
Astrocytes from Cerebral Cortex or Striatum Attract Adult Host
Serotoninergic Axons into Intrastriatal Ventral Mesencephalic
Co-Grafts

Audrey Petit, Philippe Pierret, Annie Vallée, and Guy Doucet

Département de Pathologie et Biologie Cellulaire and Centre de Recherche en Sciences Neurologiques, Faculté de
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The identification of axon growth inhibitory molecules offers
new hopes for repair of the injured CNS. However, the naviga-
tional ability of adult CNS axons and the guidance cues they
can recognize are still essentially unknown. Astrocytes may
express guidance molecules and are known to have different
regional phenotypes. To evaluate their influence on the affinity
of adult serotoninergic (5-HT) axons for a projection target, we
co-implanted astrocytes from the neonatal striatum, cortex, or
ventral mesencephalon together with fetal ventral mesence-
phalic tissue into the striatum of adult rats. Two months after
surgery, quantification after in vitro 5-[1,2-3H]serotonin ([3H]5-
HT) uptake and autoradiography showed that ventral mesen-
cephalic grafts with co-grafted cortical or striatal astrocytes
were four times and three times, respectively, more densely
innervated by host 5-HT axons than control ventral mesence-
phalic grafts with or without co-grafted ventral mesencephalic

astrocytes. Immunohistochemistry for glial fibrillary acidic pro-
tein, vimentin, or chondroitin-sulfate proteoglycans revealed no
qualitative or quantitative differences in host astroglial scar or
production of inhibitory molecules that could explain these
differences in 5-HT innervation. These results demonstrate that
astrocytes grown in culture from different brain regions have the
potential to influence the growth and maintenance of adult
5-HT axons in a graft of neural tissue from another brain region.
It should now be feasible to identify the molecules expressed
by cultured cortical or striatal, but not by ventral mesence-
phalic, astrocytes that have these tropic actions on 5-HT axons
of the neostriatum.
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Recent progress in the identification of axon growth inhibitory
molecules (McKeon et al., 1991; McKerracher et al., 1994; Muk-
hopadhyay et al., 1994; Chen et al., 2000; GrandPre et al., 2000)
and treatments to counteract their activity (Huang et al., 1999)
shows that regeneration in the injured CNS is foreseeable. Nev-
ertheless, the navigational capabilities of axons in mature CNS,
information that will be useful to optimize functional recovery,
remain essentially unknown.

Neural transplantation experiments demonstrated that fetal
neurons may form appropriate connections in mature CNS (Wic-
torin et al., 1991; Deacon et al., 1994; Isacson and Deacon, 1996),
but the identity of guidance cues used by growing axons is
unknown. Progress was made in the identification of guidance
molecules acting during development (Tessier-Lavigne and
Goodman, 1996), but it is unclear whether and where they are
expressed in adult CNS and what types of adult neurons may
recognize them.

Fetal neural tissue transplantation into the CNS has been used

to study the plasticity of adult host neurons (Oblinger and Das,
1982; Castro et al., 1988; Doucet et al., 1989; Sørensen et al.,
1990). This approach was used to study the response of adult
serotoninergic (5-HT) neurons to guidance cues. These neurons
readily innervate homotypic neural grafts in hippocampus, stria-
tum, or thalamus (Azmitia et al., 1981; Wictorin et al., 1988;
Nothias et al., 1990; Labandeira-Garcia et al., 1991; Lu et al.,
1991) but project barely into intrastriatal ventral mesencephalic
(VM) grafts (Doucet et al., 1989; Mounir et al., 1994), although
many individual dorsal raphe 5-HT neurons send collaterals to
both VM and neostriatum in normal brain (Van der Kooy and
Hattori, 1980) and should therefore recognize both targets. In-
deed, grafts of striatal tissue receive four to five times more 5-HT
innervation than VM grafts (Pierret et al., 1998b). Serotonin
axons innervating striatum may prefer striatal tissue, an affinity
likely mediated by surface receptors. Because neural grafts in-
clude astrocytes and neurons, both cell types may express mole-
cules recognized by such receptors. Astrocytes express axon
guidance molecules (Smith et al., 1986; Steindler et al., 1990;
Laywell and Steindler, 1991; Powell et al., 1997) and differ among
brain regions (Denis-Donini et al., 1984; Denis-Donini and Es-
tenoz, 1988; Liu and Lauder, 1992; Vickland and Silver, 1996).

To assess the influence of astrocytes on the ability of adult
5-HT axons to grow into a VM graft, we co-grafted fetal VM
tissue with astrocytes cultured from the cerebral cortex, striatum,
or VM into the neostriatum of adult rats (see Fig. 1). With a
technique based on autoradiography after uptake of 5-[1,2-
3H]serotonin ([3H]5-HT) in brain slices (Doucet and Descarries,
1993), we quantified the number of 5-HT axonal varicosities in
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the implants. Co-grafted astrocytes were labeled with Hoechst
vital dye, before mixing with VM tissue, to monitor their distri-
bution. Immunohistochemistry for several neural markers and
axonal tracing were used to characterize cultures, implants, and
host projections into the implants. Striatal implants, with or
without co-grafted VM astrocytes, were also examined as con-
trols (see Table 1).

MATERIALS AND METHODS
Experimental animals. All experimental procedures were approved by the
Ethics Committee on the use of experimental animals of the Université
de Montréal (Protocol 99102). Adult female Sprague Dawley rats (n �
133; 200–225 gm at the time of transplantation surgery) were used as
recipients for transplantation. Surgery was performed under fentanyl /
fluanisone (Hypnorm; Janssen, Beerse, Belgium)/midazolam (Versed;
Hoffman-Laroche, Mississauga, ON) anesthesia (1:1 with equal volumes
of distilled water; 0.27 ml/100 gm) (Flecknell, 1996). Forty-six litters of
embryonic day (E) 15 (crown-rump length 11 mm; VM tissue), and two
litters of E16 (striatal tissue) Sprague Dawley rat fetuses from deeply
anesthetized dams (Hypnorm-Versed) were used as donors. In each
session, one-third of the fetal neural tissue pieces were used to prepare
control single grafts (VM or striatal tissue), whereas the rest were mixed
with one or the other type of cultured astrocytes for co-grafting. Im-
plants were prepared in a total of 24 surgical sessions, i.e., 5–8 separate
transplantation sessions for each experimental group, to ensure that
variations in culture or tissue preparation would affect all groups at
random.

