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Reconstruction of complex neocortical and other CNS circuitry
may be possible via transplantation of appropriate neural precur-
sors, guided by cellular and molecular controls. Although cellular
repopulation and complex circuitry repair may make possible
new avenues of treatment for degenerative, developmental, or
acquired CNS diseases, functional integration may depend crit-
ically on specificity of neuronal synaptic integration and appro-
priate neurotransmitter/receptor phenotype.

The current study investigated neurotransmitter and receptor
phenotypes of newly incorporated neurons after transplantation
in regions of targeted neuronal degeneration of cortical callosal
projection neurons (CPNs). Donor neuroblasts were compared to
the population of normal endogenous CPNs in their expression
of appropriate neurotransmitters (glutamate, aspartate, and
GABA) and receptors (kainate-R, AMPA-R, NMDA-R. and GABA-
R), and the time course over which this phenotype developed
after transplantation.

Transplanted immature neuroblasts from embryonic day 17
(E17) primary somatosensory (S1) cortex migrated to cortical
layers undergoing degeneration, differentiated to a mature CPN

phenotype, and received synaptic input from other neurons. In
addition, 23.1 6 13.6% of the donor-derived neurons extended
appropriate long-distance callosal projections to the contralat-
eral S1 cortex. The percentage of donor-derived neurons ex-
pressing appropriate neurotransmitters and receptors showed a
steady increase with time, reaching numbers equivalent to adult
endogenous CPNs by 4–16 weeks after transplantation.

These results suggest that previously demonstrated changes
in gene expression induced by synchronous apoptotic degener-
ation of adult CPNs create a cellular and molecular environment
that is both permissive and instructive for the specific and ap-
propriate maturation of transplanted neuroblasts. These experi-
ments demonstrate, for the first time, that newly repopulating
neurons can undergo directed differentiation with high fidelity of
their neurotransmitter and receptor phenotype, toward recon-
struction of complex CNS circuitry.
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Transplantation of exogenous neuroblasts or neural progenitor
cells may provide a means to repopulate diseased cortex with
competent neurons and to reconstruct complex circuitry (Castro et
al., 1988, 1991; Sørensen et al., 1990; Macklis, 1993; Sheen and
Macklis, 1995; Schulz et al., 1995; Hernit-Grant and Macklis, 1996;
Snyder et al., 1997). However, to reinstate accurate neuronal con-
nectivity and function, transplanted neuroblasts must be able not
only to form long-distance axonal connections with the host brain,
but they must also be able to acquire a precise mature neuronal
phenotype, expressing appropriate neurotransmitters and their re-
ceptors, which are crucial for synaptic processing and neuron
function.

Neurotransmitters and their receptors are expressed in specific
patterns to allow correct communication between neurons (Lipton
and Kater, 1989; Vickers et al., 1993; He et al., 1998; Ozawa et al.,
1998). In the neocortex, most pyramidal neurons use glutamate
and/or aspartate to mediate rapid excitation, and receive synaptic
input via GABA and glutamate (Fagg et al., 1983; Dori et al.,

1992). In contrast, the majority of nonpyramidal interneurons use
GABA to exert rapid inhibition on adjacent pyramidal neurons
(McCormick et al., 1993). More specifically, studies suggest that the
most appropriate markers for callosal projection neurons (CPNs)
situated in layers II/III and V of the neocortex are glutamate,
aspartate, and to a small extent GABA (Jones, 1986; Barbarisi et al.,
1987; Conti et al., 1988b; Giuffrida and Rustioni, 1989; Tsumoto,
1990; Conti and Manzoni, 1994). These long-distance projection
neurons also express ionotropic receptors, which include the
GABAA receptor (GABA-R) and the glutamate receptors that bind
kainate (KA-R), AMPA (AMPA-R), and NMDA (NMDA-R)
(Huntley et al., 1993; Vickers et al., 1993; Brose et al., 1994; Currie
et al., 1994; Van Eden et al., 1995; Ozawa et al., 1998; Weiss et al.,
1998). When this stereotypic neurotransmitter/receptor expression
is disrupted, neuronal dysfunction results, as evidenced by multiple
disease states, including epilepsy, ischemia, neurodegeneration,
and psychiatric disease (Faingold et al., 1988; Baker et al., 1990;
Lummis et al., 1990; Fink et al., 1994; Benes, 1995; Olney and
Farber, 1995; Rogers et al., 1996; Shaw and Ince, 1997; Loscher,
1998; Malizia et al., 1998; Qu et al., 1998; Zhang et al., 1998).

We have previously shown that transplanted neuroblasts and
multipotent precursors can migrate and differentiate toward the
replacement of degenerating neurons, when introduced to adult
mouse cortex re-expressing developmental signals. These experi-
ments used an approach of targeted degeneration of CPNs (Mack-
lis, 1993; Madison and Macklis, 1993), which induces upregulation
of intercellular developmental signal molecules (Wang et al., 1998).
Transplanted neuroblasts respond to these signals and undergo
migration specifically into layers undergoing degeneration of
CPNs, followed by directed differentiation into pyramidal neurons,
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and extension of axons across the corpus callosum to correct targets
in the contralateral hemisphere (Macklis, 1993; Sheen and Mack-
lis, 1995; Hernit-Grant and Macklis, 1996; Leavitt et al., 1999). The
extent of the precision and fidelity of phenotypic differentiation by
donor neuroblasts has not yet been fully explored.

Ultimately, toward functional reconstruction of complex cir-
cuitry within the neocortex, it will be crucial to determine whether
transplanted neuroblasts not only have the appropriate morphology
and anatomic connectivity to replace degenerating CPNs, but also
have the capacity to communicate correctly with host neurons.
Because neurotransmitters and their receptors are essential for
synaptic processing, and distinct classes of neurons express stereo-
typic patterns of both, expression of CPN-specific neurotransmit-
ters and their receptors are critical indicators of functional matu-
rity of transplanted neuroblasts.

The current experiments assessed the neurotransmitter and re-
ceptor expression by transplanted neuroblasts, following directed
differentiation and anatomic integration in adult mouse cortex in
which selective death of CPNs was induced. In particular we
determined: (1) whether transplanted neuroblasts differentiate and
express the correct complement of neurotransmitters and their
receptors in numbers appropriate for mature endogenous adult
CPNs (compared with no or very few embryonic donor cells ex-
pressing these same neurotransmitters and receptors at the time of
transplantation); and (2) the time course of this differentiation by
donor neuroblasts, in comparison to the normal development of
endogenous CPNs.

MATERIALS AND METHODS
This study is based on data from n 5 104 mice and n 5 33,547 analyzed
neurons. C57B/J6 adult male and female mice were used according to an

institutionally approved protocol. Fifty-nine mice were recipients of dis-
sociated embryonic cells. Of these, 40 mice received transplants into
neocortex undergoing targeted neural degeneration (n 5 7 or 8 per group
examined at each time point), and the other 19 mice were used as
age-matched controls receiving transplants into intact neocortex (n 5 3 or
4 per group). Six separate embryonic dissections were used, with each
dissection containing cells from five to eight embryos. Endogenous adult
CPNs were analyzed in 22 8- to 16-week-old mice. Developmental CPNs
were assessed using 23 mice in the age range between embryonic day 17
(E17) and postnatal day 31 (P31) (n 5 3 or 4 per group).
Targeted neuronal degeneration. Details of chlorin e6 injection and exposure
to long-wavelength laser light have been previously described (Macklis,
1993; Madison and Macklis, 1993; Sheen and Macklis, 1995) (Fig. 1). In
summary, 2- to 4-d-old mouse pups were anesthetized by hypothermia.
Glass micropipettes with tip diameters of 30–60 mm were used to intro-
duce fluorescein latex nanospheres (Lumafluor) conjugated to chlorin e6
into the left primary somatosensory cortex (S1), using bregma and the
coronal suture as landmarks. Nanospheres were microinjected at depths
between 150 mm and the surface, at 11 sites spaced evenly throughout S1
cortex, depositing 230 nl total volume to the hemisphere. The pups were
then returned to their dams. During the following days, chlorin e6 conju-
gated nanospheres were retrogradely transported across the corpus callo-
sum to the contralateral hemisphere (Fig. 1a) (Macklis, 1993; Madison and
Macklis, 1993; Sheen and Macklis, 1995).

