
ciation, using immunomagnetic sorting (MACS, Miltenyi Biotec), as de-
scribed previously (Windrem et al., 2008). The human cells were
incubated with mouse anti-PSA-NCAM (clone 2–2B, Millipore; clone
5A5, DSHB), then washed and labeled with microbead-tagged rat anti-
mouse IgM (Miltenyi), and the PSA-NCAM � cells removed by MACS
depletion. The PSA-NCAM-depleted remainder was then incubated
with mAb A2B5 supernatant (clone 105; ATCC) for 20 min, then washed
and tagged with microbead-tagged rat anti-mouse IgM (Miltenyi), and
the A2B5 � cells separated by MACS selection. The bound cells were then
eluted, yielding a highly enriched population of PSA-NCAM �/A2B5 �

cells. After sorting, the cells were either maintained in vitro up to 2 weeks
in DMEM/F12/N1 with 10 ng/ml bFGF and 20 ng/ml PDGF-AA, or

frozen and stored in liquid N2 at 2 � 10 6 cells/ml in 7.5% DMSO/50%
media (DMEM/F12/N1)/42.5% ProFreeze-CDM (Lonza).

Mouse cells were incubated with mAb A2B5 supernatant for 20 min,
then washed and labeled with microbead-tagged anti-mouse IgM, and
separated by MACS. The bound cells were then eluted, yielding a highly
enriched population of A2B5 � cells. After sorting, the cells were main-
tained for 1–2 d in DMEM/F12/N1 with 10 ng/ml bFGF and 20 ng/ml
PDGF-AA.

Transplantation. Myelin-deficient, immunodeficient shiverer (MBPshi/shi) �
rag2�/� mice were generated as previously described (Windrem et al., 2008).
Shiverer � rag2 �/� and myelin wild-type rag2 �/� newborn pups of
either sex were both transplanted within a day of birth, using a total of
300,000 cells dispersed over five injection sites, also as described previ-
ously (Windrem et al., 2008). The myelin wild-type mice were killed for
histology at 3, 4.5, 6, 8, or 12 months of age (n � 3 per time-point; 15
total), whereas engrafted shiverer brains were analyzed at 3, 4.5, 6, 8, or
12 months (n � 3 per time-point, except single mice at 6 and 8 months;
11 total). As allograft controls, EGFP� mouse GPCs were prepared and
sorted as above and transplanted into rag2�/� (n � 22) or shiverer �
rag2�/� (n � 8) mice on P1, at 300,000 cells/mouse in 5 sites, using the
same procedure as that for hGPC xenografts. The A2B5-sorted mouse
GPCs (mGPCs) were cultured for a week in DMEM/F12/N1 with 5% FBS
and then immunostained for the neuron-specific protein MAP2AB, so as
to assess the incidence of neurons in this pool. Among 14 cultures derived
from two separate sorts, an average of 2.1 � 0.5% expressed MAP2AB,
consistent with the minor incidence of neuronal contaminants in these
GPC sorts, as we had previously reported for A2B5 �/PSA-NCAM-based
isolation of hGPCs (Windrem et al., 2004).

Immunolabeling. Mice were given barbiturate anesthesia, perfusion
fixed with HBSS followed by 4% PFA. Brains were removed and post-
fixed for 2 h in cold PFA. Brains were cryopreserved in 6% and 30%
sucrose (w/v), embedded sagittally in OCT, and cryosectioned at 20 �m.
Cells were labeled with antibodies as listed in Table 1.

BrdU tagging. To estimate the mitotic indices of each donor-derived
phenotype at the time of death, the thymidine analog BrdU (150 mg/kg,
i.p.) was given once daily for 5 consecutive days in the terminal week, and

Table 1. Antibodies and dilutions used for histological analysis in this study

Antigen Name Dilution Catalog Company

BrdU Rat anti-BrdU 1:200 MCA2060 Serotec
CNPase Mouse anti-CNPase 1:1000 SMI-91R Covance
GFAP Rabbit anti-GFAP 1:800 ab5804 Millipore
hGFAP Mouse antihuman (specific) GFAP 1:500 SMI-21R Covance
hN Mouse antihuman nuclei, clone 235-1 1:800 MAB1281 Millipore
hNG2 Mouse anti-NG2, clone 9.2.27 1:200 MAB2029 Millipore
Ki67 Rabbit anti-Ki67, clone SP6 1:200 RM-9106-S1 LabVision
MBP Rat anti-MBP 1:25 ab7349 Abcam
mNG2 Rabbit anti-NG2 1:200 AB5320 Millipore
Olig2 Rabbit anti-Olig2 1:500 RA25017 Neuromics
PDGFR� Rabbit anti- PDGFR�, clone D13C6 1:300 5241S Cell Signaling
PDGFR� Rabbit anti- PDGFR�, clone D1E1E 1:300 3174S Cell Signaling
Transferrin Transferrin antibody 1:800 ab9538 Abcam
EGFP EGFP, 3E6 1:400 A11120 Invitrogen
Secondary antibodies AlexaFluor-568 goat anti-mouse IgG (H � L) 1:400 A-11031 Invitrogen

