
The Journal of Neuroscience, December 1994, 74(12): 7553-7562 

Long-Term Delayed Vascularization of Human Neural Transplants to 
the Rat Brain 

Christian Geny,’ Souad Naimi-Sadaoui, 1.4 Roland Jeny,* Abd ei Majid Belkadi,’ Sharon L. Juliano, and Marc 
Peschanskil 

‘INSERM CJF 91-02, Neuroplasticit6 et Greffes Intrac&brales, Facultb de Mkdecine, 94010 CrBteil, France, *HBpital 
Esquirol, 94 Saint-Maurice, France, 3Department of Anatomy, USUHS, Bethesda, Maryland 20814, and 4Laboratoire de 
neurosciences, Dkpartement de Biologie, Facult6 des Sciences Semlalia-Marrakech, Morocco 

Human neural transplants are being developed to treat Par- 
kinson’s disease. Previous characterization of human trans- 
plants focused on neuronal development, while little is known 
of the interaction between the transplant and its environ- 
ment, among which blood is of prime importance. We eval- 
uated here the formation of blood vessels in human neural 
xenografts placed into the brain of rats immunosuppressed 
with cyclosporin A. Using capillary wall markers, we found 
that human transplants remain virtually nonvascularized for 
more than 1 month. Angiogenesis takes place very slowly 
and the density of blood vessels is still quite poor after 3 
months, the fine structure of these capillaries, when they 
form, is apparently normal. Functional studies indicate that 
the vascular network formed in the transplant allows blood 
circulation and exhibits a working barrier to macromolecules. 
Glucose uptake and consumption and cytochrome oxidase 
activity are almost undetectable up to 3 months after graft- 
ing. 

These results demonstrate that vascularization is much 
delayed in human xenografts into the rat brain. This delay 
is likely to be dependent on the maturation of the trans- 
planted tissue. A dedifferentiation of human endothelial cells 
cotransplanted with neural cells occurs since histochemical 
and immunocytochemical markers revealing endothelial cells 
in the human fetus are not present up to 1 month in the 
transplant. The origin of this phenomenon is a matter of 
speculation. How neural cells survive and mature in such 
conditions are issues of prime interest for the future of hu- 
man neural grafting. 

[Key words: xenograft, neural transplant, brain metabo- 
lism, Parkinson, human fetus, development, angiogenesis] 

Human neural transplants have recently been developed to treat 
Parkinson’s disease (Lindvall et al., 1990; Freed et al., 1992; 
Spencer et al., 1992; Widner et al., 1992; Peschanski et al., in 
press) and are being considered for use in Huntington’s disease. 
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Clinical application is based upon a wealth of experimental data 
(Bjorklund et al., 1987; Freed, 1991) including studies specifi- 
cally exploring the development of human neural cells trans- 
planted into the brain of adult rats (Brundin et al., 1986, 1988; 
Stromberg et al., 1986; Wictorin and Bjorklund, 1992). These 
studies have concentrated on the morphology of neurons of 
interest (e.g., mesencephalic dopaminergic neurons). In contrast, 
little attention has been given to the glial and vascular envi- 
ronment in which transplanted human neurons develop. It has 
been demonstrated that the blood vessels found in rat or mouse 
allografts are of host and donor origin (see references and dis- 
cussion in Rosenstein, 1987; Dusart et al., 1989; Broadwell et 
al., 1991). Results obtained in these rodent models can, how- 
ever, be only partly informative regarding survival of human 
transplants because the rate of maturation of transplanted cells 
is much longer for human tissue than for corresponding rodent 
tissue (Brundin et al., 1986). While developing rat neurons may 
mature over a period of a few weeks after transplantation into 
adult brain, human neurons take several months to develop. 
Transplanted neurons, therefore, must survive for long periods 
of time in an environment that is composed partly of cotran- 
splanted fetal glial and endothelial cells, but also consists of 
adult host-derived cells and substances. To define the specific 
developmental characteristics in human transplants, we began 
to study glial and vascular elements of human xenografts into 
the brains of immunosuppressed adult rats. The present article 
deals with the establishment of the vascular network in this 
model, from an anatomical and a functional point of view. 