At the age of 6–8 weeks, mice were deeply anesthetized with Avertin
(0.02 ml/gm). A small craniotomy ;2.5 3 2.5 mm was created above the
noninjected hemisphere. The somatosensory cortex was then exposed,
through intact dura, to light from a continuous wave 674 nm near-infrared
laser with custom-collimating optics. This light exposure initiated the
selective degeneration of CPNs mainly in layer II /III and to a smaller
extent in layer V, over the following 1–2 weeks (Fig. 1b) (Macklis, 1993;
Madison and Macklis, 1993; Sheen and Macklis, 1994).

Transplantation of embryonic cell suspensions. Transplants of dissociated
E17 embryonic somatosensory cortical cells were performed 1 week after
initiation of neuronal death. Timed E17 pregnant C57B/6J mice were
terminally anesthetized, and embryos were removed. The developing S1
region from each cortex was dissected out and placed in dissection me-
dium, which was comprised of: buffer, supplemented with 0.36% glucose,

Figure 1. a–e, Schematic outline of procedures for the targeted neurodegeneration of adult CPNs and transplantation of embryonic neuroblasts to the
region of cortex undergoing neuronal degeneration. Roman numerals indicate cortical layers; symbols above e indicate antibody binding to transplanted and
host neurons. FG, FluoroGold. f, g, Schematic outline of control and comparative studies with either the transplantation of embryonic E17 cell suspensions
to the intact cortex ( f) or labeling of adult or developmental endogenous CPNs (g), and immunocytochemical analysis of neuronal phenotypes. Roman
numerals indicate cortical layers; symbols above bottom panels of f and g indicate antibody binding to transplanted and host neurons.
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0.8 mM magnesium kynurenate, 50 mm APV, 50 U/ml penicillin, and 50
mg/ml streptomycin. Tissue pieces underwent enzymatic treatment with
100 U of papain for 30 min at 37°C, before mechanical trituration with a 1
ml plastic Falcon pipette.

Cell suspensions were labeled with the lipophilic dye PKH 26 red
(Sigma, St. Louis, MO) and custom-synthesized latex nanospheres con-
taining rhodamine, which label neurons selectively (Madison et al., 1990;
Macklis, 1993; Sheen and Macklis, 1995). PKH 26 initially localizes to the
membrane, outlining cell somata and processes, and is later concentrated
in lysosomes (Honig and Hume, 1989; Ashley et al., 1993). The neuronally
incorporated nanospheres are also eventually concentrated in lysosomes,
and persist in neurons indefinitely (Macklis, 1993; Sheen and Macklis,
1995). Labeled suspensions containing embryonic neuroblasts (approxi-
mate density of 5 3 10 7 cells/ml) were transplanted to regions of adult S1
cortex undergoing targeted neuronal degeneration. Injection tracks
spanned layers II /III through V. Micropipettes were used to introduce 50
nl of donor cells at intervals of 50 mm, from a depth of 500–100 mm (total
300 nl). Each mouse received five to eight injections, spaced evenly in S1
cortex (Fig. 1c), with ;100,000 total cells injected per animal. Control
transplants were performed in the same manner into age-matched intact
adult mice.

FluoroGold injections into transplant recipients. Twelve weeks after trans-
plantation, FluoroGold (FG; Fluorochrome) was injected into the con-
tralateral cortex of transplanted mice [either experimental mice that had
received chlorin e6 and laser exposure (Fig. 1d) or previously intact adult
controls (Fig. 1f )] to retrogradely label neurons extending axons to the
contralateral hemisphere. A craniotomy ;2.5 3 2.5 mm was created above
the S1 cortex contralateral to the transplanted region, and micropipettes
were used to deliver 60 nl of FG (a 2–3% solution in distilled water) in a
grid of 11 sites, placed at intervals of 50 mm, from a depth of 500–100 mm.
Four days were allowed for transport to the cell somata in the contralateral
hemisphere.

Retrograde labeling of developmental and adult normal endogenous CPNs.
A suspension of nanospheres containing fluorescein (Lumafluor) or FG
solution was microinjected into the left S1, and we allowed 1–6 d for
transport to the contralateral hemisphere for labeling of endogenous CPNs
(Fig. 1g). FG was used whenever possible, because it best delineates
neuronal morphology and allows distinction of cell somata. Because of the
diffusion properties of FG, it was difficult to localize the solution consis-
tently to cortex in younger mice. Therefore, younger mice received nano-
sphere injections, which could be precisely localized to cortex but would
also allow good distinction of cell somata. The following parameters were
used, according to animal age. On the day of birth (P0) and on P2, mice
received 30 nl of nanospheres, from a depth of 150 mm to the surface, at
six separate injection sites. They were perfused after 24 hr, at P1 and P3,
respectively. P3 mice received 30 nl of nanospheres, from a depth of 150
mm to the surface, at 11 separate injection sites and were perfused at P7
and P10. P10 mice received 8 nl of FG, from a depth of 50 mm to the upper
layers of cortex, at eight separate injection sites, and were perfused at P14.
Eight- to 16-week-old mice were used for adult CPN studies. Each received
60 nl of FG in a grid of 11 sites in S1 cortex. At each site, injections were
made at intervals of 50 mm, from a depth of 500–100 mm. Mice were
perfused 4 d after injection.

Tissue preparation. Mice were terminally anesthetized with Avertin (0.04
cc/gm) and transcardially perfused with 10 U/ml heparin in 0.9% NaCl,
followed by 4% paraformaldehyde and 0.4% glutaraldehyde. Brains were
post-fixed in the same solution for 24–41 hr. Series of 30 mm coronal
sections were obtained with a Vibratome (Technical Products Interna-
tional, O’Fallon, MO) and stored in PBS at 4°C.

Immunocytochemistry. Sets of 9–11 sections (distributed evenly through-
out anterior and posterior regions) were obtained from each mouse for
immunocytochemistry (Fig. 1e). Free-floating sections were incubated with
a blocking solution of 5% bovine serum albumin, 3% goat serum, and 0.5%
Tween 20 for 2 hr. Samples were then incubated with the primary antibody
diluted in blocking solution for 17–19 hr. The following primary antibodies
were used at the following dilutions: (1) anti-glutamate IgG (1:500; Incstar,
Stillwater, MN; mouse monoclonal); (2) anti-aspartate IgG (1:500; Sigma;
rabbit polyclonal); (3) anti-GABA IgG (1:500; Incstar; rabbit polyclonal);
(4) anti-glutamate receptor 5, 6, and 7 IgM (KA-R) (1:250; PharMingen,
San Diego, CA; mouse monoclonal); (5) anti-NMDA-R1 IgG 2a (1:250;
PharMingen; mouse monoclonal); (6) anti-glutamate receptor 2/3 IgG
(AMPA-R) (1:125; Oncogene; rabbit polyclonal); (7) anti-GABAA recep-
tor b chain IgG 1 (10 mg/ml; Boehringer Mannheim, Indianapolis, IN;
mouse monoclonal); and (8) anti-synaptophysin IgG (20 mg/ml; Boehr-
inger Mannheim; mouse monoclonal). Samples with omission of primary
antibody were also included as negative controls. Sections were rinsed four
times with PBS and incubated with the matching secondary antibody for 2
hr. The following secondary antibodies were used at the following dilu-
tions: (1) anti-mouse IgG Cy3 (1:500; Jackson ImmunoResearch, West
Grove, PA; goat polyclonal); (2) anti-rabbit IgG Alexa 488 (1:250; Molec-
ular Probes, Eugene, OR; goat polyclonal); (3) anti-mouse IgG rhodamine
(1:100; Boehringer Mannheim; goat polyclonal); and (4) anti-rabbit IgG
FITC (1:100; Sigma; goat polyclonal). Sections were then rinsed four times
with PBS. All steps were performed at 4°C. The sections were then
mounted and coverslipped with xylene-based Fluoromount or aqueous-
based Fluoromount G (Electron Microscopy Sciences).