Preparation and immunocytochemical characterization of cultured astro-
cytes. Purified, type 1 astrocytes were obtained from frontoparietal
cortex, neostriatum, and VM of newborn rats (day of birth, P0) (Fig. 1)
by the method of McCarthy and De Vellis (1980). Brain tissue was
dissected, meninges were stripped off, and cells were dissociated by
incubation with gentle stirring in HBSS (Life Technologies-BRL, Gaith-
ersburg, MD) containing 0.5% trypsin (Canadian Life Technologies,
Burlington, ON) and 0.1% DNase (Sigma, St. Louis, MO) for 20 min at
37°C. Cells were passed through a sterile nylon mesh (pore diameter 72
�m) to remove nondissociated tissue, and trypsin was neutralized by
adding an equal volume of minimum essential medium (MEM; Life
Technologies-BRL) supplemented with 10% horse serum (Life
Technologies-BRL). The cell suspension was collected in a sterile tube
and centrifuged for 10 min at 2000 rpm. Pellets were resuspended in
culture medium (MEM supplemented with 33 mM glucose, 4 mM glu-
tamine, 26 mM sodium bicarbonate, 1 IU/ml penicillin–streptomycin,
and 10% horse serum). Cells were counted in a hemocytometer, seeded
into plastic Petri dishes (100 mm; Corning, Corning, NY) at a density of

�20,000/cm 2, and incubated at 37°C under 95% O2 and 5% CO2. To
eliminate oligodendrocytes, their precursors, and microglia, culture me-
dium was changed as soon as astrocytes had attached to the bottom of the
dish, 2 hr after plating, and dishes were shaken vigorously before each
medium change (every 2 d).

In a previous report, the virtual absence of oligodendrocyte precursors
(�0.1%) and the total absence of neurons after this procedure were
assessed using immunocytochemistry for specific markers (Pierret et al.,
1998a). To further characterize astrocyte cultures, in the present exper-
iments, one Petri dish in each of three different cell culture preparations
for each sampled brain region was double labeled with a polyclonal
antiserum directed against GFAP (1:2000; Dakopatts, Glostrup, Den-
mark) to identify astrocytes, and with a lectin from Bandeirea simplici-
folia (Griffonia simplicifilia-1 Isolectin B4, peroxidase-labeled, #L5391;
Sigma) to identify microglia (Streit and Kreutzberg, 1987). Immunore-
activity for GFAP was revealed with a rhodamine-labeled anti-rabbit IgG
goat antiserum (1:200; Jackson, West Grove, PA), whereas lectin labeling
of microglia was visualized by peroxidase reaction in the presence of
3,3�-diaminobenzidine (DAB, 0.05%; Sigma) and 0.005% hydrogen per-
oxide. In each culture dish, labeled astrocytes and microglia were pho-
tographed in the same six microscopic fields, changing illumination from
fluorescence to bright field, and counted on these photographs. The total
number of microglial cells in a Petri dish was then expressed in percent-
age of the total number of cells.

Single immunoperoxidase labeling was also performed on three other
astrocyte preparations from each brain region with a monoclonal anti-
serum against myelin/oligodendrocyte specific protein (MAB328;
Chemicon, Temecula, CA), which confirmed the absence of oligodendro-
cytes. Positive controls for microglial and oligodendrocyte labeling were
performed by preparing cultures without vigorous dish-shaking steps that
showed good staining of microglia and oligodendrocytes, confirming the
sensitivity of their detection.

Implantation. Confluent astrocyte cultures (20–22 d in vitro) were
labeled with Hoechst fluorescent vital dye solution (bis-benzimide-
trihydroclorate, Sigma; 10 �g/ml) (Baron-Van Evercooren et al., 1992) at
37°C for 2 hr, rinsed three times in MEM, removed from the dish with
trypsin-EDTA without Ca 2� and Mg 2� (Life Technologies), and sus-
pended in MEM supplemented with 10% horse serum. After centrifu-
gation (10 min, 1700 rpm), the pellet was resuspended in the implanta-
tion medium (MEM supplemented with 0.22 gm/l sodium bicarbonate
and 25 mM HEPES; Life Technologies) and centrifuged again, before
mixing with fetal VM or striatal tissue.

For each session of implantation, VM was dissected from two litters of
E15 rat fetuses (24–30 fetuses; crown-rump length 11 mm). Only the
rostral half of the VM was taken, to avoid including donor 5-HT neurons
in the transplants. For striatal grafts, tissue from the lateral ganglionic

Figure 1. Dissection and culture of neonatal astrocytes, mixing with fetal VM tissue, and co-implantation into adult rat neostriatum. Astrocytes were
dissected from the frontoparietal cortex, neostriatum, or substantia nigra of P0 rat pups. At confluence, 22 d later, they were labeled by incubation with
Hoechst fluorescent dye, dissociated with trypsin, mixed with fetal VM (or lateral ganglionic eminence), and implanted into the neostriatum of adult
rats. The recipients were killed 10–40 d, 2 months, or 4 months later, as summarized in Table 1. Brain specimen drawings were adapted from the atlas
of Altman and Bayer (1995).

Petit et al. • Guidance of Adult Serotoninergic Axons by Astrocytes J. Neurosci., September 15, 2001, 21(18):7182–7193 7183



eminence was dissected from two litters of E16 fetuses. Approximately
one-third of the dissected tissue pieces (�8–10 hemi-ventral midbrains
or lateral ganglionic eminence) was kept for single, control grafts pre-
pared according to the technique of Björklund et al. (1983). These and
the other tissue pieces were incubated in parallel in implantation me-
dium containing 0.5% trypsin and 0.1% DNase (20 min at 37°C). For
co-implantation experiments, astrocytes from one Petri dish (�2.5 � 10 6

astrocytes) were added to the remaining tissue pieces (�15–20 ventral
hemi-midbrains or lateral ganglionic eminence) before mechanical dis-
sociation. The dissociated control VM or striatal suspension, as well as
the mixtures of astrocytes and VM or striatal tissue, were centrifuged (3
min, 700 gm), and the pellets were resuspended in a small volume of
implantation medium (20–40 �l). Two stereotaxic injections of 2.5 �l of
the cell aggregate suspensions were injected with 10 �l Hamilton mi-
crosyringes into the neostriatum of adult recipient rats at the following
coordinates: 1 mm anterior to bregma, 3 mm to the right, and 5 and 4.1
mm, respectively, below dura, with the tooth bar set at 0. In each session,
two rats received control single grafts and five others received co-grafts
with astrocytes.