AlexaFluor-568 goat anti-mouse IgG1 1:400 A-21124 Invitrogen
AlexaFluor-488 goat anti-mouse IgG (H � L) 1:400 A-11029 Invitrogen
AlexaFluor-488 goat anti-mouse IgG1 1:400 A-21121 Invitrogen
DyLight 649 goat anti-mouse IgG1 1:400 115-495-205 The Jackson Laboratory
Biotin-SP goat anti-mouse IgG (H � L) 1:250 115-065-166 The Jackson Laboratory
AlexaFluor-568 goat anti-rabbit IgG (H � L) 1:400 A-11036 Invitrogen
AlexaFluor-488 goat anti-rabbit IgG (H � L) 1:400 A-11034 Invitrogen
Cy5 goat anti-rat 1:400 A10525 Invitrogen
AlexaFluor-568 goat anti-rat IgG (H � L) 1:400 A-11077 Invitrogen
AlexaFluor-488 goat anti-rat IgG (H � L) 1:400 A-11006 Invitrogen
Streptavidin, AlexaFluor-568 1:1000 S-11226 Invitrogen
Avidin, AlexaFluor-488 1:500 A-21370 Invitrogen
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the mice killed 2 d later so as to allow sufficient time for phenotype-
specific antigenic expression. In BrdU-labeled samples, PDGFR� was
used instead of NG2 to identify GPCs because NG2 proved incompatible
with our BrdU labeling protocol. In control sections, we observed com-
plete overlap of the NG2 and PDGFR�-immunoreactive populations,
except for a minor pool of morphologically apparent NG2 � pericytes
that did not express PDGFR�.

Transplant mapping, cell counts, and phenotypic analysis. Montages for
whole-section mapping of donor cells were generated on a Leica
DM6000B equipped with a Leica DFC360FX high-speed camera system,
using the HCX PL FLUOTAR 20� objective.

Quantification of callosal engraftment and donor cell phenotype in
mice younger than 1 year were based on counts of the corpus callosum in
three equally spaced sections of each mouse. In the 1-year-old mice
whose brains had substantial donor cell engraftment, quantification of
donor cell phenotypes in the corpus callosum was performed stereologi-
cally, by optical fractionator (West, 1999). We used a stereology system
(StereoInvestigator; MicroBrightField), consisting of an Olympus BX-51
microscope equipped with a Ludl motorized stage, Heidenhain z-axis
encoder, and Optronics QuantiFire video camera. Within each corpus
callosum, from a random starting point, six sections equidistantly spaced
576 �m apart were selected for analysis. After outlining the boundaries of
the corpus callosum and establishing upper and lower exclusion zones of
10% of section thickness, a set of counting frames was placed by the
software in a systematic random fashion to cover the corpus callosum of
each section at �40 sites. At each sampling site, the system acquired
photographs at 1 �m intervals along the z-axis through the sample rect-
angular prism (xyz � 80 �m � 80 �m � 16 �m). Photographs were
taken at 400� or higher magnification. Cells were counted in the optical
section in which they first came into focus.

Results
Neonatally engrafted hGPCs progressively expand in the
murine forebrain
Using both homozygous shiverer (MBPshi/shi) and myelin wild-
type mice, each crossed to rag2�/� immunodeficients, we evalu-
ated the absolute numbers, relative proportions, and geographic
distributions of human donor cells in neonatally engrafted recip-
ients. In both cases, to generate mice chimeric for hGPCs, we
transplanted newborn mouse pups with hGPCs isolated from
second-trimester fetal human brain tissue, using immunomag-

netic isolation of the A2B5�/PSA-NCAM� phenotype. The cells
were then delivered to the test mice using a five site intracerebral
injection protocol that targeted the corpus callosum and cerebel-
lar peduncle, as we have previously described (Windrem et al.,
2008). As graft hosts, we used either newborn rag2�/� immuno-
deficient myelin wild-type pups or hypomyelinated homozygous
shiverer � rag2�/� pups. Each mouse was transplanted with
300,000 GPCs delivered at five forebrain sites (Windrem et al.,
2008), either with xenografted hGPCs, or as allograft controls,
with EGFP� mGPCs, isolated via A2B5-based sorting from the
cortices of P1 EGFP knock-in transgenic mice. The hGPC-
engrafted myelin wild-type mice were assessed for histology at 3,
4.5, 6, 8, or 12 months of age, whereas engrafted shiverer brains
were analyzed at 3, 4.5, 6, 8, or 12 months (generally n � 3
mice/time-point/genotype).