Analysis of cellular phenotypes. Neuronal counts were performed with a

1003 high numerical aperture objective on a Zeiss microscope equipped
with epifluorescence. The following custom excitation and emission filters
were used for visualization of fluorescent labeling to eliminate nonspecific
fluorescence: (1) excitation 350–380, barrier .380 (FG); (2) excitation
450–490, barrier 510–540 (Alexa 488, FITC); and (3) excitation 538–553,
barrier 590–620 (Cy3, rhodamine).

Immunolabeling was considered positive by criteria defined a priori:
(1) if the signal was substantially and distinctly above background, and (2)
if the signal was distinctly above the negative omission of primary antibody
controls. Furthermore, the established criteria were that neurotransmitter
immunofluorescence was classified as positive only if staining was homog-
enous throughout the cytoplasm, and receptor staining was considered
positive only if staining was uniform throughout the cell membrane. To be
considered double-labeled, morphology as delineated by FG and fluores-
cent secondary antibody had to be similar. Rare indeterminately labeled
neurons were not included in the analysis.

Analysis of transplanted embryonic neurons. At 2, 4, 8, 12, and 16 weeks
after transplantation, mice were perfused for immunocytochemical anal-
ysis. In individual series of sections, donor-derived neurons were identi-
fied, and their position relative to the transplantation site was determined.
Only those neurons that migrated .50 mm from the injection site into
layers II /III and V of somatosensory cortex were included in the analysis.
This criterion was derived from previous studies indicating that the sub-
population of transplanted neuroblasts that actively migrate from the
implantation site differentiate into mature neurons and extend axons
across the corpus callosum to the contralateral cortex (Sheen and Macklis,
1995; Hernit-Grant and Macklis, 1996). Typically, neurons had migrated
100–200 mm from the site of injection.

In addition, only neurons that had sufficient PKH 26 and nanosphere
labeling to delineate .50% of the cell circumference were included, to be
certain of the position of the neuronal somata. Using these parameters, a
total of 14,691 donor-derived neurons were included in the analysis, ;85
neurons per animal, for each phenotype investigated.

Analysis of developmental and adult normal endogenous CPNs. Layer
II /III and V of primary somatosensory cortex contralateral to nanosphere
or FG injections were analyzed. In adult mice, the anterior boundary for
S1 cortex was defined as 0.1 mm posterior to bregma, at the level of the
midline crossing of the anterior commissure. The posterior boundary was
defined as 1.6 mm posterior to bregma. Using these borders, 50 coronal
sections (30 mm) were obtained from each animal. Medial and lateral
boundaries were 1.5 and 2.7 mm from the midline, respectively, providing
approximately seven fields per section at 1003 magnification. Four alter-
nate fields were included in the analysis (first, third, fifth, and seventh).

Analogous parameters were used for developmental CPN studies. Me-
dial and lateral boundaries, as measured from the midline were as follows:
for P1 and P3 mice, 0.5 and 0.9 mm; for P7 mice, 0.7 and 1.1 mm; for P10
mice, 1.0 and 2.2 mm; and for P14 mice, 1.2 and 2.6 mm. For P1, P3, and
P7 mice, three of five potential fields were counted at 1003 magnification.
For P10 and P14 mice, four of seven potential fields were included.

Only neurons that had sufficient FG or nanosphere labeling to delineate
.50% of the cell body circumference were included, to be certain of the
positions of neuronal somata. These parameters allowed inclusion of
18,856 endogenous CPNs in the analysis. The results for endogenous
CPNs were verified by independent observers, with high inter-observer
reliability. Variability among counts of endogenous CPNs in different mice
was low, with a SE of 1.2% around the mean.

Image acquisition. Low-power (103, 253) fluorescence micrographs
were obtained with a cooled CCD digital camera (Optronics). High-power
(403, 1003) images were obtained using a Noran laser confocal system on
a Nikon Diaphot microscope equipped with both an argon–krypton laser
(Omnichrome) and a UV argon laser (Coherent), with Intervision soft-
ware. For two-dimensional (2-D) overlays, fluorescence images from rho-
damine and fluoroscein excitation and emission spectra for one plane of
tissue were combined, and a composite image was prepared. For collapsed
two-dimensional overlays, 5–30 images separated by 0.5 mm were acquired
over 15 mm, and all images were stacked. Stacked fluorescence images
from three rhodamine, fluoroscein, and FG excitation and emission spectra
were combined, and composite images collapsed to a single plane were
created using Adobe PhotoShop.

Statistical analysis and quantification of data. Statistical analysis was
performed using the GLM procedure in the SAS software package (ver-
sion 6.12; SAS Institute, Cary, NC). In all cases, two-way factorial ANOVA
was used to determine the percentage of neurotransmitter–receptor ex-
pression over the time course of the experiment. Comparisons were made
either between the donor neuroblasts transplanted to regions of targeted
neuronal degeneration and endogenous CPNs or between the donor neu-
roblasts transplanted to regions of targeted neuronal degeneration and
donor neuroblasts transplanted to intact adult cortex. Two-tailed values of
p , 0.05 were considered significant in the ANOVA models. In addition,
ANOVA was used to establish whether the absolute number of neurons
was significantly different between the number of surviving neurons in
transplants to the adult mouse cortex undergoing targeted neuronal de-
generation versus transplants to the intact adult mouse cortex.

After ANOVA, post hoc t tests were used for more precise identification
of significant differences between groups. In all cases, a Bonferroni adjust-
ment was made to maintain the appropriate type I a level of significance,
i.e., a conservative two-tailed p , 0.01 was considered statistically signif-
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icant for time point comparisons. To test at which point the percentage of
transplanted neuroblasts that expressed neurotransmitters or receptors was
equivalent to those of adult CPNs, multiple comparisons were run at each
of the five time points after transplantation, using Fisher’s least significant
difference (LSD) procedure.

Because of the significantly enhanced survival of neurons transplanted
into experimental versus control cortices, the data were normalized for
graphical representation. The overall mean survival of neurons in exper-
imental cortices was 4.23 survival in control cortices. Therefore this value
was used to normalize the percentage of neurons in control cortex express-
ing each phenotype to the total number of surviving neurons in experi-
mental cortex.

RESULTS
Neuroblasts transplanted to adult neocortex undergoing targeted
apoptotic neuronal degeneration (experimental cortex) developed
the phenotype of mature CPNs with high precision. The percent-
age of donor-derived neurons expressing each of the neurotrans-
mitters or receptors increased over time, in experimental cortex but
not in intact neocortex (control cortex). These percentages approx-
imated the percentages of adult endogenous CPN expression by
4–12 weeks after transplantation. This maturation was more pro-
tracted than that seen during normal development. During devel-
opment, the percentage of endogenous CPNs expressing these
neurotransmitters and receptors increases to become equivalent to
adult CPNs by P3 to P10.