Histofluorescence and immunohistochemical characterization of the
graf ts. Several procedures were used to characterize the implants at
different time points after implantation, as summarized in Table 1. For
each surgery session, one control VM-grafted rat and two co-grafted rats
were perfused 10 d later for immunohistochemistry to characterize the
grafts, in particular the distribution of co-grafted astrocytes labeled with
Hoechst fluorescent dye, the host and donor astrocytes (GFAP, vimen-
tin), chondroitin sulfate proteoglycans (CSPGs), and the absence of
co-grafted 5-HT perikarya. Tyrosine hydroxylase (TH) and GABA im-
munohistochemistry served to assess qualitatively the number and dis-
tribution of dopaminergic and GABAergic neurons and processes in the
implants. Other rats were perfused 2 or 4 months after implantation for
the same purposes. In addition, rats perfused at 4 months had received
injections of biotinylated dextran at multiple sites into the frontal cortex,
15 d before, to label host cortical projections in the grafts by anterograde
transport. In the same rats, dopamine- and adenosine-regulated
phosphoprotein-32 (DARPP-32) immunohistochemistry on other series
of sections allowed us to examine the presence of host striatum-derived
afferents in the implants. Last, one series of VM grafts with co-grafted
VM or cortical astrocytes was perfused after different survival times (15,
20, 25, 30, 35, and 40 d) to assess the time course of TH and CSPG
expression, as well as that of 5-HT axon ingrowth into the grafts.

For these experiments, the animals were deeply anesthetized with an
overdose of sodium pentobarbital (Somnotol; MTC Pharmaceuticals,
Cambridge, ON; 80 mg/kg, i.p.) supplemented with methoxyflurane
inhalation (Metofane, Janssen, Toronto, ON), and the brains were fixed
by perfusion with 4% paraformaldehyde in 0.1 M sodium-phosphate

buffer (PB, pH 7.4), after a previous rinse of the vascular bed with
sodium-PBS. For GABA immunohistochemistry, the rats (two with VM
astrocyte co-grafts and two with cortical astrocyte co-grafts) were per-
fusion fixed with 3.5% glutaraldehyde. A thick coronal brain slice includ-
ing neostriatum was further fixed in the same fixative, overnight at 4°C (1
hr at room temperature for GABA), rinsed in PBS, and cut in four series
of 50-�m-thick sections on a vibrating microtome.

The distribution of Hoechst-labeled astrocytes in the co-grafts was
examined by fluorescence microscopy, in sections temporarily mounted
in PBS on glass slides, under a coverslip. Hoechst fluorescence appeared
blue with an excitation filter wavelength of 365 nm and a barrier filter
wavelength of 420 nm. These sections were recovered for further immu-
nohistochemical staining.

Alternate series of sections were immunostained with a polyclonal
antiserum against GFAP (1:2000; Dakopatts), a monoclonal antiserum
against CSPGs (1:200; clone CS-56, Sigma), a polyclonal antiserum
against 5-HT (1:5000; Diasorin, Stillwater, MN), and a polyclonal anti-
serum against TH (1:500; Pel-Freez Biologicals, Rogers, AR) for VM
implants, or a primary monoclonal antibody against DARPP-32 (gener-
ous gift of Drs. E. L. Gustafson and P. Greengard, Rockefeller Univer-
sity) for striatal implants. For GABA, we used a monoclonal antibody
anti-GABA (1:200, clone GB-69, Sigma). Immunoreactivity was revealed
by the avidin–biotin–peroxidase method, with a biotinylated goat anti-
serum against rabbit IgGs (1:200; Sigma) or a biotinylated horse anti-
serum against mouse IgGs (1:100; Vector, Burlingame, CA) and with an
avidin–biotin–peroxidase complex (Vectastain ABC kit; Vector). Perox-
idase activity was revealed with DAB (0.05%; Sigma) in the presence of
0.005% hydrogen peroxide.

Iontophoretic injections of biotin-dextran (10% solution in saline;
Molecular Probes, Eugene, OR) were made at six sites in the ipsilateral
motor cortex, 4 months after implantation, under Hypnorm-Versed
anesthesia. Injections were done using a glass micropipette (tip diameter
30 �m) connected to a current source (Midgard Precision Current
Source, Stoelting, Wood Dale, IL) (5 �A positive current, 7 sec “on” and
7 sec “off,” for 15 min) at the following coordinates: 2.7 and 3.2 mm
anterior to bregma, 3, 2, and 1 mm to the right, and 1.5 mm below dura,
with the tooth bar set at 0. The micropipette was left in place for 1 min
after each injection (Brandt and Apkarian, 1992). Fifteen days later, the
brains were processed as above (immunohistochemistry). One series of
sections was treated with the avidin–biotin–peroxidase complex (Vec-
tastain ABC kit), and the peroxidase activity was revealed as above.
Other sections from these animals were treated with monoclonal anti-
bodies anti-DARPP-32, anti-S100� (Sigma; clone SH-B1; 1:1000) or
anti-vimentin (Boehringer Mannheim, Mannheim, Germany; clone V9;
1:100) and processed according to the peroxidase–anti-peroxidase (PAP)

Table 1. Numbers of implanted animals killed at different survival times and used for detection of different molecules

Survival time
Types of implants

10 d (15–40 d) 2 months 4 months

VM Avm/VM Astr/VM Acx/VM VM Avm/VM Astr/VM Acx/VM VM Avm/VM Astr/VM Acx/VM STR Avm/STR

Hoechst fluorescence 7 4 5 10 17 18

Immunohistochemistry

GFAP 3 7 5 3 1 1 1 2 1 6 6

CSPG 3 8 (5) 5 4 (7) 1 1

S-100� 1 1 1 2 1

Vimentin 2 3

TH 5 7 (7) 7 5 (9)

DARPP-32 1 2 1 1 6 6

5-HT 5 8 (5) 7 6 (7) 11 10 18 11 6 6

GABA (2) (2)

Autoradiography [3H]5-HT 8 9 11 9

Biotinylated dextran 2 5 3

Rats from each group were killed 10 d, 2 months, or 4 months after implantation, except for the series of rats with cortical or VM astrocyte co-grafts that were killed at 15,
20, 25, 30, 35, or 40 d (numbers in parentheses). Hoechst fluorescence allowed us to visualize co-implanted astrocytes, labeled before mixing with fetal neural tissue for
implantation. Immunohistochemistry was used to detect GFAP, CSPG, S-100�, or vimentin expressed by astrocytes of the implant or the host. It also served to detect
dopaminergic (TH) or GABAergic (GABA) neurons in VM grafts and co-grafts, and striatal neurons (DARPP-32) in grafts or co-grafts of the lateral ganglionic eminence.
Afferents from the host brain were visualized either by immunohistochemistry (5-HT, DARPP-32), axonal tracing with biotinylated dextran from the frontal cortex, or
[3H]5-HT uptake and autoradiography (for quantification). VM, Grafts of ventral mesencephalic tissue; Avm/VM, co-graft of VM with VM astrocytes; Astr/VM, VM plus
astrocytes from striatum; Acx/VM, VM with astrocytes from frontoparietal cortex; STR, grafts of lateral ganglionic eminence (striatum); Avm/STR, co-grafts of striatum plus
VM astrocytes.
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protocol, using a rabbit anti-mouse IgG antiserum (Dakopatts; 1:100)
and mouse PAP (Dakopatts; 1:250).