In the first 3 months following transplantation, hGPCs mi-
grated widely to progressively engraft the forebrain white matter
tracts (Fig. 1). During this period, the distribution of hGPCs in
hypomyelinated and normally myelinated mouse brain were
analogous. By 4.5 months of age, the dispersal pattern of hGPCs
in wild-type mice was noted to differ from that in hypomyeli-
nated shiverers, in that whereas hGPCs infiltrated in a relatively
uniform fashion in both the gray as well as the white matter in
myelin wild-types, hGPCs transplanted into shiverer mice prefer-
entially expanded in the callosal and capsular white matter, in
which they gave rise to new oligodendrocytes as well as additional
GPCs and astrocytes (Fig. 1). Nonetheless, in both surviving shiv-
erers and myelin wild-types, infiltration of the cortical and sub-
cortical gray by migrating hGPCs ensued such that, by 1 year of
age, donor hGPCs were distributed in a relatively uniform man-
ner throughout both the white and gray matter.

In contrast to the aggressive expansion of xenografted hGPCs,
EGFP� mouse GPCs allografted into myelin wild-type rag1�/�

mice dispersed but did not expand substantially over time, nor
did they migrate substantially beyond white matter tracts
(Figs. 1 and 2A). Nonetheless, those EGFP-identified mGPCs
allografted into shiverer brains did indeed expand as NG2� progen-
itors within the hypomyelinated white matter (Fig. 2C,D,G), matur-

Figure 1. hGPCs colonize both wild-type and myelin-deficient immunodeficient host brain. hGPCs neonatally transplanted into either congenitally hypomyelinated shiverer � rag2�/� mice
(left columns) or normally myelinated rag2�/� mice (right columns) disperse and expand broadly throughout the brain as a function of age, and do so more aggressively than allografted mouse
GPCs. hGPCs reach higher density in white matter than gray matter of the hypomyelinated shiverer, in contrast to their relatively uniform distribution in normally myelinated brain (right).
Same-species neonatal allografts of EGFP-expressing mouse GPCs migrate and expand substantially less. Red dots indicate individual donor GPCs, as labeled by human nuclear antigen (human GPCs)
or anti-GFP (mouse GPCs). Cells were mapped in 20 �m sections using Stereo Investigator. Inset, Bottom left, Sites of neonatal injection, given anteriorly and posteriorly into the corpus callosum
bilaterally, and as a single injection into the cerebellar peduncle.
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ing therein into transferrin- and MBP-
expressing oligodendroglia (Fig. 2E,F,H)
and ultimately forming mature myelin
(Fig. 2B), just as did hGPCs delivered into
shiverer. However, allografted mGPCs
manifested little dispersal beyond the ma-
jor white matter tracts, compared with the
widespread dispersal of hGPCs in shiverer
as well as myelin wild-type hosts (Figs. 1
and 2A). Thus, the hypomyelinated shiv-
erer brain could be myelinated by al-
lografted murine as well as by xenografted
hGPCs, but only hGPCs manifested pre-
ferential expansion and dominant colo-
nization of the murine subcortical and
neocortical gray matter.

hGPCs actively excluded resident
murine glial progenitors
To define the dynamics of hGPC dispersal
in the mouse brain, we used species-
specific antibodies against the glial pro-
genitor proteoglycan NG2 to map the
respective locations of human donor and
murine host NG2� cells, as a function of
time after neonatal transplant. Analyzing
300-�m-wide columns of callosal wall ex-
tending from the lateral ventricle to the
pial surface, we noted a progressive ex-
pansion of the hGPC pool relative to that
of the host, with a serially expanding bor-
der between the two at all time-points. In
both myelin wild-type and shiverer hosts,
we noted that by 3 months of age, human
NG2� cells typically replaced mouse NG2� cells in the corpus
callosum (Fig. 3A,B). At that relatively early time-point, donor
progenitors begin to advance into the lower layers of cortex,
whereas more superficial cortical layers remain inhabited princi-
pally by murine NG2� GPCs (Fig. 3C). By 8 months, the human
hGPCs have invaded the superficial cortex, whereas endogenous
murine GPCs have become sequestered in the most superficial
cortical layers (Fig. 3D). This process of hGPC expansion in the
host forebrains continued, such that, by 1 year of age, the murine
progenitors were largely replaced by transplanted human cells,
often completely so (Fig. 2E,F). Indeed, in 3 of 4 animals assessed
at 1 year, no remaining mouse GPCs could be identified in the
sampled forebrain sections. The geographical advance of donor
progenitor cells is typically characterized by a discrete advancing
front, which demarcates their border with host murine cells (Fig.
3C–E). Remarkably, isolated GPCs of either species were rarely
noted behind these borders, suggesting the potency of the repul-
sive interactions likely characterizing the relationship of these
analogous but heterospecific phenotypes.