Survival, migration, and differentiation of transplanted
immature E17 neuroblasts
By 2 weeks after transplantation into experimental cortex, E17
neuroblasts migrated specifically to lamina II/III and V. Most
neurons were located in layers II /III with ;20% of neurons located
in layer V. These donor-derived neurons were still present at 16
weeks after transplantation, indicating good, long-term survival of
the transplanted neuroblasts. As previously reported, many donor
neuroblasts, identified by PKH 26/rhodamine nanosphere labeling,
developed morphologies typical of CPNs, including large pyrami-
dal cell bodies with apical dendrites and basal axons (Macklis,
1993; Sheen and Macklis, 1995; Hernit-Grant and Macklis, 1996).

After control transplants to intact adult cortex that received
neither chlorin e6 or laser exposure, substantially fewer neuroblasts
migrated to layers II /III and V. The number of neurons present in
the controls was significantly lower than the number of neurons in
experimental mice at all time points observed. The overall mean
number of surviving neurons at any time point was 559.6 6 148.6
in experimental cortex versus 127.7 6 67.7 in intact control cortex,
an overall average of 4.2 times greater neuroblast survival in
experimental versus control cortex ( p , 0.005).

Formation of callosal projections
Quantification of the number of transplanted neurons that pro-
jected axons to the contralateral cortex was determined by injecting
the retrograde label FluoroGold in the contralateral lamina II/III
through V, at 12 weeks after transplantation. Of a total of 156
donor-derived neurons counted, from four different experimental
cortices, 23 6 6.8% were FluoroGold-labeled, indicating that their
axons projected to the appropriate S1 region of contralateral cor-
tex. Previous results (Hernit-Grant and Macklis, 1996) indicated
that ;21% of E17 neuroblasts make specific and appropriate
contralateral projections at 12 weeks, with 0% projecting to the
ipsilateral secondary somatosensory cortex, thalamus, or motor
cortex (alternate targets of other populations of S1 cortical neu-
rons, but inappropriate for neurons replacing CPNs previously
targeted to undergo degeneration). No contralateral projections
were observed from neurons transplanted to control cortex.

Synapse formation
The ability of donor neuroblasts in experimental cortex to differ-
entiate into mature projection neurons and to express appropriate
neurotransmitters and receptors suggests their competence to com-
municate with other neurons. To further investigate the level to
which newly incorporated neurons integrated into cortical circuitry,
we assessed the formation of synapses on donor-derived neurons

with an antibody against synaptophysin, a presynaptic marker.
Synaptophysin (also referred to as synaptophysin I) is a major
integral membrane protein of small (30- to 50-nm-diameter)
electron-translucent transmitter-containing synaptic vesicles in
neurons. Its expression is tightly linked to the occurrence of these
presynaptic vesicle types (Thiel, 1993; Eshkind and Leube, 1995).
In addition, it is more homogeneously expressed in most nerve
terminals than other synaptic vesicle markers, such as synaptoporin
(Fykse et al., 1993). It has therefore been used in multiple studies
as a marker of synaptic density, in cortex as well as other areas of
the brain (Saito et al., 1994). We used immunocytochemistry di-
rected against synaptophysin as a marker for synaptic input from
other neurons onto the donor-derived neurons.

Many donor-derived neurons transplanted to experimental neo-
cortex were found to have synaptophysin localized to presynaptic
terminals surrounding the cell somata from 4 to 12 weeks after
transplantation (Fig. 2). At 12 weeks after transplantation, 66 6 2%
of donor-derived neurons in the experimental cortex colocalized
synaptophysin. This provides evidence that other neurons formed
synaptic inputs to the transplant-derived neurons, further indicat-
ing anatomical and functional reconnection of neuronal circuitry.

Neurotransmitter and receptor expression
Donor neuroblasts migrated into the appropriate layers II /III and
V of the experimental mouse cortices and expressed appropriate
neurotransmitters and their receptors (Figs. 3-9). This did not
occur in controls. The percentage of donor-derived neurons ex-
pressing these appropriate neurotransmitters and receptors in ex-
perimental cortex showed a steady increase with time, from none or
very few at the time of transplantation, to percentages of donor
neurons equivalent to those of adult endogenous CPNs by 4–16
weeks after transplantation.

Neurotransmitters: glutamate, aspartate, and GABA
Adult CPNs express the excitatory neurotransmitters glutamate
and aspartate, and to a limited extent the inhibitory transmitter
GABA. Therefore, we assessed whether and in what numbers
donor-derived neurons express these neurotransmitters after trans-
plantation into the adult mouse cortex undergoing targeted apo-
ptotic neurodegeneration.

At the time of transplantation, E17 S1 cortical neuroblasts did

Figure 2. Synaptophysin immunoreactivity of terminals surrounding
donor-derived neurons. a, High-power confocal microscope view of a
donor-derived neuron 4 weeks after transplantation, in neocortex where
selective neuronal degeneration has occurred. Arrowheads designate the
donor-derived neuron, identified with PKH 26/rhodamine nanosphere la-
beling. Scale bar, 10 mm. b, Corresponding view of synaptophysin immu-
nocytochemistry. Punctate staining resulting from concentration in synaptic
vesicles is concentrated around the neuronal somata. c, Composite image of
a and b. d, Confocal microscope image of a donor-derived neuron 8 weeks
after transplantation, in experimental neocortex. Arrowheads designate the
neuron, identified with PKH 26/rhodamine nanosphere labeling. Scale bar,
10 mm. e, Corresponding view of synaptophysin immunocytochemistry.
f, Composite image of d and e.

Shin et al. • Transplanted Cortical Neuroblasts Form Mature CPNs J. Neurosci., October 1, 2000, 20(19):7404–7416 7407



not express glutamate, but a small number did express aspartate
(n 5 6 mice) (Fig. 4h) and GABA. It is not clear whether these
aspartate-positive and GABA-positive neuroblasts represent the
population of developing CPNs, because their projections are not
yet fully formed at this stage of development, and therefore the
neuroblasts could not be retrogradely labeled.

After transplantation into experimental cortices, the percentage
of donor neuroblasts expressing glutamate (Fig. 3a–k, p), and
aspartate (Fig. 4a–c, l), showed a significant increase over time. By
12 weeks after transplantation, the percentage of donor-derived
neurons expressing glutamate did not differ significantly from adult
CPNs (41.5 6 4.1% in the transplanted neurons vs 46.5 6 8.0% in
endogenous CPNs; Fisher’s LSD: p 5 0.36) (Fig. 3p). For aspar-
tate, the percentage of donor-derived neurons with expression
matched that of adult CPNs by 8 weeks after transplantation
(35.2 6 4.3% of transplanted neurons vs 46.1 6 4.7% of endoge-
nous CPNs) (Fig. 4l). This time course of development by trans-
planted neuroblasts was more protracted than that seen during
development of normal endogenous CPNs. During normal devel-
opment, the number of endogenous neurons expressing glutamate
is equivalent to that seen in adult CPNs (Fig. 3l–p) by P10, and with
aspartate, by P7 (Fig. 4i–l).

Immature neuroblasts transplanted to experimental cortex ex-

pressed GABA in relatively low percentages throughout the time
period analyzed (mean expression of 22.1 6 2.8%). This was not
significantly different from percentages of adult CPNs expressing
GABA ( p . 0.49 at all time points measured) (Fig. 5a–c, l). Our
analysis showed that during development of endogenous CPNs, the
percentages expressing GABA were initially high (at P1: 54.9 6
7.5%), and declined over time to percentages typical of the adult
CPN population (at 8 weeks: 20.3 6 1.24%) (Fig. 5h–l). No similar
initial peak of GABA expression was observed in the transplanted
neuroblasts, although it may have occurred during the first 2 weeks
after transplantation, before the first time point analyzed.