[3H]5HT uptake and autoradiography. Two months after implantation,
37 grafted animals, from 16 transplantation sessions (4, 5 and 7 sessions,
respectively, for VM, cortical, and striatal astrocyte co-grafts, with con-
trol VM grafts from 8 of these sessions) (Table 1) were processed for
[ 3H]5-HT uptake and autoradiography according to a previously pub-
lished procedure (Doucet and Descarries, 1993) described only briefly
here.

The rats were perfused with ice-cold artificial CSF (CSF). After rapid
dissection, 200-�m-thick coronal slices of the striatum containing the
graft were cut on a vibrating microtome. Three to four slices from each
brain were preincubated for 15 min at 35°C in a solution of CSF
containing an inhibitor of monoamine oxidase (pargyline, 0.1 mM; Al-
drich, Milwaukee, WI) and an inhibitor of monoamine uptake by dopa-
minergic terminals (benztropine-mesylate, 10 �M; Aldrich). The slices
were incubated for 20 min at 35°C by adding [ 3H]5-HT (15–30 Ci/mmol;
Life Sciences, Boston, MA) to the preincubation solution. At the end of
incubation, slices were flattened and fixed by immersion in sodium
phosphate-buffered 3.5% glutaraldehyde (0.1 M, pH 7.4) and by osmium
vapors, dehydrated in increasing concentrations of ethanol, and embed-
ded in epoxy resin (Epon 812, Mecalab, Montréal, Québec, Canada).
Semithin sections (4 �m thick) of the whole-brain slices were cut on a
Polycut microtome (Reichert-Jung, Vienna, Austria), flattened onto glass
slides, and autoradiographed by dipping in a liquefied nuclear emulsion
(K-5, I lford, Cheshire, UK). These autoradiographs were developed 21 d
later in D-19.

Because this technique does not label dendrites or perikarya (Doucet
and Descarries, 1993; Pierret et al., 1998a), the absence of donor 5-HT
neurons in these grafts was assessed in adjacent 200-�m-thick slices fixed
by immersion in 4% paraformaldehyde in 0.1 M PB containing 2.5%
dimethylsulfoxide (Morin et al., 1997) for 5 min at 37°C and 4 hr at 4°C.
These slices were first examined in fluorescence for Hoechst labeling of
co-grafted astrocytes and then recovered and processed as above for
immunoperoxidase with a polyclonal antiserum against 5-HT (1:5000;
Diasorin). Because their thickness did not allow direct observation by
light microscopy, they were embedded in paraffin and cut serially at a
thickness of 7 �m for observation.

Quantification and statistical analysis. All of the following measure-
ments were performed on blind-coded sections, in random order, to
avoid any bias attributable to camera drifting or the operator. The
analyses were performed on a Macintosh Quadra computer using the
public domain NIH Image Program (developed at the National Institutes
of Health and available on the Internet at http://rsb.info.nih.gov/nih-
image/). The computer was connected to a Leitz Orthoplan light micro-
scope via a video camera (Panasonic WV-BD400, Matsushita, Japan).

Quantification of GFAP-immunoreactive processes was performed in
five different sectors in each grafted brain: the core and the periphery of
the implant; the host ipsilateral neostriatum, at 100 and 500 �m from the
implant; and the contralateral neostriatum, in a position symmetric to the
graft. Immunostained elements were selected by gray scale adjustment,
and their total area was measured in a window area of 10,000 �m 2. Four
measurements were done in each sector. Results were expressed as the
total area of the GFAP-immunostained elements over the reference area.

The intensity of CSPG immunostaining was assessed by measuring the
“optical density” in a fixed area of 24,000 �m 2, using the “Mean Density”
function of the NIH Image software. Four measurements were taken in
the implant and four in the host neostriatum. Results were expressed as
the ratio of density in the graft over the background density in the host
neostriatum.

Serotonin axonal varicosities in autoradiographs were counted as de-
scribed by Doucet and Descarries (1993). Labeled axonal varicosities
were detected as small aggregates of silver grains over a background of
diffuse silver grains (see Fig. 12). The silver grain aggregates, visualized
with a 16� PlanApo objective lens, were selected by gray scale adjust-
ment, and the number of resulting binary image features was counted and
expressed as number of labeled varicosities per square millimeter of
tissue section. The counting window (200,000 �m 2) systematically
scanned the complete area of the implants. Implants smaller than 180,000
�m 2 were excluded from this analysis (11 of 48 grafts).

A one-way ANOVA and Fisher’s post hoc test (Statview 4.01, Abacus
Concepts, Berkeley, CA) were used for all comparisons among implants
(single grafts and co-grafts).

Co-culture of dissociated dorsal raphe neurons on astrocytes f rom cortex
or ventral midbrain. Complementary experiments were performed in vitro

to examine the response of postnatal 5-HT neurons in the presence of
astrocytes purified from either the cerebral cortex or ventral mesenceph-
alon (n � 3 and 2, respectively).The neonatal [postnatal day (P) 0]
astrocytes were plated as above, at a density of �80,000/cm 2, in plastic
Petri dishes (20 mm, Corning). At confluence, 20 d later, dissociated
dorsal raphe neurons prepared from P10 rat pups according to the
technique of Brewer (1997) were plated on top of the astrocytes at a
density of �80,000/cm 2. Cultures were maintained in MEM-glucose for
a period of 7 d. They were fixed with 4% paraformaldehyde in PBS
containing 4% sucrose and then permeabilized with 0.3% Triton X-100
in PBS for 5 min. The co-cultures were dually immunostained in se-
quence for GFAP and 5-HT, using the same polyclonal primary antibod-
ies as above. They were visualized, respectively, with a fluorescein
(FITC)-conjugated affinity-purified Fab fragment goat anti-rabbit IgG
(1:50, H�L, Jackson ImmunoResearch Laboratories, West Grove, PA)
and a rhodamine (TRICT)-conjugated affinity-purified goat anti-rabbit
IgG (1:250, Jackson). Antibodies were dissolved in PBS containing 10%
BSA and 10% NGS, and extensive rinsing (several baths over 4 hr) was
done between the incubation with the FITC-labeled Fab fragment and
the incubation with the primary antibody anti-5-HT, to minimize cross
reactions.