In the process of transplanting fetal neurons into an adult 
brain, the blood is one of the major differences in the environ- 
ment of the transplanted cells, because it is entirely of host 
origin. The transplanted cells are dependent on host circulation 
for everything normally provided by blood, including oxygen 
and metabolic compounds. Interaction between fetal and host 
endothelial cells is therefore of major importance for the estab- 
lishment of a functional vascularization. Fetal neural allografts 
to the adult rat brain are first avascular (Broadwell et al., 1987, 
1990; Dusart et al., 1989), leading to an abnormal situation for 
cells that are normally vascularized in the fetus. Circulation 
appears after more than a week in a vascular network compa- 
rable in density to that of the host. It is not yet understood how 
the vascular network develops in a human neural graft. 

The goal of the present study was to evaluate the vasculari- 
zation of human transplants using human xenografts in the im- 
munosuppressed rat brain. We analyzed the vascular network 
using various anatomical and functional markers up to 3 months 
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after grafting. Our results indicate that fetal cells develop for 
more than a month in the absence of a normal vascular network 
and, for at least 2 additional months, in a poorly vascularized 
environment. This development pattern is associated with very 
low levels of oxidative metabolism and glucose uptake in the 
tissue. 

Materials and Methods 
Transplantation procedure. Spinal and brainstem tissue was taken from 
human fetuses (6-8 weeks gestation) obtained by routine suction abor- 
tion (Jeny et al., 1993). According to a protocol accepted by the French 
National Ethical Committee, fetuses were aspirated under ultrasound 
guidance into a canula of 12 mm in diameter. The CNS was freed from 
the meninges and the brainstem and upper spinal cord, between the 
cervicothoracic junction and the emergence of cerebellar primordia, 
were dissected out. In two cases, intact fetal pieces were used to ascertain 
the presence of blood vessels. Small blocks of fetal tissue were soaked 
in a phosphate-buffered solution (0.1 M, pH 7.4) containing 4% para- 
formaldehyde for 4 hr then in a phosphate-buffered solution containing 
30% sucrose until they sunk. Sections cut on a cryostat (32 pm thickness) 
were treated for the histochemical detection of alkaline phosphatase 
using the protocol described below. In the other cases, fetal tissue was 
cut in small cubes (< 1 mm’) and dissociated first with trypsin (0. l%, 
20 min at 37°C + DNase, 0.05%) and then mechanically by trituration 
with fire-polished Pasteur pipettes in 200-400 ~1 of Hanks’ balanced 
salt solution containing 0.05% DNase. Final cell concentration was 
made 40,000-60,000 cells per microliter. Survival rate, as defined by 
the a&dine orangexthidium bromide technique was always above 80% 
and most often around 95%. From 8 to 10 11 of this suspension was 
stereotactically injected. 

Thirty-five adult female Sprague-Dawley rats (200-250 gm) anesthe- 
tized with chloral hydrate (400 mg/kg) were lesioned l-3 weeks before 
transplantation by stereotactic injection of kainic acid (0.15 ~1, 0.5% 
aqueous solution over 15 min) into the right thalamus (Peschanski and 
Isacson, 1988). Rats were reanesthetized for stereotactic transplantation 
of human tissue into the same area. Rats were immunosuppressed with 
10 mg/kg cyclosporin A (generous gift Sandoz labs) daily from the day 
before transplantation until the day of sacrifice, which was carried out 
1, 2, or 3 months after grafting. 