Neurotransmitter expression in experimental versus
control cortex
A significantly higher percentage of neurons transplanted into
experimental cortices expressed glutamate when compared to con-
trol cortices, at all times from 4 weeks after transplantation (Group
effect: p , 0.001). Statistical analysis also showed that the percent-
age of donor neuroblasts expressing increased at a faster rate in
experimental cortex compared with control cortex (2.0 vs 0.8%/
week; p 5 0.02). Similarly, a significantly higher percentage of
donor-derived neurons in experimental cortex expressed aspartate
compared to those in control cortex, at all times examined (group

Figure 3. Glutamate expression of donor embryonic neuroblasts and normal endogenous CPNs. a, Camera lucida drawings of sequential 30 mm coronal
sections through and adjacent to a representative transplant site in regions of targeted neurodegeneration after 4 weeks. a9, Area boxed in a. Solid arrow
designates transplant site; open arrows designate adjacent areas of cellular migration. b, Low-power fluorescence micrograph of area boxed in a. Scale bar,
100 mm. c, Corresponding view of glutamate immunocytochemistry. Open arrows designate area of selective neuronal degeneration, showing dropout of
glutamatergic neurons in regions exposed to long-wavelength laser light. Closed arrows designate the adjacent region that was unexposed to laser optics,
where no neuronal death occurred. A higher density of glutamatergic neurons can be seen in layer II /III. d, Overlay of b and c. e–g, High-power confocal
microscope views of regions boxed in b–d. Arrowheads designate a donor-derived neuron, identified with PKH 26/rhodamine nanosphere labeling, which
expresses glutamate. Scale bar, 10 mm. h–k. Superimposed high-power 2-D confocal images of a glutamatergic donor-derived neuron 12 weeks after
transplantation that has been labeled with FG injected into the contralateral hemisphere. h shows PKH 26/rhodamine nanosphere identification of the
donor-derived neuron. Scale bar, 5 mm. i shows glutamate immunoreactivity. j shows FG retrograde labeling. k is the composite image of h–j. l, Low-power
fluorescence micrograph of endogenous adult CPNs retrogradely labeled by FG. Scale bar, 100 mm. m, High-power confocal microscope views of
retrogradely labeled adult CPNs. Scale bar, 10 mm. n, Corresponding view of glutamate immunocytochemistry. o, Overlay of m and n. Arrowheads
designate CPNs that express glutamate. Arrows designate CPNs that do not express glutamate. p, Line graphs comparing glutamate expression of E17
neuroblasts transplanted to experimental cortex or intact control cortex and glutamate expression of normal developmental and adult endogenous CPNs.
The x-axis (Weeks af ter transplantation) corresponds to transplanted neurons, and the x-axis (Developmental expression) corresponds to normal
developmental and adult endogenous CPNs. The y-axis (% donor-derived immunopositive neurons) corresponds to transplanted neurons (experimentals and
controls), and the y-axis (% immunopositive endogenous CPNs) corresponds to the normal developing and adult endogenous CPNs.
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effect: p , 0.001). E17 neuroblasts transplanted to control intact
neocortex expressed GABA in percentages similar to those in the
normal adult CPN population; these percentages did not differ
from those of donor neuroblasts transplanted to experimental
cortex at any time (group 3 time effect; p 5 0.7).

However, at all times after transplantation, there were substan-
tially more surviving transplanted neurons in experimental cortex
than in control cortex. Therefore, when data were normalized to
account for differences in survival, a substantially greater number
of transplanted neurons in experimental cortex expressed gluta-
mate (Fig. 3p), aspartate (Fig. 4l), and GABA (Fig. 5l), when
compared to transplanted neurons in intact cortex.

Donor-derived neurons that express appropriate
neurotransmitters extend callosal projections
By 12 weeks after transplantation to experimental cortices, retro-
grade tracing with FG identified glutamate-positive (Fig. 3h–k),
aspartate-positive (Fig. 4d–g), and GABA-positive (Fig. 5d–g)
donor-derived neurons that extended long-distance projections
across the corpus callosum. Therefore, not only did the donor-
derived neurons express a functionally mature phenotype, but
these same neurons formed long-distance and appropriate projec-
tions to target regions of the contralateral cortex.

Neurotransmitter receptor expression: GABA-R, NMDA-R,
AMPA-R, and K A-R
The majority of synaptic inputs to adult CPNs are inhibitory
GABAergic inputs from surrounding interneurons of the cortex
onto GABA receptors (GABA-R) on CPNs. Adult CPNs also
possess receptors for the excitatory neurotransmitter glutamate:
both the NMDA receptor (NMDA-R), and the non-NMDA re-
ceptors: the AMPA (AMPA-R) and kainate (KA-R) receptors.
Therefore, we assessed whether and in what numbers donor-

derived neurons to express these receptor subtypes after transplan-
tation into the adult mouse cortex undergoing targeted apoptotic
neurodegeneration.

At the time of transplantation into experimental cortex, E17 S1
cortical donor neuroblasts did not express GABA-R, NMDA-R, or
AMPA-R. Very few E17 S1 cortical neuroblasts expressed the
kainate receptor (KA-R).

The percentage of donor-derived neurons expressing GABA-R
was initially low at 2 weeks after transplantation to experimental
cortex and showed a steady increase over time, although percent-
ages equivalent to those of adult CPNs were not fully achieved
(Fig. 6a–g, k). At 16 weeks, 57.3 6 4.7% of neurons transplanted in
regions of experimental cortex expressed GABA-R compared to
83.3 6 5.4% of endogenous adult CPNs (Fisher’s LSD, p 5 0.02)
(Fig. 6h–k).

Unlike GABA-R, the percentage of transplanted neurons that
expressed each of the glutamate receptor subtypes NMDA-R,
AMPA-R, and KA-R did reach levels equivalent to those of
endogenous adult CPNs. The percentage of donor-derived neurons
in experimental cortex that expressed NMDA-R at 12 weeks after
transplantation was not significantly different from that of endog-
enous adult CPNs (47.1 6 3.3% donor-derived neurons vs 52 6
4.7% adult CPNs; p 5 0.38) (Fig. 7). The percentage of donor-
derived neurons expressing either AMPA-R or KA-R was not
significantly different from that of endogenous adult CPNs by 4
weeks after transplantation (for APMA-R: p . 0.4, Fig. 8a–g, k;
and for KA-R: p 5 0.2, Fig. 9a–g, k).

The development of appropriate neurotransmitter receptors by
donor-derived neurons in experimental cortex was more protracted
than seen during normal development of endogenous CPNs. Al-
though the increases in percentages of donor-derived neurons
expressing AMPA-R and KA-R were the most rapid of all neuro-
transmitters and receptors examined (reaching adult values by 4
weeks after transplantation), this was still longer than the time

Figure 4. Aspartate expression of donor embryonic neuroblasts and normal endogenous CPNs. a, High-power confocal microscope view of a
donor-derived neuron 4 weeks after transplantation, in neocortex in where selective death of CPNs occurred. Arrowheads designate the neuron, identified
with PKH 26/rhodamine nanosphere labeling. Scale bar, 10 mm. b, Corresponding view of aspartate immunocytochemistry. c, Composite image of a and
b. d–g, Superimposed 2-D high-power confocal images of an aspartate-positive donor-derived neuron 12 weeks after transplantation that has been labeled
with FG injected into the contralateral hemisphere. d shows PKH 26/rhodamine nanosphere identification of the donor-derived neurons. Scale bar, 10 mm.
e shows aspartate immunoreactivity. f shows FG retrograde labeling. g is the composite image of d–f. h, Low-power fluorescence micrograph of E17 S1
(the tissue dissected and dissociated for transplantation) with aspartate immunocytochemistry. CC designates the corpus callosum. Scale bar, 100 mm.
I, High-power confocal microscope image of endogenous adult CPNs retrogradely labeled with FG. Scale bar, 10 mm. j, Corresponding view of aspartate
immunocytochemistry. k, Overlay of i and j. Arrows designate a FG-labeled neuron that expresses aspartate. l, Line graphs comparing aspartate expression
of E17 neuroblasts transplanted to experimental cortex or intact control cortex, and normal developmental and adult endogenous CPNs.
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required by normal developing CPNs. Endogenous CPNs express
AMPA-R in numbers equivalent to adult CPNs (56 6 5.3%) by
postnatal day 7 (Fig. 8h–k) and KA-R in numbers equivalent to
adult CPNs (41.2 6 4.7%) by postnatal day 3 (Fig. 9h–k).