The concurrent expansion of human cells from the callosum
and elimination of endogenous progenitors proceeded with ap-
proximately exponential decay kinetics, and did so in both the
cortical and subcortical gray matter, with striatal and basal fore-
brain infiltration by hGPCs occurring concurrently with neocor-
tical invasion. Importantly, while the geographic patterns and
timing of GPC migration proved analogous in both hypomyeli-
nated shiverer and myelin wild-type hosts (Fig. 1), the relative
degrees of local intracompartmental expansion differed, in that
hGPCs expanded in the callosal environment of shiverer mice to a

notably greater extent than their myelin wild-type counterparts
(compare callosal hGPC densities between shiverer and wild-type
hosts in Fig. 1). These observations suggested that the dominant
colonization of the mouse brain by hGPCs reflected not only a
species-selective competitive advantage of human over mouse
GPCs, but also a context-dependent instruction of relative ex-
pansion and phenotypic differentiation.

hGPCs differentiate in a context-dependent fashion
On that basis, we next sought to assess the responsiveness of
engrafted hGPCs to the host environment, by comparing their
phenotypic differentiation in congenitally hypomyelinated and
normally myelinated murine recipients. To that end, we used
stereological analysis of progenitor-derived human astrocytes
and oligodendrocytes to define the relative representation of each
phenotype in the corpus callosum of neonatally xenografted shiv-
erer and wild-type mice. In one year-old shiverer recipients,
�40% of human cells in the callosum expressed the oligodendro-
cytic protein CNP. In contrast, 	10% of human callosal cells in
myelin wild-type mice did so at that point (p 	 0.001 by 2-way
ANOVA with Bonferroni t test; Fig. 4A). Accordingly, �50% of
the human donor-derived cells remained as glial progenitors in
the myelin wild-type chimeras, while 	15% do in the shiverer
(p 	 0.001, Bonferroni t test). Yet in contrast to the marked
difference in oligodendrocytic differentiation by hGPCs between
shiverer and wild-type mice, the relative proportions of engrafted
human cells that developed GFAP� astrocytic phenotype proved
no different in the two recipient models (Fig. 4A).

Figure 2. Allografted mouse GPCs engraft host brain without selective expansion. A, B, Mouse EGFP � GPCs densely engraft and
myelinate the white matter of the shiverer corpus callosum and cerebellum by 4.5 months: green represents EGFP; red represents
MBP. B, Higher-magnification view of A. C, EGFP-defined mGPCs persistent in the shiverer host corpus callosum, 4.5 months.
Arrowheads indicate EGFP �/NG2 � donor mGPCs. D, Donor EGFP NG2 � cells: green represents EGFP; red represents NG2. E,
Donor-derived MBP � oligodendrocytes in the cortex: green represents EGFP; red represents MBP. F, Confocal z-stack with orthog-
onal views of indicated donor-derived oligodendrocyte shown in E. G, At 6 months after neonatal delivery, mouse EGFP � cells
allografted into myelin wild-type corpus callosum have either integrated as NG2-defined progenitors (G) or (H ) have differenti-
ated as either astrocytes or transferrin-expressing oligodendrocytes (arrows). Scale bars: B, C, G, H, 20 �m; D–E, 10 �m; F, 5 �m.
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In absolute numbers, stereological estimation revealed that
many times more human cells engrafted into the callosa of shiv-
erer than in myelin wild-type mice (2-way ANOVA, p 	 0.0001)
(Fig. 4B). In particular, the numbers of donor-derived oligodendro-
cytes and progenitors were each significantly higher in the shiverer
than the myelin wild-type brains (p 	 0.001 and 	0.01, respectively,
by Bonferroni t tests), suggesting that the hypomyelinated environ-
ment encouraged selective expansion of donor hGPCs, as well as
facilitating their oligodendrocytic differentiation (Fig. 4B).

It is important to note that the selective expansion of donor
hGPCs in the shiverer brains appeared to be a product of the
hypomyelinated environment, and not of xenograft per se, be-
cause neither the number nor relative proportion of hGPCs in
neonatally xenografted wild-type callosa differed from the corre-
sponding numbers of mouse progenitors in untransplanted wild-

type controls (Fig. 4C,D). At baseline, 3.5 � 0.2% of callosal cells
in untransplanted 1-year-old rag2-null mice were identified as
GPCs by their expression of mouse NG2. Yet when 1-year-old
hGPC engrafted rag2-nulls were similarly evaluated, using
species-specific anti-NG2 antibodies, 3.6 � 0.3% of callosal cells
were found to express human NG2. Similarly, in xenografted
shiverers that survived to 1 year by virtue of neonatal transplan-
tation, 4.1 � 0.2% of all callosal cells expressed human NG2 (Fig.
4D). As noted previously, by this late time-point, few, if any,
mouse NG2 cells were noted to persist in the xenografted callo-
sum, whether of shiverer or myelin wild-type hosts (Fig. 3F,G). In
each case, the net density of parenchymal GPCs was unchanged
despite the complete or near-complete replacement of mGPCs by
hGPCs; by 1 year of age, 3%– 4% of all cells expressed NG2,
regardless of species or host genotype.