RESULTS
Astrocytes represented 98% of the cells in the
cultures from the three brain regions
After 3 weeks in vitro, cell cultures double stained with Bandeirea
simplicifolia B4 isolectin showed a uniform percentage of micro-
glia (2.13 � 0.37% for mesencephalic, 1.99 � 0.67% for cortical,
and 1.71 � 0.23% for striatal astrocyte cultures) with no signifi-
cant difference. This observation is important in the present
context, because it has been shown that microglia may be four to
eight times more numerous in mixed neuron–glia cultures of the
mesencephalon compared with cortex (Kim et al., 2000). Oligo-
dendrocytes were virtually absent from the present cultures, and
neurons were previously shown to be absent also (Pierret et al.,
1998a).

Astrocytes in culture showed subtle differences in shape, as
described in a previous study (Pierret et al., 1998a). In particular,
VM astrocytes tended to be more flattened than striatal or
cortical ones (data not illustrated).

Co-grafts contained more GFAP but other markers
were very similar in all types of implants
As reported previously (Krobert et al., 1997; Pierret et al., 1998a),
a large proportion of the co-grafted astrocytes labeled with
Hoechst fluorescent dye resided within the confines of the co-
grafts, although many had migrated in the neighboring host
striatum, in decreasing number with distance from the graft (Fig.
2). This distribution was comparable at 10 d for the three types of
VM co-grafts and remained essentially the same after 2 months
of survival.

Immunostaining for GFAP showed a higher number of reactive
astrocytes within the implants than in the host striatum, as mea-
sured at 10 d. The distribution of reactive astrocytes was compa-
rable in all types of implants, with higher numbers at the graft /
host interface (Fig. 3A,B). Measurement of the relative area
occupied by GFAP-immunoreactive processes was significantly
higher in the core and at the border of the three types of co-grafts
than in control VM grafts (see Fig. 4). There was no significant
difference at the graft /host interface among co-grafts, but co-
grafts with cortex-derived astrocytes had significantly higher val-
ues in their core than co-grafts with striatal or VM astrocytes.

GFAP immunostaining was still higher in the grafts than in the
host striatum at 2 and 4 months after transplantation. The relative
area covered by GFAP immunoreactive processes in the core of
implants was not significantly different among animals perfused
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at 10 d, 2 months, or 4 months of survival. In the host ipsilateral
striatum, measurements of GFAP-immunoreactive processes 500
�m lateral to the graft showed a significant reduction among 10 d,
2 month ( p � 0.05), and 4 month grafts ( p � 0.001) (ANOVA
and post hoc Fisher’s test), whereas there was no such difference
in the contralateral striatum.

Graft-related immunostaining for CSPGs was confined within
the limits of the implants at all time points (Fig. 3C–F). In the
host brain, there was staining in the subventricular zone and in
the white matter, as in normal rats, but none associated with the
implants. Densitometric measurement of CSPG immunoreactiv-
ity in the core of the grafts, at 10 d, did not show any significant
difference between control VM grafts and co-grafts or among the
different types of co-grafts (see Fig. 5). Occasionally, CSPG
immunoreactivity was slightly higher at the graft /host interface,
but this was found with all four types of implants. Co-grafts in
rats perfused at different survival times (VM vs cortical astrocyte
co-grafts) showed a similar time course for CSPG expression in
both types of co-grafts, with a clear downregulation occurring
between 25 and 40 d (Fig. 3E,F). Two months after implantation,
CSPG immunostaining was very weak, and it was then difficult to
distinguish the graft with this staining.

Astrocytes immunostained for S-100� were ubiquitous in the
brain of all implanted animals. Their distribution in relation to
the implants was very similar to that of GFAP, except that
S-100�-immunostaining showed the perikarya more completely
(Fig. 6). All implants were comparable with this staining.

Vimentin-positive astrocytes were still present in all implants,
after 4 months of survival (see Fig. 7). These cells were distrib-
uted as patches of cell aggregates, confined to the grafts, and their
distribution was comparable between implant types. They likely
represented immature astrocytes, even 4 months after grafting, as
described previously by Gates et al. (1996).

Tyrosine hydroxylase-immunostained dopaminergic neurons
were uniformly and similarly distributed between the graft core
and periphery in all types of implants, at 10 d after surgery.
Again, all implants appeared similar at this time point. In animals
with VM or cortical astrocyte co-grafts, killed at different survival
times, the density and distribution of dopamine or GABA neu-

Figure 3. GFAP and CSPG immunoreactivities showed similar distribu-
tions in all types of implants. Co-grafts of VM with VM astrocytes (A, C),
VM with striatal astrocytes (B, D), or VM with cortical astrocytes (E, F )
are shown as examples. A and B show sections of implants immunostained
for GFAP; C and D display adjacent sections immunostained for CSPGs.
No qualitative difference could be associated with a particular type of
implant, although all types of co-grafts contained more GFAP-
immunoreactive processes than VM single grafts, as shown in Figure 4. E
and F show sections from co-grafts of VM with cortical astrocytes,
immunostained for CSPGs after 25 d (E, same graft as in Fig. 9D) or 40 d
(F) of survival. Asterisks indicate fascicles of the internal capsule, in host
striatum. Scale bars: A, B, 250 �m; C–F: 400 �m.

Figure 2. Co-grafted astrocytes labeled with Hoechst fluorescent dye
reside in large numbers within the confines of the co-grafts. A, Co-graft of
VM and VM astrocytes, 10 d after implantation. B, Co-graft of VM and
striatal astrocytes, 2 months after implantation. Fascicles of the internal
capsule, which aid in delineating host striatal tissue, are designated by
asterisks in B. A large number of co-grafted astrocytes (arrows) are still
residing in the implants, even after 2 months of survival. Comparable
distributions were found in all implant groups. Scale bars, 400 �m.
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rons was also similar. Both types of grafts displayed dopamine
neurons with well developed dendritic arbors and both contained
a very high density of GABA-immunoreactive terminals (Fig. 8).
Because host afferents into these grafts could not account for all
these GABA terminals, we conclude that they originate from the
grafts and that GABA neurons, as well as dopamine neurons,
intrinsic to the graft developed similarly in the presence of both
types of astrocytes.