Histological procedures. Rats were sacrificed by an overdose of pen- 
tobarbital. They were perfused transcardially with warm heparinized 
saline followed by cold phosphate-buffered saline containing 4% para- 
formaldehyde for light microscopy (LM), 2% paraformaldehyde and 2% 
glutaraldehyde for electron microscopy (EM). The block of brain tissue 
containing the transplant was soaked in the same fixative for 4 hr and 
then cryoprotected (LM) in 30% sucrose phosphate buffer until it sunk, 
or kept in cold buffer (EM). For LM, sections were cut at 32 pm thickness 
on a cryostat and allowed to dry on gelatinized slides. For EM a block 
containing the transplant was cut (50 pm thickness) on a vibratome 
(Oxford Inst.). Sections were embedded flat in Epon after osmication 
(OsO,, lo/& 1 hr) and dehydration in progressive alcohols. Semithin (1 
pm) and ultrathin sections were cut on an ultramicrotome and stained 
with toluidine blue or uranyl acetate and lead citrate, respectively. 

A few sections from each brain were Nissl stained with cresyl violet, 
to allow identification of surviving transplants (see Results) in 23 rats, 
of which 16 were prepared for histochemistry and immunocytochem- 
istry at the light microscopic level, three for electron microscopy, and 
two sustained either 2-deoxyglucose or HRP injection before sacrifice. 
For LM, adjacent sections were treated for histochemistry for alkaline 
phosphatase (Sigma), RCA- 1 lectin binding (Sigma), cytochrome oxi- 
dase (Sigma) and for immunocytochemistry using antibodies raised 
against rat y-glutamyl transpeptidase (GGT; generous gift Dr Yannick 
Laperche), mouse laminin (Sigma), or human leucocyte antigen class 1 
(HLA- 1, Dako). Histochemistry for (1) alkaline phosphatase, (2) RCA- 1 
lectin binding, and (3) cytochrome oxidase was carried out by treating 
sections, respectively, (1) with naphthol AS phosphate (0.02%) + di- 
methyl formamide (2%) and fast red TR salt (0.1%) in Tris-buffered 
saline (0.1 M, 2 hr, in the dark); (2) with RCA- 1 lectin (10%) in phosphate 
buffer saline (0.1 M, overnight), and sections were then incubated with 
diaminobenzidine (0.025% in Tris 0.05 M containing 0.01% H,O,, 15 
min); or (3) with cytochrome c (type III, 44.4 mg/lOO ml), diaminob- 
enzidine (55 mg/lOO ml), and saccharose (4.4 gm/lOO ml) in phosphate 
buffer (0.1 M, 3 hr), and sections were then washed, dehydrated, and 
mounted. 

Immunocytochemistry for GGT, laminin, and HLA-1 was carried 
out using the ABC technique with Vectastain kits (Vector labs) in normal 
goat serum (lo/o) containing 0.3% T&on-X. Sections were incubated 
overnight with antibodies raised in rabbit against GGT (1:500) or lam- 
inin (1: loo), in mouse against HLA- 1 (1: loo), and then for 1 hr suc- 
cessively with goat anti-rabbit or horse anti-mouse (rat-adsorbed) bio- 
tinylateh antibodies (1:200) and the avidin-biotin-HRP complex (1: 
300). Sections were incubated with diaminobenzidine (0.025% in Tris 
buffer 0.05 M) and H,O, (0.015%) for 20 min, dehydrated, and mounted. 

Functional analysis. Rats were anesthetized with chloral hydrate (400 
mg/kg) and the jugular vein catheterized. W-2-deoxyglucose (2-DG, 
Amersham; 10 hCi) or horseradish peroxidase (HRP; Sigma; 12.5 mg) 
was injected and allowed to circulate for 45 min. Rats were sacrificed 
by an overdose of pentobarbital and perfused transcardially with warm 
heparinized saline followed by cold phosphate-buffered saline contain- 
ing either 1% paraformaldehyde (2-DG) or a mixture of 2% parafor- 
maldehyde and 2% glutaraldehyde (HRP). The block of brain tissue 
containing the HRP-labeled transplant was cryoprotected in 30% su- 
crose phosphate buffer until it sunk. 

Sections were cut at 16 pm (2-DG) or 48 pm (HRP) in a cryostat and 
either allowed to drv on gelatinized slides (2-DC) or kent floating (HRP). 
2-DG containing sect&s were apposed for 1 week onto a&&ad& 
graphic film (Kodak) and silver grains revealed using classical photo- 
graphic techniques. HRP-containing sections were incubated for 20 min 
with 3,3’,5,5’-tetramethyl benzidine (0.005%) in acetate buffer (pH 3.3, 
0.0 1 M) containing sodium nitroprusside (0.1%) and H,O, (0.03%). 