Figure 3. Progressive domination of murine forebrain by human glial progenitors. hGPC replacement of mouse glial progenitor cells (mGPCs) in both shiverer and normally myelinated rag2 �/�

mice, visualized using species-specific antibodies to the GPC chondroitin sulfate proteoglycan NG2. A, An unengrafted control showing the normal distribution of mouse NG2 � cells (red), spanning
the distance from the ventricular ependyma to the pial surface; 3 months of age. B–D, Analogous radial strips spanning the ventricular to the pial surface, including the corpus callosum and cortex,
of shiverer � rag2 �/� mice engrafted neonatally with hGPCs. These images, taken at 3 (B), 8 (C), and 12 (D) months of age, show the systematic expansion of hNG2-defined hGPCs from the
callosum to the cortical mantle, and the concurrent displacement of endogenous murine NG2 � cells. Red represents mouse NG2; green represents human NG2. E, Higher-magnification image of the
mGPC-hGPC border in a 3-month-old myelin wild-type rag2 �/� mouse demonstrates the sharp demarcation between the advancing human and retreating mouse glial progenitors. In myelin
wild-type mice, by this time-point, hGPCs have replaced mGPCs throughout the corpus callosum, the hippocampus, and lower layers of cortex; mouse NG2 � cells still dominate the superficial layers
of the cortex. F, The replacement of host mouse cells by transplanted hGPCs in both shiverer/rag2 �/� (red dots) and normally myelinated rag2 �/� (blue dots) mouse callosal-cortical strips, plotted
as the percentage of mouse NG2 � cells versus the number of human NG2 � cells/radial column. Across all time-points, as the total number of human cells in a radial column increased, the proportion
of host mouse GPCs fell. G, The kinetics of hGPC replacement of endogenous mGPCs, as a function of time, in both shiverer and myelin wild-type� rag2 null hosts. In both cases, colonization by hGPCs
eventually yielded the substantial replacement and, in some cases, the apparent elimination of the endogenous mouse progenitor population. Scale bars: A–E, 100 �m.
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In a similar vein, we noted that the
proportion of human astrocytes increased
as a function of time in the corpus callo-
sum of the shiverer mice and was matched
by a corresponding decrease in the pro-
portion of mouse astrocytes (Fig. 4E); the
net density of astrocytes was approxi-
mately preserved, despite the slow re-
placement of mouse by human astroglia.
As with host colonization by hGPCs, we
found that xenograft influenced only the
species of resident astroglia and not their
overall density. Together, these data indi-
cated the context-dependent expansion and
differentiation of hGPCs, with the species-
independent preservation of phenotype-
specific callosal cell densities for GPCs and
astroglia alike.

hGPCs remain mitotically active longer
than allografted mGPCs
We next asked whether species-selective
differences in proliferative activity might
contribute to the relative expansion of
hGPCs. To that end, we treated matched
cohorts of human and allografted mouse
glial chimeric myelin wild-type mice with
the DNA replication marker BrdU for 5 d
before death at either 4 or 8 months of
age. Death was followed by immunohis-
tochemistry for BrdU together with
phenotype-selective markers, followed by
estimation of the respective mitotic indi-
ces of human and mouse GPCs. At both 4
and 8 months of age, we noted that the
mitotic fraction of human donor cells
was significantly higher than that of al-
lografted mouse GPCs (Fig. 5A) (two-way
ANOVA, p 	 0.0005). These data indicate
that hGPCs remain mitotically active long
after the mitotic expansion of allografted
murine glial progenitors has slowed, just
as the xenografted hGPCs remain mitoti-
cally active long after endogenous GPC
expansion has abated (Windrem et al.,
2008); this in turn suggests that the selec-
tive expansion of hGPCs may contribute, at least in part, to their
dominance over time in xenografted mice.

On that basis, we next asked whether the difference in ex-
pansion between human and mouse glia might also reflect
phenotype-selective differences in the mitotic rate of progenitor-
derived daughters, relative to those derived from resident mouse
GPCs. To this end, we immunostained BrdU-labeled sections of
neonatally xenografted rag2-null myelin wild-type mice for the
glial progenitor protein PDGFR�, the astroglial filament GFAP,
or oligodendrocytic transferrin. Of note, in this experiment, we
immunostained for human PDGFR� rather than NG2 to identify
hGPCs, and transferrin rather than CNP to recognize oligoden-
droglia, so as to permit concurrent staining for BrdU, the fixation
conditions for which obscure both NG2/CPSG4 and CNP immu-
nodetection. We validated that our PDGFR� and transferrin
immunostaining protocols exclusively recognized NG2- and
CNP-expressing cells, respectively, in hGPC-xenografted brains

(data not shown). We found that, at both 4 and 8 months, the
GPC fraction of all donor-derived cells remained significantly
higher in hGPC-engrafted mice than in mice allografted with
mGPCs (Fig. 5B), consistent with the higher sustained mitotic
index of the human donor pool (Fig. 5A). Among GPC daughter
cells, though, the production of oligodendroglia in myelin wild-
type mice was more pronounced by murine than hGPCs at both
4 and 8 months (Fig. 5C), suggesting that allografted mouse
GPCs are more biased toward rapid oligodendroglial differenti-
ation than their human counterparts. In contrast, hGPCs xeno-
grafted into myelin wild-types appeared more biased to astrocytic
differentiation, with evident donor-derived astrocytic accumula-
tion between 4 and 8 months (Fig. 5D). Accordingly, the mitotic
index of donor-derived astroglia was significantly higher in hu-
man than in allografted murine GPCs (Fig. 5E). Indeed, although
human astrocytes typically comprised 5%–10% of BrdU� cells in
wild-type recipients, no BrdU� astrocytes were identified in