The area of the implants was measured on autoradiographed
sections (sections taken through the middle of the grafts). There
was no significant difference between control grafts and co-grafts
or between the different types of co-grafts, but there was a
tendency for co-grafts with striatal (0.50 � 0.10 mm2) or cortical

astrocytes (0.44 � 0.05 mm2) to be smaller than single grafts
(0.81 � 0.25 mm2) and co-grafts with VM astrocytes (0.68 � 0.16
mm2). Considering the percentage of implants that were excluded
from analysis because of their small size (none of the VM grafts
or co-grafts with VM astrocytes vs 35% each for co-grafts with
cortical or striatal astrocytes), the latter two were probably
smaller, overall, as reported previously for co-grafts of VM with
striatal astrocytes (Krobert et al., 1997; Pierret et al., 1998a).

Serotonin immunohistochemistry suggested increased
innervation of co-grafts containing cortical or striatal
astrocytes
Ten days after implantation, a few 5-HT-immunopositive fibers
were visualized within all four types of implants (see Fig. 9A,B).
Most of such fibers were in the periphery, but some were present
well within the core of the implants. At this time point, there
was no obvious difference in 5-HT innervation among the
different types of implants. In the series of animals with VM or
cortical co-grafts perfused at different survival times, it was
observed that a difference in 5-HT innervation became appar-
ent at 15 d, with cortical astrocyte co-grafts containing more
5-HT axons than VM astrocyte co-grafts (see Fig. 9C,D). Two
months after implantation, 5-HT-immunostained fibers also
appeared more numerous in co-grafts containing cortical or
striatal astrocytes than in VM grafts or co-grafts with VM
astrocytes (data not shown).

Serotonin neuronal perikarya were not detected in any of the
implants, confirming the host origin of the 5-HT-immunostained
axons.

Autoradiography demonstrated higher 5-HT
innervation of co-grafts with cortical or
striatal astrocytes
After [ 3H]5-HT uptake labeling, light microscope autoradio-
graphs displayed numerous silver grain clusters over a diffuse
background of individual silver grains (see Fig. 10). It was shown

Figure 6. Astrocytes immunoreactive for S-100� had comparable distri-
butions in all implanted rats. A and B show a co-graft of VM and VM
astrocytes, 10 d after implantation, at low (A) and high magnification (B).
Asterisks in A indicate fascicles of the internal capsule. Arrows in B point
to labeled astrocytes. Note the similarity of the distribution of S-100� in
A, with that of GFAP, in Figure 3A. The main difference between the two
molecules is attributable to a better staining of host astrocytes and of
astrocyte perikarya with S-100� immunostain, as shown in B. No differ-
ences between types of implants were detected. Scale bars: A, 250 �m; B,
50 �m.

Figure 4. Relative surface area of GFAP-immunoreactive processes in
the implants. The amount of astrocytes in the implants was estimated by
measuring the total area of GFAP-immunoreactive processes, in the area
covered by the measuring window. Measurements were done in the core
of the implants (shaded columns) and at the graft–host border (uniform
colors). Results are mean � SEM. One-way ANOVA and post hoc Fisher’s
test, *p � 0.05; **p � 0.01; ***p � 0.001. All co-grafts showed higher
values than single VM grafts, both in the core and at the graft–host
border. Among co-grafts, the relative area of GFAP-immunoreactive
processes was significantly higher in the core of those containing cortical
astrocytes. VM, Control grafts of VM tissue; Avm/VM, co-graft of VM
with VM astrocytes; Astr/VM, VM plus astrocytes from striatum; Acx/
VM, VM with astrocytes from frontoparietal cortex. Color code: blue
represents VM grafts; violet, VM with VM astrocytes; yellow, VM plus
striatal astrocytes; and green, VM plus cortical astrocytes. The color of the
asterisks refers to the group with which a significant difference was
demonstrated. n represents the number of implants in each group.

Figure 5. Intensity of CSPG immunoreactivity inside the implants. The
density of CSPG immunostaining was measured as gray levels and ex-
pressed relative to the background density in the adjacent host neostria-
tum. There was no significant difference between groups. Statistical anal-
yses, abbreviations, and color code as in Figure 4.
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previously that such silver grain clusters represent 5-HT axonal
varicosities (Doucet and Descarries, 1993).

Counts of silver grain clusters in the control VM grafts and in
the three types of co-grafts revealed significant differences in
5-HT innervation among the groups of implants (Fig. 11). Co-
grafts with cortical or striatal astrocytes contained four and three
times, respectively, more 5-HT axonal varicosities than VM
grafts or co-grafts with VM astrocytes. The difference between
co-grafts with cortical versus striatal astrocytes was also statisti-
cally significant. Within each control or experimental group of
implants, there was no significant difference in the density of

5-HT innervation between animals implanted in the different
surgery sessions.

Immunohistochemistry performed on sections adjacent to the
incubated slices showed no 5-HT neuronal perikarya in these
grafts.

Ventral mesencephalic astrocytes had no effect on 5-
HT innervation of striatal tissue grafts
Transplants of fetal lateral ganglionic eminence with or without
co-implanted VM astrocytes were prepared to test the possibility
that VM astrocytes are inhibitory to 5-HT axon growth. These
implants, examined by 5-HT immunohistochemistry after 4
months of survival, were all very well innervated by host-derived
5-HT axons (data not shown). Therefore, VM astrocytes show no
inhibitory effect on the 5-HT innervation of the grafts.

Figure 7. The distribution and amounts of vimentin-immunoreactive
cells were comparable in all groups of implants. A, Single VM graft. B,
Co-graft of VM and VM astrocytes. Both sections were immunostained
for vimentin, after 4 months of survival. Vimentin-immunoreactive as-
trocytes were found in clusters, suggesting persistence of astrocytes in an
immature state. These cells were presumably derived from the fetal VM
tissue rather than from the co-grafted cultured astrocytes, because they
were found in comparable amounts in single VM grafts and in co-grafts.
Scale bars, 250 �m.

Figure 8. Distribution and maturation of dopamine and GABA neurons
were similar in all types of implants. Exemplified is a co-graft of VM and
VM astrocytes in adjacent sections immunostained for tyrosine hydrox-
ylase (A) or GABA (B), after 40 d of survival. Arrows indicate immuno-
labeled GABA perikarya. Asterisks point to myelinated axon fascicles of
the internal capsule in the host neostriatum. All types of implants had
similar aspects with these immunostains. Scale bars, 50 �m.