Results 

In the first few experiments, we observed that blood vessels 
were present when the human fetuses were obtained and that a 
vascular network was already richly developed (Fig. 1). The 
vasculature formed branched vessels (stained for histochemistry 
of alkaline phosphatase as well as for immunocytochemistry for 
HLA-I, laminin, and GGT) that arborized in the fetal tissue, 
with the exception of the periventricular areas that contain the 
germinative zones. 

Transplants were identified in Nissl-stained sections on the 
basis of cytological and cytoarchitectural features. Neural trans- 
plants formed a distinctive structure in which all transplanted 
neurons were grouped and segregated from host neurons. This 
structure was easily identified because the neurons were more 
densely packed than in the surrounding host tissue and trans- 
planted neurons lacked the regular polarity corresponding to the 
cytoarchitectural organization of the host nuclei. The host-graft 
borders were therefore easily defined in Nissl-stained sections. 

Surviving transplants were recovered, on the basis of their 
content of well-stained neurons using cresyl violet or toluidine 
blue (Fig. 2A). The graft did not contain accumulation of either 
small darkly stained cells (which could have revealed a lym- 
phocytic or glial recruitment) or macrophages loaded with de- 
bris. Necrotic areas were not observed in the 23 transplants 
considered as surviving. Further analysis of the anatomy and 
function of blood vessels was only undertaken in the surviving 
transplants. Human transplants into the rat brain varied widely 
in size, with diameters ranging from 500 Km (e.g., Figs. 2B, 4a) 
to 5 mm (e.g., Fig. SB,E). The actual cause of this variability 
in size was not well identified. Altogether, l-month-old trans- 
plants tended to be smaller than older ones, suggesting growth 
and development. 

Anatomical data. At all stages, the two markers of differen- 
tiated endothelial cells used in this study (i.e., alkaline phos- 
phatase histochemistry and GGT immunocytochemistry) la- 
beled the vascular network in the host. A regular network 
containing thin blood vessels with regular caliber was visualized 
in the intact host nervous tissue. In the area of neuronal loss 
following KA injections (see, e.g., Fig. 2B) the density of blood 
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Figure 1. Blood vessels in a human 
I-week-old fetal brainstem histochem- 
ically stained for alkaline phosphatase. 
Note the presence of numerous blood 
vessels (arrows). Scale bar, 200 pm. 

vessels was increased as previously described (Dusart et al., 
1989). The transplants were inserted into this region. In contrast, 
laminin immunohistochemistry, which is mostly associated with 
capillaries during angiogenesis (Shigematsu et al., 1989), failed 
to label blood vessels in the host brain. Similarly, immunocy- 
tochemistry using the human species-specific HLA- 1 antibodies 
and histochemistry using the lectin RCA-l did not stain the 
host brain. 

Results obtained in the transplants differed according to the 
survival time following grafting. In the 1 -month-old transplants, 
no blood vessels were observed with the markers tested (alkaline 
phosphatase, HLA-I and RCA-l) (Figs. 2B, 4a). 

Two months after transplantation, blood vessels with small- 
to medium-sized calibers were observed (Figs. 2C, 3A,B 4b). 
Alkaline phosphatase histochemistry and GGT immunocyto- 
chemistry gave similar results. The density of blood vessels was 
much reduced in the transplant as compared to the host. The 
border between the two tissues, defined on the basis of Nissl 
staining, was also clearly delineated in sections stained to reveal 
endothelial cells by an abrupt change in the density of blood 
vessels (Figs. 2C, 4b). The density of blood vessels in the trans- 
plant itself was quite irregular. Although generally poor, the 
vascular network was apparently vacant in regions up to 300 
pm in diameter (Fig. 4b). Laminin immunocytochemistry stained 
a large number of blood vessels in the transplants (Fig. 3A). 
Immunostained elements displayed two types of morphology. 
First, laminin antibodies stained cells forming blood vessels 
comparable to those visualized using GGT or alkaline phos- 
phatase. Second, very thin extensions were immunostained, 
which seemed to arise from the walls of the formed vessels. The 
anti-HLA- 1 antibodies-which specifically identified cells of 
donor origin-stained small portions of the blood vessels (Fig. 
3B). Similar results were obtained with the RCA-l lectin. 