Figure 4. Phenotypic differentiation by engrafted hGPCs is context-dependent. A, Differentiation at 1 year of hGPCs in the
corpus callosum of congenitally hypomyelinated, transplant-rescued shiverer (red) and myelin wild-type mice (blue), each
rag2 �/� immunodeficient. In the shiverer callosum, �40% of human donor cells had differentiated as CNP � oligodendrocytes;
in contrast, in myelin wild-types, most remained as progenitors. B, Total number of human cells in the corpus callosum of
shiverer � rag2 �/� versus myelin wild-type rag2 �/� mice. The higher number of human cells engrafted in shiverer white
matter may be attributed to the greater number of CNP-defined oligodendrocytes engrafting in shiverer. C, At 1 year, the total
number of human NG2 � cells in the corpus callosum of engrafted shiverer � rag2 �/� mice is almost double that of myelin
wild-type rag2 �/� mice. D, The proportion of hNG2-defined hGPCs is the same in both backgrounds, consistent with the higher
density of GPCs in the shiverer callosum (Bu et al., 2004). E, Human GFAP � cells slowly replace mouse GFAP � cells in the shiverer
corpus callosum, such that, by 1 year, almost half of all mouse callosal astrocytes have been replaced by hGPC-derived human
astroglia, yielding white matter substantially chimeric for human astroglia as well as for hGPCs. **p 	 0.001 (ANOVA with
Bonferroni t tests). ***p 	 0.0001 (ANOVA with Bonferroni t tests).
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mGPC-allografted brains (Fig. 5E). These data indicate that as-
trocytic replacement in myelin wild-type glial chimeras derived
almost entirely from engrafted human progenitors and thus sug-
gest that hGPC-engrafted mice may experience slow replacement
of their astrocytic as well as their progenitor populations. In ad-
dition, these findings highlight the persistence of both GPC phe-
notype and mitotic potential among xenografted human cells as
contributing factors for the competitive dominance of hGPCs in
the chimeric brain environment.

We next asked whether the mitotic index of human donor
GPCs and their derivatives differed whether they were trans-
planted into wild-type or hypomyelinated recipients. We found

no difference in the mitotic index of human donor cells whether
introduced to wild-type or shiverer brain (Fig. 5F) but did note
that the hGPCs were significantly more likely to generate oligo-
dendroglia in the shiverer callosum, relative to that of myelin
wild-types (Fig. 5G). No such differences were seen in the callosal
production of GPCs or astrocytes as a function of recipient envi-
ronment (data not shown). These observations again point to the
pronounced context dependence of phenotypic differentiation
by xenografted hGPCs and are consistent with the preferential
instruction of GPCs toward oligodendroglial lineage in the shiv-
erer environment.

Human astrocytes exhibit cell-autonomous maturation in
chimeric mice
To assess the species-determined features of glial differentiation
in these hGPC chimeras, we also assessed the morphological
phenotypes of their derived astrocytes, in myelin wild-type
recipients. We assessed astrocytic morphologies, and domain
architecture in particular, because human astroglia may be read-
ily distinguished in vivo from those of mice, spanning consider-
ably larger domain volumes and manifesting significantly greater
fiber complexity (Oberheim et al., 2009). We found that, at 8 –10
months of age, by which point the majority of all forebrain GPCs
in these mice were of human origin, the recipient brains also
exhibited large numbers and high relative proportions of human
astrocytes, in both gray and white matter. As we had previously
noted in an assessment of human astroglial contributions to cog-
nition in glial chimeric mice, the engrafted human glia in murine
chimeras appear to develop and mature in a cell-autonomous
fashion, in that their diameter, domain size, and morphology all
approximate that of astrocytes in the normal adult human brain
(Han et al., 2013). In each environment, including both the xe-
nografted mouse brain and native human brain, human astroglia
proved significantly more complex and phenotypically heteroge-
neous than host murine astrocytes (Fig. 6). As we have noted, the
replacement of host GPCs by hGPCs leads, over time, to the
effective chimerization of the recipient mice with human astro-
cytes. Because these astrocytes evidently retain human-specific
pleomorphism and domain complexity, the astrocytic human-
ization of these chimeric brains appears to give rise to hominid-
specific glial architecture as well as physiology in the murine
brain.

Discussion
In this study, we engrafted neonatal mice with hGPCs, so as to
evaluate the dispersal, interspecific competitive interactions,
and context-dependent fate determination of xenografted hG-
PCs. We found that a large proportion of glial cells within
the recipient mice, often all GPCs and a large proportion of
astrocytes, and oligodendrocytes as well, when using hypomy-
elinated hosts, were ultimately replaced by human donor-
derived cells. The extent of this colonization of the mouse
brain by human glia appeared so robust that we quantitatively
evaluated the absolute numbers, relative proportions, and
geographic distributions of human donor cells in the neona-
tally engrafted recipients. This analysis revealed that hGPCs so
dominated and enjoyed such a competitive advantage over
their murine counterparts that, by 9 months in vivo, virtually
all glial progenitors within these mouse brains were typically
replaced by hGPCs (Fig. 1).