Receptor expression in experimental versus control cortex
A significantly higher percentage of donor neuroblasts transplanted
to experimental cortex expressed GABA-R compared to donor
neuroblasts transplanted to the control intact cortex, at all time
points from 4 weeks after transplantation. Similarly, a significantly
higher percentage of donor neuroblasts transplanted to experimen-
tal cortex expressed NMDA-R or AMPA-R when compared to
donor neuroblasts in control intact cortex (group effect: p , 0.001
in each case). In contrast, there was no initial difference in the
percentage of E17 neuroblasts that expressed KA-R between those
transplanted to experimental neocortex or to control cortex. How-
ever, the increase in KA-R-positive neurons was more rapid in
donor-derived neurons transplanted to experimental cortex when
compared to controls (group 3 time effect: p 5 0.01) (Fig. 9k).

At all time points following transplantation, there were substan-
tially more surviving neurons present in transplants to the exper-
imental cortex than in transplants to the control intact cortex.
Therefore, when data were normalized to account for differences in
survival, transplants to experimental cortices contained a substan-
tially greater number of GABA-R, NMDA-R, AMPA-R, and
KA-R-positive neurons, compared to transplants to the control
cortices.

Donor-derived neurons that express appropriate neurotransmitter
receptors extend callosal projections
By 12 weeks after transplantation to experimental cortices, retro-
grade tracing with FG identified GABA-R-positive (Fig. 6d–g),
NMDA-R-positive (Fig. 7d–g), AMPA-R-positive (Fig. 8d–g), and

KA-R-positive (Fig. 9d–g) donor-derived neurons that extended
long-distance projections across the corpus callosum. Therefore,
not only did the donor-derived neurons express the appropriate
complement of receptors necessary for receiving synaptic input,
but these same neurons formed long-distance projections to target
regions of the contralateral cortex.

DISCUSSION
Here, we demonstrate for the first time that embryonic neuroblasts,
transplanted to regions of neocortex undergoing targeted neuronal
degeneration, express the appropriate neurotransmitters (gluta-
mate, aspartate, GABA) and their receptors (KA-R, AMPA-R,
and NMDA-R) at percentages similar to those of normal adult
CPNs and GABA-R at a percentage approaching that of adult
CPNs. This expression of neurotransmitters and receptors, indicat-
ing an appropriate mature CPN phenotype, developed over a more
protracted time period in transplanted neuroblasts than in normal
endogenous developing CPNs. In addition, we confirm and extend
previous results, showing that transplanted neurons also migrate
into appropriate cortical lamina, extend long-distance axonal pro-
jections to appropriate targets in the contralateral cortex, and
receive afferent synapses from other neurons. Both the survival of
donor-derived neurons and their expression of neurotransmitters
and receptors was significantly higher in donor neuroblasts trans-
planted in experimental neocortex than in neurons derived from
donor neuroblasts transplanted to control intact neocortex. Taken
together, these results demonstrate that donor neuroblasts respond
to altered intercellular signals in the neocortex undergoing targeted
neuronal degeneration and undergo directed differentiation under
these conditions, developing with phenotypic fidelity to replace
degenerating CPNs.

Figure 5. GABA expression of donor embryonic neuroblasts and normal endogenous CPNs. a, High-power confocal microscope view of a donor-derived
neuron 4 weeks after transplantation, in neocortex where selective death of CPNs occurred. Arrowheads designate the donor-derived neuron, identified
with PKH 26/rhodamine nanosphere labeling. The pyramidal cell body is easily distinguished. Scale bar, 10 mm. b, Corresponding view of GABA
immunocytochemistry. c, Composite image of a and b. d–g, Superimposed high-power 2-D confocal images of a GABAergic donor-derived neuron 12
weeks after transplantation, which has been labeled with FG injected into the contralateral hemisphere. d shows PKH 26/rhodamine nanosphere
identification of the transplanted neuron. Scale bar, 5 mm. e depicts GABA immunoreactivity. f shows FG retrograde labeling. g is the composite image
of d–f. h, Low-power fluorescence micrograph of E17 S1 with GABA immunocytochemistry. Scale bar, 100 mm. i, High-power confocal microscope image
of endogenous adult CPNs retrogradely labeled with FG. Scale bar, 10 mm. j, Corresponding view of GABA immunocytochemistry. k, Overlay of i and
j. Arrowheads designate a double-positive neuron or GABAergic CPNs; arrows designate a CPN that does not express GABA. l, Line graphs comparing
GABA expression of E17 neuroblasts transplanted to experimental cortex or intact control cortex and normal developmental and adult endogenous CPNs.
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Neuroblasts transplanted to regions of targeted
neuronal degeneration in the adult cortex develop a
mature CPN phenotype
Here, we have shown for the first time that transplanted neuro-
blasts are capable of differentiating with high precision and fidelity
to express a neurotransmitter and receptor phenotype that is
appropriate for adult cortical projection neurons (Barbarisi et al.,
1987; Conti et al., 1988a,b; Voigt et al., 1988; Dinopoulis et al.,
1989; Giuffrida and Rustioni, 1989; Huntley et al., 1993; Vickers et
al., 1993; Conti and Manzoni, 1994; Huntley et al., 1994; Gonchar
et al., 1995). Many cortical transplantation studies to date have
focused mainly on the introduction and maintenance of neuroblasts
placed into pre-formed lesions of the neocortex, many of which
show limited afferent connectivity from the host brain and ex-
tremely sparse efferent connectivity (Grabowski et al., 1992; Isac-
son and Sofroniew, 1992; Schulz et al., 1993; Sørensen et al., 1996).
Previous results from our laboratory show that embryonic neuro-
blasts and neuronal precursors transplanted to regions of neocortex
undergoing targeted neuronal degeneration undergo directed mi-
gration, differentiation to a neuronal phenotype, and extension of
long-distance axonal projections to appropriate targets in the con-
tralateral cortex (Macklis, 1993; Sheen and Macklis, 1995; Hernit-
Grant and Macklis, 1996; Snyder et al., 1997; Leavitt et al., 1999).
Using these same approaches, endogenous precursors can be acti-
vated in situ, undergo similarly directed migration, neuronal differ-
entiation, long-distance axonal projection, and even behaviorally
functional circuit restoration in adult songbirds and mice (Magavi
et al., 2000; Scharff et al., 2000). Although other studies have
explored neuronal differentiation (Stein and Mufson, 1987;
Yirmiya et al., 1988; Valouskova and Galik, 1995) and expression
of some phenotypic markers (Gonzalez and Sharp, 1987; Mufson et
al., 1987; Jansen et al., 1997) by transplanted cortical tissue, none of
these studies has investigated in detail the fidelity and precision

with which transplanted neuroblasts undergo phenotypic differen-
tiation required for high-level functionality. The development of a
mature CPN phenotype in the studies reported here is also indic-
ative of functional maturity, i.e., the ability of newly incorporated
neurons to integrate and communicate in an appropriate manner
with other neurons in the complex cortical circuitry.

This appropriate neurotransmitter and receptor expression pro-
vides further evidence that embryonic neuroblasts can differentiate
toward replacement of CPNs in response to molecular signals
upregulated during synchronous apoptosis of host CPNs. The
current study demonstrates that these donor neuroblasts develop
the appropriate intracellular machinery for interneuronal commu-
nication via synthesis of the correct neurotransmitter and receptor
subunits. The percentages of these neurotransmitters and receptors
increase from few or none at the time of transplantation to high
percentages similar to those seen in normal adult CPNs.