Figure 9. The number of 5-HT immunoreactive axons is higher in
co-grafts with cortical (or striatal) astrocytes and increases with survival
time. A, Control VM graft, 10 d after implantation; B, co-graft with
cortical astrocytes, 10 d after implantation; C, co-graft with VM astro-
cytes, 25 d after implantation; D, co-graft with cortical astrocytes, 25 d
after implantation (same graft as in Fig. 3E). Note the higher number of
immunoreactive axons inside the implant in D than in the one in C. Note
also the absence of 5-HT-immunoreactive perikarya, demonstrating that
the immunostained axons take origin in the host brain. Pictures were
taken with dark-field illumination. The implants are easily distinguished
from the host neostriatal tissue, which is recognized by the bright myelin-
ated fascicles of the internal capsule. Arrows point to examples of immu-
nolabeled axons. Scale bars, 250 �m.
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Host cortical and striatal projections were very similar
into the different types of implants
Axonal tracing with biotinylated dextran injected into the frontal
cortex revealed many labeled axons inside all implants (Fig. 12A).
As described previously for single VM grafts (Doucet et al.,
1989), axons of cortical origin were present in all areas of the

grafts (Fig. 12B). The innervation of single VM grafts and of
co-grafts with cortical or VM astrocytes appeared very similar in
amounts and morphology.

DARPP-32-immunopositive axons were present essentially
in the periphery of the implants, penetrating for �50 –100 �m
(Fig. 12C), although some could be traced to the graft core, as

Figure 10. Autoradiography after [ 3H]5-HT uptake in vitro demonstrates a stronger 5-HT innervation of
co-grafts with astrocytes from striatum or cerebral cortex. Semithin sections from 200-�m-thick slices of
fresh brain incubated with [ 3H]5-HT in the presence of pargyline and benztropine, 2 months after
implantation. Silver grain clusters (arrows) represent labeled 5-HT varicosities. Host striatal tissue, on the
lef t of the dotted line, is easily recognized by the fascicles of the internal capsule (asterisks). Implants are
to the right in A–D. A, Control VM graft; B, co-graft with VM astrocytes; C, co-graft with striatal
astrocytes; D, co-graft with cortical astrocytes; E, co-graft with VM astrocytes at low magnification,
outlined by white dotted line. The white box represents the size and approximate position of the picture in
B. Note the higher number of silver grain clusters inside the implants in C and D. Scale bars: A–D, 100
�m; E, 2 mm.
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described previously for single VM grafts (Doucet et al., 1989;
Chkirate et al., 1993). Again, the picture was very similar for
VM graft and co-grafts with cortical, mesencephalic, or striatal
astrocytes.

Serotonin neurons grew similarly well on VM and
cortical astrocyte cultures
Postnatal 5-HT neurons taken from P10 dorsal raphe and plated
onto confluent VM or cortical astrocyte cultures survived similarly
and displayed comparably extensive neurite branching (Fig. 13).
This expected result exemplifies the necessity for in vivo experi-

ments to examine axon guidance. Indeed, 5-HT neurons of the
dorsal raphe project to most brain regions and are highly collater-
alized. The different paths followed by collaterals of a single
neuron are presumably guided by different molecular cues. The
response of axons to guidance cues also changes along the way
toward their targets, as shown by Stein and Tessier-Lavigne (2001),
for example.

DISCUSSION
The present study demonstrates that astrocytes from the neonatal
cerebral cortex or striatum increase the 5-HT innervation of VM
grafts implanted into the neostriatum of adult rats, whereas VM
astrocytes have no such effect. It also shows that this increase
cannot be attributed to a reduction of the glial scar or of the
expression of CSPGs in the graft. Axonal tracing with biotinyl-
ated dextran and DARPP-32 immunohistochemistry revealed no
obvious difference between implants in their host-derived cortical
or striatal innervations. The simplest and most likely hypothesis
to explain the increase in 5-HT innervation is that cortical and
striatal astrocytes express a molecule or molecules that attract
5-HT axons present in the neighboring host neostriatum.

Cortical and striatal astrocytes increase host 5-HT
innervation of VM grafts
The quantitative data on the 5-HT innervations of the implants
were obtained using a technique developed specifically to count
monoamine axonal varicosities in rat brain (Soghomonian et al.,
1987; Doucet et al., 1988; Doucet and Descarries, 1993). For
5-HT axonal varicosities, this technique is based on the uptake of
[3H]5-HT in the presence of an inhibitor of monoamine uptake
by dopamine neurons (benztropine) and an inhibitor of mono-

Figure 11. Relative numbers of 5-HT varicosities in the different types of
implants. All silver grain clusters present in the implant were counted by
image analysis in every section and expressed as numbers of 5-HT
varicosities per square millimeter of implant area. Statistical analyses,
abbreviations, and color code as in Figure 4.

Figure 12. Axonal projections from the host cerebral cortex and striatum are not affected by co-grafted astrocytes. A, Cortical projections were labeled
by anterograde axonal transport of biotinylated dextran after multiple (6) iontophoretic injections in the frontoparietal cortex, 2 weeks before animals
were killed, and 4 months after implantation. Note the presence of labeled axons in the host internal capsule and in all regions of this co-graft with VM
astrocytes. B, Higher magnification of box in A, showing the typical tortuous shape of cortical axons in the implant. C, Section of a control VM graft
immunostained for DARPP-32, showing immunoreactive axons coming from the host striatum, mainly at the periphery, but with some well in the core
of the implant (arrowheads). Labeled perikarya of the host striatum appear as black profiles, on the right of the picture. Pictures were taken with dark-field
illumination. All implants looked very similar in the amounts of host cortical and striatal afferents. Scale bars: A, 400 �m; B, 100 �m; C, 200 �m.
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amine oxidase (pargyline). As discussed elsewhere (Doucet and
Descarries, 1993), this approach offers several advantages over
immunohistochemistry for the quantification of monoamine ter-
minals. In summary, labeling conditions are controlled more
rigorously, reducing variations attributable to technical factors,
whereas counting silver grain clusters in a thin nuclear emulsion
is fairly easy to perform by image analysis.

The fact that no 5-HT neurons were detected in any of the
implants confirms that no 5-HT neurons were included in the
tissue pieces during dissection of the fetuses. Therefore, we can
conclude that the quantitative differences in 5-HT innervation
represent differences in ingrowth of 5-HT axons from the host
brain. The number of 5-HT varicosities counted in co-grafts with
cortical astrocytes may be estimated at 2.4 � 105/mm3 (taking
into account incomplete detection of tritium-labeled varicosities
in 4-�m-thick sections, autoradiographic exposure time, and size
of the varicosities). This figure represents 3 or 15%, respectively,
of the numbers reported previously for the rat substantia nigra
(Moukhles et al., 1997) or neostriatum (Soghomonian et al.,
1987). These values are consistent with the idea of a reduced
growth capacity intrinsic to adult neurons. Indeed, the 5-HT
innervation of VM or striatal grafts in adult recipients represents
only 25% of that of similar grafts in neonatal recipients (Pierret
et al., 1998b).