At 3 months, the blood vessels stained with alkaline phos- 
phatase or GGT were more regularly spaced within the trans- 
plants (Figs. 20, 4c) and large areas devoid of blood vessels 
were not seen (Fig. 4~). The density of blood vessels was, how- 
ever, still much lower than in the adult host brain. Even at this 

stage, the density of blood vessels was also lower than in the 
8-week-old tissue before transplantation (Fig. 1). Blood vessels 
within the transplants were very strongly immunoreactive for 
laminin and the two morphological types of stained profiles were 
observed. The anti-HLA- 1 antibodies stained portions of blood 
vessels as in the 2-month-old transplants. Electron microscopic 
analysis revealed endothelial cells forming blood vessels dis- 
playing a mature morphology (Fig. SC). Endothelial cells were 
thin and regular, formed tight junctions and contained only few 
pinocytic vesicles. They were surrounded by a basal lamina of 
regular width that separated them in most instances from very 
thin though regular glial processes. This mature aspect contrast- 
ed strongly with the very immature appearance of the surround- 
ing neural tissue characterized, in particular, by the presence of 
large empty spaces, large neurites sometimes containing a wealth 
of polyribosomes and few, if any, synaptic contacts. 

Functional analysis 
The results obtained using various anatomical markers of the 
capillary wall-forming elements clearly indicated that a regular 
vascular network was absent from human transplants for several 
weeks and appeared slowly during the following months. Func- 
tional correlates of these results were analyzed using three dif- 
ferent approaches (1) to reveal the existence of circulation in 
the newly formed blood vessels (HRP circulation) and at the 
same time to test for the presence of a functional blood-brain 
barrier, (2) to analyze the ability of a graft to take up a small 
compound from the blood (2-DG), and (3) to provide an index 
of the general metabolic status of the cells in the transplant 
(cytochrome oxidase). 

Two rats bearing a 2- and a 3-month-old transplant received 
intravenous injections of horseradish peroxidase (HRP). Fol- 
lowing circulation of HRP, the lumen of the blood vessels was 
well stained in the host tissue. As described previously (Dusart 
et al., 1989) HRP was additionally present in the parenchyma 
in the region of neuronal loss, indicating a leakage of the blood- 
brain barrier. In the transplants, only the lumen of the blood 
vessels was filled with HRP reaction product (Fig. 5E), as in 
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the intact host tissue, revealing blood circulation and no leakage 
of the blood-brain barrier. 

Glucose consumption was studied in two rats with 2- and 
3-month-old transplants using the 14C-deoxyglucose technique. 
In both cases, glucose consumption was quite apparent in the 
host brain (Fig. 5D). In contrast, the entire transplants appeared 
as unlabeled spots. Grafted cells therefore did not take up a 
significant amount of glucose from the blood, even though al- 
kaline phosphatase histochemistry in adjacent sections in the 

Figure 3. Characteristics of angioge- 
nesis in 2-month-old transplants. A, 
Immunocytochemical staining using 
anti-laminin antibodies showing large 
(large arrows) and thin (thin arrow) 
blood vessels in a human-to-rat xeno- 
graft (G) while the host tissue (H) is 
devoid of labeling. B, Histochemical 
staining of human cells using the anti- 
HLA-1 antibodies. Small portions of 
the capillaries (arrows) are stained, 
demonstrating the presence of endo- 
thelial cells of human origin. Uniden- 
tified isolated cells that may be human 
microglia are also stained. Scale bar: 
200 pm for A, 75 pm for B. 

two rats revealed the presence of a few blood vessels in the 
transplants. 