The higher mitotic index of human donor cells relative to
resident mouse GPCs in the host brains suggested a basis for our
prior observation that, in shiverer homozygotes, an initial dose of

Figure 5. hGPCs expand preferentially relative to mouse GPCs in the murine environment.
Neonatal chimeras were established in myelin wild-type rag2 �/� mice, with either human or
allogeneic EGFP-tagged mouse GPCs. These were maintained until 4 or 8 months of age, then
injected for 5 d preterminally with BrdU to label the mitotic fraction of resident cells. The mice
were then killed and callosal BrdU-tagged cells immunophenotyped. A, At both 4 and 8 months,
EGFP � mGPCs (green bars) exhibited substantially lower mitotic indices than the xenografted
hGPCs (purple). **p 	 0.0005 (one-way ANOVA). B, At both 4 and 8 months, higher propor-
tions of human than mouse donor cells could be identified as PDGFR�-defined glial progenitor
cells. C, In contrast, allografted mouse GPCs were significantly more likely to differentiate as
transferrin-defined oligodendrocytes than were their human counterparts, when injected into
matched myelin wild-type recipients. D, Substantially higher proportions of human donor cells
differentiated as GFAP-defined astrocytes, compared with allografted mouse GPCs. E, Strik-
ingly, the mitotic index of these astrocytes differed dramatically between mouse and human
donors: No mouse GFAP � cells were found to incorporate BrdU at either 4 or 8 months, indi-
cating that, although new human astrocytes were continuously added to these adult brains
from resident hGPCs, astrocytic recruitment from murine progenitors appeared to be nil. F, At
the 4 month time-point studied, the mitotic index of callosal hGPCs did not differ between
shiverer and myelin wild-type recipients. G, However, a higher percentage of hGPCs differenti-
ated as transferrin � oligodendrocytes in shiverer than in normally myelinated mice, again
highlighting the context-dependent differentiation of hGPCs following their widespread,
seemingly cell-autonomous migration. *p 	 0.01 (ANOVA with Bonferroni t test). **p 	 0.001
(ANOVA with Bonferroni t test). ***p 	 0.0001 (ANOVA with Bonferroni t test).
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300,000 cells/recipient expanded by at
least 40-fold by 12 months, to an average
of 12 � 10 6 human glia in those animals
rescued by neonatal progenitor transplan-
tation (Windrem et al., 2008). Our pres-
ent observations extend this analysis
substantially by demonstrating that, in
both the shiverer homozygotes and myelin
wild-type hosts, the selective expansion of
the human donor glia appears in part a
product of the more sustained prolifera-
tion of hGPCs. Because the human donor
GPCs are derived from the late second-
trimester SVZ, they might be expected to
divide for up to 9 months after isolation;
our data suggest that they sustain ele-
ments of that cell-autonomous program
of expansion in the mouse host.

Importantly, shiverer and wild-type re-
cipient mice differed in the compositions
of their donor-derived phenotypes after
neonatal chimerization. Whereas in xeno-
grafted adult shiverers, virtually all surviv-
ing oligodendrocytes were of human
donor origin, in wild-type recipients, few
donor-derived oligodendrocytes were ap-
parent; rather, these brains had an abun-
dance of hGPCs and astrocytes, the
relative proportions of which increased with age. In both recipi-
ent environments, the human glial progenitors typically outcom-
peted their murine counterparts. This process was dynamic in
scope and overtly competitive, in that the hGPCs typically ex-
panded outwards from their periventricular and callosal points of
introduction, in advancing waves that appeared to repulse resi-
dent murine progenitors, which appeared to die concurrent with
their replacement, both in situ and upon retreat to the cortical
surface (Fig. 3). The hGPCs progressively expanded until achiev-
ing a relatively uniform distribution, in tissue densities not sig-
nificantly different from those of the mouse GPCs that they
replaced; their assumption of an asymptotic distribution ap-
peared analogous to that reported developmentally by Bergles
and colleagues (Hughes et al., 2013). The repulsive signals to
which the murine GPCs responded are unknown, as is the mo-
lecular basis for the competitive dominance of the hGPCs. Sev-
eral recent studies have identified differential expression of both
MYC- and hedgehog-dependent pathways as contributing to
clonal dominance during early ontogeny (Clavería et al., 2013;
Amoyel and Bach, 2014; Amoyel et al., 2014), and we are now
assessing differential gene expression by mouse and hGPCs in
vivo in an attempt to define analogous regulators of competition
that may distinguish murine and hGPCs. Yet regardless of their
mechanistic basis, the competitive interactions between mouse and
hGPCs yielded the slow but inexorable glial humanization of these
brains, first by hGPCs, and then by their derived astrocytes, as
resident mouse astrocytes underwent normal turnover in adult-
hood, with replacement from the now-humanized progenitor
pools (Fig. 3).