Transplanted neuroblasts receive afferent synapses
The localization of synaptophysin, a presynaptic marker of mature
synapses, to terminals surrounding the somata of transplant-
derived neurons, demonstrates that host neurons form synapses
with the transplanted neuroblasts. The ability of donor neuroblasts
to express appropriately the correct complement of neurotransmit-
ters and their receptors further supports the conclusion that they
are capable of forming synapses with other neurons. During nor-
mal development, increases in neurotransmitters and their recep-
tors occur simultaneously with synaptogenesis (Langui et al., 1988;
Lidow et al., 1991). Synaptic contacts potentially derive from en-
dogenous local interneurons or contralateral CPNs or from other
donor-derived neurons. Whether these synaptic connections are
functional awaits further investigation.

Figure 6. GABA-R expression of donor embryonic neuroblasts and normal endogenous CPNs. a, High-power confocal microscope view of a
donor-derived neuron 4 weeks after transplantation, in neocortex where selective death of CPNs occurred. Arrowheads designate the neuron, identified
with PKH 26/rhodamine nanosphere labeling. The apical dendrite can be seen (arrows). Scale bar, 10 mm. b, Corresponding view of GABA-R
immunocytochemistry. c, Composite image of a and b. d–g, High-power 2-D collapsed image of a GABA-R-positive donor-derived neuron 12 weeks after
transplantation, which has been labeled with FG injected into the contralateral hemisphere. d shows PKH 26/rhodamine nanosphere identification of the
transplanted neuron. Scale bar, 5 mm. e depicts GABA-R immunoreactivity. f shows FG retrograde labeling. g is the composite image of d–f. h, High-power
confocal microscope image of adult endogenous CPNs retrogradely labeled with FG. Scale bar, 10 mm. i, Corresponding view of GABA-R immunocy-
tochemistry. j, Overlay of h and i. Arrowheads designate double-positive neurons, CPNs that express GABA-R. Arrows designate a CPN that does not
express GABA-R. k, Line graphs comparing GABA-R expression of E17 neuroblasts transplanted to experimental cortex or intact control cortex and
normal developmental and adult endogenous CPNs.
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Differentiation of transplanted neuroblasts to a mature
CPN phenotype is influenced by both extrinsic and
intrinsic factors
The significant difference in neurotransmitter and receptor expres-
sion of donor neuroblasts transplanted to adult mouse cortex un-
dergoing targeted neuronal degeneration versus control intact cor-
tex shows that the immediate environment can strongly affect the
phenotypic fate of developing neuroblasts. Multiple previous stud-
ies have also reported the expression of differential neurotransmit-
ter and receptor properties by neurons, depending on neuronal
surroundings (Clendening and Hume, 1990; Paschen et al., 1997),
depolarization, specific neurotransmitters (Patterson, 1978), target
tissue interactions (Landis, 1990), glial-neuronal communication
(Poulter and Brown, 1999), hormones (McCauley and Gee, 1995;
Zhang et al., 1999), and neurotrophins (Ernsberger and Rohrer,
1988; Iacovitti et al., 1989; Sieber-Blum, 1991).

Previous experiments have shown that during synchronous tar-
geted degeneration of CPNs in the adult mouse cortex, there is
local upregulation of a specific set of both known developmental
and novel genes, now under investigation (Wang et al., 1998; T. A.
S. Deuel, T. Chae, and J. D. Macklis, unpublished observations).
The genes for brain-derived neurotrophic factor (BDNF), neurotro-
phin-4/5 (NT-4/5), and NT-3 are dramatically upregulated by adja-
cent interneurons (Wang et al., 1998). Neurotrophins are known to
regulate neurotransmitter and receptor phenotype of neurons. For
instance, NT-4/5 is known to increase GABA uptake or receptor
expression in cultured cortical neurons (Widmer and Hefti, 1994).
Similarly, BDNF is known to increase glutamate and GABA trans-
mission, to increase GABA uptake, and to potentiate the effect of
glutamate on NMDA receptors (Thoenen, 1995; Takei et al., 1997;
Li et al., 1998; Pellegri et al., 1998; Sala et al., 1998; Pozzo-Miller et
al., 1999). NT-4/5, BDNF, and other signaling molecules not yet
identified may have thus partially determined the pattern of neuro-
transmitters and their receptors expressed by donor neuroblasts.

This study also supports the view that the intrinsic commitment
of a neuroblast plays a significant role in its phenotypic maturation.
Neurons transplanted to the intact cortex show expression of the
same set of neurotransmitters and their receptors, although the
percentage of neurotransmitter/receptor differentiation is lower
than after transplantation to experimental cortex. It has been
shown that neurons can maintain unique patterns of receptor
expression in vitro, according to their anatomic origin in vivo
(Koller et al., 1990; Gotz et al., 1995). In previous studies of
transplantation to the adult mouse cortex undergoing targeted
neuronal degeneration, E17 neuroblasts attained a mature mor-
phology and formed appropriate connections with higher fidelity
than younger E14 neuroblasts and noncommitted progenitors
(Hernit-Grant et al., 1996; Sheen et al., 1999). Intrinsic mechanisms
of lineage and commitment certainly play a major role in the
specification of phenotype, but these can be strongly modulated by
exogenous stimuli (Zhou and Bradford, 1997).

Neurotransmitters and their receptors themselves also play a role
in development, their expression and activity affecting neuronal
differentiation, dendritic and axonal outgrowth, and synaptogen-
esis (Lipton and Kater, 1989; Cherubini et al., 1991; Meier et al.,
1991; Kennedy and Tessier-Lavigne, 1995; Behar et al., 1996; Retz
et al., 1996; Levitt et al., 1997). Indeed, it has been shown that
blockade of glutamate receptors at synapses in the rat S1 cortex
disrupts the establishment of both topographic connectivity and
columnar organization in the somatosensory cortex (Fox et al.,
1996). In addition, neurotransmitters and receptors can influence
the phenotype of other neurons, either acting alone (Davis and
Murphy, 1994), or in concert with other molecules (Barde, 1990;
Cohen-Cory et al., 1991; Favaron et al., 1993). It is therefore
possible that the early expression of neurotransmitters and their
receptors by some developing transplanted neuroblasts may have
affected the differentiation of other nearby transplanted neuro-
blasts. This secondary influence could also provide an explanation

Figure 7. NMDA-R expression of donor embryonic neuroblasts and normal endogenous CPNs. a, High-power confocal microscope view of a
donor-derived neuron 4 weeks after transplantation, in neocortex where selective death of CPNs occurred. Arrowheads designate the neuron, identified
with PKH 26/rhodamine nanosphere labeling. The apical dendrite is well demarcated (arrows). Scale bar, 10 mm. b, Corresponding view of NMDA-R
immunocytochemistry. c, Composite image of a and b. d–g, High-power 2-D collapsed images of an NMDA-R-positive donor-derived neuron 12 weeks
after transplantation, which has been labeled with FG injected into the contralateral hemisphere. d shows PKH 26/rhodamine nanosphere identification
of the transplanted neuron. Scale bar, 5 mm. e depicts NMDA-R immunoreactivity. f shows FG retrograde labeling. g is the composite image of d–f.
h, High-power confocal microscope images of adult endogenous CPNs retrogradely labeled with FG. Scale bar, 10 mm. i, Corresponding view of NMDA-R
immunocytochemistry. j, Overlay of h and i. Arrowheads designate a double-positive neuron or CPN that expresses NMDA-R. Arrows designate a CPN
that does not express NMDA-R. k, Line graphs comparing NMDA-R expression of E17 neuroblasts transplanted to experimental cortex or intact control
cortex and normal developmental and adult endogenous CPNs.
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for the more protracted increase in the number of transplanted
neuroblasts expressing appropriate neurotransmitters and their
receptors over several weeks.