Cytochrome oxidase activity was histochemically tested in 10 
rats with l-, 2-, and 3-month-old transplants. The host tissue 
was very well stained, demonstrating a normal metabolic activ- 
ity. In contrast, the entire transplants appeared, at all stages of 
development, as white spots (Fig. St). Analysis of the cellular 
content of the transplants did not reveal conclusive staining 
except in the oldest (3 months) grafts. In these cases, a few cells 

t 

Figure 2. Human-to-rat xenografts 1 (B), 2 (C), and 3 months (A, D) after transplantation. A, Toluidine blue-stained semithin section showing 
a 3-month-old human xenograft. Neurons are in most cases rounded cells containing a large nucleus with two or even three nucleoli and very little 
cytoplasm. In a few cells, one large neurite can be observed (arrow). In this field, note the presence of three blood vessels and glial cells, which are 
more darkly stained than neurons. R, Histochemical staining for alkaline phosphatase of blood vessels in the area of a small 1 -month-old human 
xenograft. Note the almost complete lack of blood vessels in the transplant (G) while the host (H) is well vascularized. C, Histochemical staining 
with alkaline phosphatase of a 2-month-old human xenograft (G). A few blood vessels are present in the transplant at this stage. D, Immunocy- 
tochemical staining using y-glutamyl-transpeptidase antibodies showing endothelial cells in a 3-month-old graft (G). Blood vessels are still much 
less numerous in the transplant than in the host tissue (H). Scale bars: A, 35 pm; B, 100 pm; C and D, 250 pm. 
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Figure 4. Camera lucida drawings showing the vascular network in l- (a), 2- (b), and 3- (c) month-old transplants. T, transplant; H, host. The 
1 -month-old transplant is also illustrated in Figure 2B. Note the absence of blood vessels at 1 month and in a large portion at 2 months; Scale bar 
(in c), 100 pm. 

Figure 5. Fine structure and functional characteristics of human xenografts to the rat brain. A and B, Histochemical staining of cytochrome 
oxidase activity in a 2-month-old human-to-rat xenograft (G). Note, in A, that the large transplant appears as a white spot within the well-stained 
host brain (H). In B, two neurons exhibit somatodendritic staining. C, Electron photomicrograph showing an endothelial cell forming a blood 
vessel in a 3-month-old transplant. Note the mature morphology of the capillary wall. This contrasts with the immaturity of the surrounding tissue 
characterized by large intercellular spaces and the lack of synapses. D, Autoradiograph showing W-2-DG uptake in a 3-month-old human-to-rat 
xenografi. The graft (G) appears as a white spot in the well-labeled host brain (H). D, Peroxidase histochemistry in a relatively well-vascularized 
portion of a 2:month-old human-to-rat transplant, using TMB, alter horseradish peroxidase (HRP) circulation in the blood. HRP reaction product 
decorates the blood vessels walls demonstrating the existence of blood flow. Scale bar: 500 pm for A and E; 8 Frn for B, 3 pm for C, 400 pm for D. 
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identified as neurons on a morphological basis displayed cyto- 
chrome oxidase activity localized to the cell body and dendrites 
(Fig. 5B). 

Discussion 

This study examines the development of the vascular network 
in human neural xenografts to the adult rat brain. We demon- 
strate the existence of a long-term delay before the establishment 
of a vascular network in this tissue. The existence of a well- 
developed network of brain vessels in the fetal primordium used 
for transplantation indicates that this phenomenon is at least 
partly related to a dedifferentiation of the donor endothelial 
cells. The functional significance of these results regarding the 
maturation of transplanted neurons probably requires further 
investigation for the prospect of clinical applications of human 
transplants. 

Transitory dedxerentiation of donor endothelial cells 

Using various markers of differentiation (see discussion in Der- 
mietzel and Krause, 199 1) endothelial cells forming blood ves- 
sels were observed in the region of the CNS of human fetuses 
used for xenografting in our experiments. This implies that dif- 
ferentiated endothelial cells were transplanted into the rat brain. 
The same markers failed, however, to reveal endothelial cells 
in the 1 month grafts of this study. One hypothesis for their 
disappearance is that donor endothelial cells are eliminated after 
transplantation. Cells of host origin later enter the transplant 
and form blood vessels independently. This does not seem to 
be the case, however, since a few endothelial cells of human 
origin were stained with human specific markers (anti-HLA 1 
antibodies) in the capillary walls of 2- and 3-month-old trans- 
plants. 