The differences in 5-HT innervation were not caused
by an indirect effect of co-grafted astrocytes on the
glial scar
After CNS damage or neural transplantation, reactive astrocytes
form a glial scar and upregulate their expression of extracellular
matrix molecules, such as CSPGs, which may be inhibitory to
axonal growth (McKeon et al., 1991; Gates et al., 1996; Haas et al.,
1999). For control VM grafts, the present observations on the
distribution and time course of GFAP and CSPG expression are
entirely consistent with the report of Gates et al. (1996), who also
demonstrated that most of the CSPGs is produced by the grafted
tissue. All implants contained reactive astrocytes and a glial scar at
the graft/host interface, as reported by Krobert et al. (1997).
Measurements of GFAP-immunoreactive processes showed an in-
crease in all types of co-grafts, compared with single VM grafts,
consistent with an enrichment of co-grafts with astrocytes express-
ing GFAP. Co-grafts with VM astrocytes contained similar
amounts of GFAP-immunoreactive processes at the graft/host
interface as co-grafts with cortical or striatal astrocytes. Thus,
differences in the glial scar cannot account for the higher innerva-
tion of the latter two types of co-grafts by host 5-HT axons. The
only difference among co-grafts concerned the higher values for the
total area of GFAP-positive processes in the core of co-grafts
containing cortical astrocytes, but this difference does not support
the hypothesis of an impediment of axon ingrowth by a glial scar,
because these co-grafts were the most densely 5-HT innervated.

The absence of difference in the immunoreactivity for CSPGs
also disqualifies these molecules as being responsible for differ-
ences in the ingrowth of host 5-HT fibers into the co-grafts.
Moreover, CSPG immunoreactivity had almost disappeared after
40 d of survival, as also described by Gates et al. (1996). Interest-
ingly, immunoreactive 5-HT axons were already more numerous in
the implants containing cortical astrocytes, compared with those
with VM astrocytes, 15 d after implantation. Therefore, 5-HT
axons began to grow into the implants before the downregulation
of CSPG expression occurred (after 25 d), suggesting that CSPGs
were not inhibitory to host 5-HT fiber ingrowth.

The results with GFAP and CSPGs suggested that co-grafting
of cultured astrocytes had no influence on the glial scar or on the
production of CSPGs in the implanted tissue. Their impact on
the expression of tenascin, another axon growth inhibitory mol-
ecule, was not examined, but the results of Gates et al. (1996)
demonstrated that the host astrocytic and extracellular matrix
molecule (CSPG and tenascin) response was the same for grafts
of VM or of lateral ganglionic eminence. Moreover, TH and
GABA neuronal populations were comparable between co-grafts.
It seems likely, thus, that an attractive influence of co-grafted
cortical and striatal astrocytes was responsible for their growth-
promoting effect on 5-HT axons. This attractive influence might
be attributable to a more “immature” state of neonatal telence-
phalic astrocytes in comparison with VM astrocytes (McKeon et
al., 1991). However, one would expect a general axon growth-
promoting action of immature astrocytes that would act uniformly
on any type of host axons, which is not supported by the obser-
vation that cortical or striatal projections into the implants were
not affected by co-grafted astrocytes. Indeed, projections from
the host frontal cortex were already relatively profuse in control
VM grafts, as reported previously (Doucet et al., 1989), and this
did not change with co-grafted astrocytes, whereas those from
neostriatum, labeled by DARPP-32 immunostaining, remained
confined mainly to the periphery of all implants, with only occa-

Figure 13. P10 dorsal raphe serotonin neurons in co-culture with astro-
cytes from the neonatal VM (A) or cerebral cortex (B) after 7 d in vitro.
Astrocytes are immunostained for GFAP ( green, fluorescein or FITC),
and 5-HT neurons are immunostained for 5-HT (red, rhodamine or
TRICT). Serotonin neurons survived and developed neurites equally well
in the presence of both types of astrocytes. Scale bars, 50 �m.
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sional axons in the core of the implants, as also reported before
for single VM grafts (Doucet et al., 1989; Chkirate et al., 1993).

We conclude from these results that the effect of co-grafted
cortical and striatal astrocytes is specific for 5-HT axons, at least
among the examined host brain regions, and therefore likely
reflect production of specific growth guidance, rather than gen-
erally growth promoting, molecules. This effect is apparently
specific for 5-HT axons innervating the striatum, because VM
and cortical astrocytes in culture had similar effects in co-culture
on postnatal 5-HT neurons of the dorsal raphe.
Candidate molecules
We had shown previously that host 5-HT axons of the neostria-
tum had a preference for grafts of cortical or striatal tissue
(Pierret et al., 1998b) (A. Petit, N. Quenneville, P. Pierret, and
G. Doucet, unpublished observations). The complexity of these
tissues precluded attempts to identify responsible molecules. The
present results simplify the situation because relatively pure pop-
ulations of cells are shown to have similar effects. We propose
that astrocytes from the cerebral cortex and striatum express
molecules that have attractive effects on the 5-HT axons that
normally innervate the telencephalon. The few 5-HT axons that
penetrated control VM grafts might be from neurons sending
collaterals to both the striatum and substantia nigra (Van der
Kooy and Hattori, 1980). It remains to be seen whether the
attractive molecules produced by cortical and striatal astrocytes
are the same.

Many types of molecules with axon guidance properties, includ-
ing cell or matrix adhesion molecules, as well as trophic and tropic
factors, can be expressed by astrocytes, at least in vitro (Vickland
and Silver, 1996). Some neurotrophic factors that may be expressed
by astrocytes have already been shown to exert an effect on the
growth of 5-HT axons. These include S-100� (Azmitia et al., 1990;
Whitaker-Azmitia et al., 1990), brain-derived neurotrophic factor
(Mamounas et al., 1995, 2000), NT-3 (Xu et al., 1995), and glial cell
line-derived neurotrophic factor (Beck et al., 1996). Because all
implants displayed similar distributions of S-100�-positive astro-
cytes, this trophic factor cannot account for the differences in 5-HT
innervation.

Other guidance molecules are likely to be discovered with the
current advances in genomics and proteomics. One advantage of
the present in vivo model is that the astrocytes grown in culture
appear to maintain the regional phenotype that influences 5-HT
axons. It should therefore be feasible to compare gene expression
between the three different populations of astrocytes to deter-
mine whether known or unknown genes are differentially ex-
pressed among them. The products of such genes could be tested
for an effect on 5-HT axon outgrowth in culture. Their expression
might then be blocked in cortical or striatal astrocytes before
co-grafting with VM tissue to determine whether they have a
differential effect on a specific population of 5-HT axons, i.e.,
those projecting to the neostriatum.
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