Neurotransmitter and receptor development is more
protracted in transplanted versus endogenous CPNs
The percentage of donor-derived neurons that expressed neuro-
transmitters and their receptors in experimental cortex increased at
a more protracted rate than seen in endogenous CPNs during
normal corticogenesis. Typically, developing cortical neurons ac-
quire their neurotransmitter and receptor phenotype within a few
days to a few weeks of birth (Cobas et al., 1988; Erdo and Wolff,
1990; Shaw and Lanius, 1992; Micheva and Beaulieu, 1995; Oh et
al., 1995; Arai et al., 1997; Gordon et al., 1996, 1997; Kimura and
Baughman, 1997; Kiser et al., 1998). The slower rate of maturation
of transplanted neuroblasts may result from a number of mecha-
nisms. First, donor embryonic neuroblasts may simply require
more time to express appropriate neurotransmitters and their
receptors because of trauma associated with dissociation and trans-
plantation, combined with placement in an environment that only
partially recreates the environment present during corticogenesis.
Second, it is theoretically possible but less likely that there may be
two subpopulations of donor neuroblasts: one subpopulation ex-
pressing appropriate neurotransmitters and their receptors; and a
second subpopulation that fails to integrate and establish connec-
tions, and subsequently dies over time. This later neuronal death
would lead to a decrease in the total number of transplanted
neurons and therefore a relative increase in the proportion of
neurons expressing a particular transmitter or receptor. We did
indeed observe a decrease in the total number of donor-derived
neurons with time after transplantation. However, this may more
likely be attributable to decreased identification of the donor-
derived neurons (because of lysosomal processing of the markers

PKH26 and rhodamine nanospheres), leading to underestimates of
neuron survival, particularly at later survival times. A third mech-
anism may be the slow secondary influence of maturing donor-
derived neurons in the production of signals necessary for directed
differentiation and maturation of other surrounding neuroblasts, as
discussed above.

Donor-derived neurons transplanted to experimental neocortex
began to express the appropriate complement of neurotransmitters
and receptors by 2 weeks after transplantation. Increasing numbers
of donor-derived neurons expressed each of the neurotransmitters/
receptors with comparable rates of progression over time. How-
ever, the time at which the percentage of donor-derived neurons
expressing a particular phenotype became similar to the percentage
in adult endogenous CPNs occurred variably between 4 and 12
weeks after transplantation. It is unknown whether these differ-
ences in rates of particular phenotype differentiation are signifi-
cant. It is possible that the progression of expression of the neuro-
transmitters and neurotransmitter receptors investigated here
reflects their normal developmental order of expression. The trans-
planted immature neuroblasts may have already initiated a pro-
gram of progressive gene expression by the time of transplantation.
It has previously been suggested that, during development, distinct
classes of cortical projection neurons are already formed, before
neuronal migration from the neuroepithelium to their specific
lamina within the cortex (Koester and O’Leary, 1993). Other
transplantation studies suggest that specification of corticocortical
connections by cerebral grafts may be linked to the timing of
neurogenesis, with postmitotic neurons adopting a pattern of con-
nectivity consistent with them having already initiated a particular
differentiation program (Barbe and Levitt, 1995). In that case, the
local environment in the experimental mice might be especially
supportive of the survival of these young neurons during their

Figure 8. AMPA-R expression of donor embryonic neuroblasts and normal endogenous CPNs. a, High-power confocal microscope view of a
donor-derived neuron 4 weeks after transplantation, in neocortex where selective death of CPNs occurred. Arrowheads designate the neuron, identified
with PKH 26/rhodamine nanosphere labeling. Scale bar, 10 mm. b, Corresponding view of AMPA-R immunocytochemistry. c, Composite image of a and
b. d–g, Superimposed high-power 2-D confocal microscope images of donor-derived neurons 12 weeks after transplantation, which have been labeled with
FG injected into the contralateral hemisphere. Arrowheads depict neurons that are AMPA-R-positive. Arrows designate a nonimmunoreactive cell. d shows
PKH 26/rhodamine nanosphere identification of the transplanted neuron. Scale bar, 5 mm. e depicts AMPA-R immunoreactivity. f shows FG retrograde
labeling. g is the composite image of d–f. h, High-power confocal microscope images of adult endogenous CPNs retrogradely labeled with FG. Scale bar,
10 mm. i, Corresponding view of AMPA-R immunocytochemistry. j, Overlay of h and i. Arrowheads designate double-positive neurons or CPNs that
express AMPA-R. k, Line graphs comparing AMPA-R expression of E17 neuroblasts transplanted to experimental cortex or intact control cortex and
normal developmental and adult endogenous CPNs.
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differentiation. Differences in the rate of expression of individual
neurotransmitters and receptors may be the result of the environ-
ment created by the targeted apoptotic degeneration of CPNs,
which may preferentially favor the rapid differentiation of particu-
lar neurotransmitter and receptor phenotypes. Other phenotypes
may develop over a more protracted time course compared to
normal development. It is unlikely that the apoptotic degeneration
of surrounding CPNs recreates an environment identical to that
found in layers II /III and IV during development, with the correct
complement of factors required to optimally direct neuronal
maturation.

Linked to the first possibility that a variable delay in neurotrans-
mitter and neurotransmitter receptor expression is attributable to
environmental factors may be the intrinsic nature of the E17
neuroblasts themselves. For instance, there is evidence that al-
though all neurotransmitters are present shortly after birth in the
rodent cortex, GABA expression precedes the expression of the
excitatory transmitters glutamate and aspartate (Cherubini et al.,
1991; Kimura and Baughman, 1997). Therefore, developmental
programs for the expression of each particular cortical phenotype
may be both separate and activated in a time-dependent manner
(for review, see Levitt et al., 1993). The neuroblasts dissociated for
transplantation may be less equipped to respond to the environ-
mental signals present, to initiate each intrinsic program required
for the development of expression of a particular neurotransmitter
or receptor at the rate they would during development. This may be
the result of axotomy or the removal of cell–cell contacts during
dissociation, or the neuroblasts’ response to removal from a favor-
able environment. The transplanted neuroblasts may thus be de-
layed in their ability to activate one or more appropriate gene
expression programs, and this delay may be more pronounced after
transplantation to a novel environment than during normal devel-
opment. Alternatively, minor apparent differences in the time
courses of expression may result from both variable sensitivity of
immunolabeling by each antibody and from the long intervals
between the specific times chosen for analysis.

Conclusions
For successful cellular replacement therapy in highly complex
circuitry in the CNS such as that in neocortex, it will be crucial for
newly incorporated neuroblasts or precursors not only to rebuild
the cellular circuitry anatomically, but also to reinstate function
within these circuits by appropriate synaptic signaling. Newly in-
corporated neurons will need to migrate to correct locations, un-
dergo precise differentiation, and integrate fully at the cellular and
synaptic levels. Here we show for the first time that donor neuro-
blasts transplanted to regions of cortex undergoing targeted neu-
ronal degeneration cannot only extend appropriate long-distance
axonal projections to the contralateral cortex, and receive synapses
from other neurons, but that they can differentiate with an ex-
tremely high degree of phenotypic fidelity. Donor neuroblasts
under these conditions can express the appropriate complement of
neurotransmitters and receptors to replace degenerated callosal
projection neurons. Thus, transplanted neuroblasts can undergo
highly specific and directed differentiation and integrate appropri-
ately within complex host circuitry. The results of experiments
presented here indicate that the transplantation of embryonic neu-
roblasts or precursors is a feasible method to replace degenerating
neurons and re-form precise, appropriate, and functional cortical
circuitry.
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