The value of such humanized models of in vivo brain pheno-
types and function is especially clear when one considers that
human astrocytes have functional competencies unique to hom-
inids. Human astrocytes are more numerous, larger, and more
structurally complex than those of infraprimate mammals, rais-
ing the possibility that the functional roles of glia have expanded

during evolution (Oberheim et al., 2006, 2009). These evolution-
ary changes are of particular interest because astrocytes have been
shown to play vital roles in information processing within the
CNS (Kang et al., 1998; Araque et al., 1999). Astrocytes are re-
quired for synaptogenesis and maintenance of synaptic density
(Ullian et al., 2001), and a number of specific astrocytic modula-
tors of synaptic plasticity have been identified, including the
glypicans (Allen et al., 2012) and TNF� (Stellwagen and Malenka,
2006), among others. Importantly, these ligands may be differen-
tially expressed by human astroglia, thus imparting differential
potency to human astroglia in the regulation of synaptic plastic-
ity, relative to infraprimate glia (Oberheim et al., 2009; Han et al.,
2013). As a result, the greater structural complexity of human
astrocytes relative to those of rodents is accompanied by func-
tional differences: human astrocytes propagate Ca 2� wave signif-
icantly faster than rodents, and human glial chimeric mice
exhibit both enhanced long-term potentiation and facilitated
learning in a variety of conditioned response paradigms and cog-
nitive tasks (Han et al., 2013). Together, these observations sug-
gest that the species-specific structural complexity of human
astrocytes endows these cells with a fundamentally greater func-
tional importance to synaptic modulation than that of their in-
fraprimate counterparts.

Human astrocytes may differ substantially from their murine
counterparts in their origin as well as their function. In our chi-
meras preterminally tagged with the mitotic marker BrdU, we
found that, although new human astrocytes were continuously
added to these brains, as recruited from resident engrafted hG-
PCs, astrocytic production from murine progenitors appeared to
be nil; no mouse GFAP� cells were found to incorporate BrdU at
either 4 or 8 months (Fig. 5E). This observation may suggest a
fundamental distinction in the origin of new astroglia in the
brains of adult rodents and humans; although in mice resident
astrocytes have been reported as the principal source of new
astrocytes in adulthood (Ge et al., 2012), with GPCs serving prin-

Figure 6. Cell-autonomous differentiation of human astroglia in the chimeric host environment. A, Engraftment of human glial
progenitors and astrocytes in the corpus callosum of a 2-year-old myelin wild-type immunodeficient mouse. Human cells were
transduced before transplantation with lentiviral EGFP (green) and labeled with anti-human-specific GFAP (red). B, A represen-
tative human fibrous astrocyte, resident in a striatal fiber tract in a 1-year-old mouse. Yellow arrow indicates the nucleus (human
nuclear antigen, red) of the single astrocyte, whose fibers extend �350 �m within the tract (green, human GFAP). C, Endogenous
mouse astrocytes, in a comparable tract through the striatum of an unengrafted mouse: red represents GFAP; blue represents DAPI.
Scale bar, 50 �m.
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cipally as oligodendrocyte progenitors (Bu et al., 2004;
Nishiyama et al., 2009; Kang et al., 2010; Tripathi et al., 2010),
human glial progenitors are notably bipotential for both oligo-
dendrocytes and astrocytes in the adult brain (Nunes et al., 2003;
Sim et al., 2009; Sim et al., 2011).

Our ability to generate mice in which the bulk of the glial
population is of human origin opens the possibility of construct-
ing human glial chimeras in a patient-specific and disease-
defined manner, using hGPCs derived from embryonic stem cells
and induced pluripotential cells. In particular, the ability to gen-
erate astrocytes (Krencik et al., 2011), as well as glial progenitors
and oligodendroglia (Wang et al., 2013), from human-induced
pluripotential stem cells permits the construction of mice in
which we may now assess the relative contributions of human glia
to disease pathology in vivo. For instance, the derivation of
hGPCs from pluripotential stem cells carrying the polyglutamine
repeat expansion of Huntington disease (HD), and the establish-
ment of human glial chimeras using those huntingtin mutant
hGPCs, may permit us to define the specific contributions of glia
to neuropathology in HD, as well as to the clinical phenotype of
HD. Similarly, the construction of human glial chimeras using
hGPCs derived from induced pluripotential cells generated from
patients with hereditary neuropsychiatric conditions may permit
us to define and isolate the contribution of glia to these disorders,
the phylogenetic appearance of which seems approximately con-
current with the evolution of morphological complexity by hu-
man astroglia (Horrobin, 1998; Oberheim et al., 2009). More
broadly, such disease-specific induced pluripotential stem cell-
derived human glial chimeras may permit us to better define the
role of glial dysfunction in a broad swath of nominally neuronal
neurodegenerative and neuropsychiatric disorders, in which the
relative contribution of glial pathology remains unclear and
understudied.
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