Reappearance of human endothelial cells in the 2- and 
3-month-old grafts strongly suggests that they were substained 
at an immature stage rather than eliminated. In that sense, our 
results compare with those obtained by Broadwell et al. (1987, 
199 1) and Dusart et al. (1989), who demonstrated that blood 
circulation occurs after a delay of more than a week in allo- and 
xenografts in rodents, even though endothelial cells are present 
at earlier stages (Lawrence et al., 1984; Krum and Rosenstein, 
1988; Krum et al., 199 1; Mrejen et al., 1992). The main differ- 
ence between the present results and those quoted above is the 
length of the delay before vascularization, which in the human- 
to-rat xenografts of this study amounted to more than a month. 
This delayed angiogenesis also implies that host endothelial cells 
do not form blood vessels rapidly in the graft. Using various 
markers, a number of researchers have demonstrated that cap- 
illary walls in transplants derive from endothelial cells of both 
donor and host origin (Lindsay and Raisman, 1984; IQ-urn and 
Rosenstein, 1988; Nakano et al., 1989; Sloan et al., 1990; Mrejen 
et al., 1992). The fast migration of host cells into rodent trans- 
plants is most probably related to the presence of angiogenic 
factors. Conversely, the absence of an efficient migration from 
host endothelial cells into the human transplants during the first 
month may therefore relate to the lack of such factors. Endo- 
thelial cells are a major source of angiogenic factors acting in 
an autocrine fashion (Maione and Sharp, 1990). It is tempting 
to speculate that synthesis of these angiogenic factors is asso- 
ciated with a specific stage of differentiation, which is not reached 
for a long period of time after transplantation of human tissue. 
It should be noted, however, that microglial cells are also potent 
sources of angiogenic factors (Polverini et al., 1977; Klagsbrun 

and DAmore, 199 1; Sunderkiitter et al., 1991) and that host 
microglia enter the human to rat xenografts within weeks, in 
the absence of necrosis or rejection (C. Geny, S. Naimi-Sadaoui, 
A. M. Belkadi, R. Jeny, and M. Peschanski, unpublished ob- 
servations). 

Dependence of the rate of angiogenesis upon the species of the 
donor 

Comparison of the rate of angiogenesis in the rat-to-rat and 
human-to-rat transplants indicates a striking difference both in 
the duration of the delay and the rate of the establishment of a 
vascular network. Perfusion could be observed in rat allografts 
between 8 and 20 d after transplantation (Broadwell et al., 1987, 
199 1; Dusart et al., 1989) and a normal density of vessels was 
reached before the second month (Dusart et al., 1989). In con- 
trast, no blood vessels were observed in human-to-rat xenografts 
at 1 month and the vascular network was still poor at 3 months. 
Two potential causes for this difference were studied, and ex- 
cluded, in companion experiments. The first demonstrated that 
host microglial cells were present in the l-month-old human 
transplant, thus precluding a potential barrier for cell migration 
between host and donor tissues (Geny, Naimi-Sadaoui, Belkadi, 
Jeny, and Peschanski, unpublished observations). The second 
showed that cyclosporin A did not modify the rate of angioge- 
nesis in rat allografts (Geny and Peschanski, unpublished ob- 
servations) although it reduces the rate of proliferation of en- 
dothelial cells in vitro (Sharpe et al., 1989; Ferns et al., 1990). 

The difference in the rate of angiogenesis seems to parallel 
differential rates of maturation of the rat versus the human 
neural tissue. Two months after the stage at which the fetal 
tissue was taken for transplantation (embryonic day 15 in the 
rat, gestational week 6-8 in the human) rats are adults while 
humans are still in utero. Previous results obtained with specific 
neuronal populations have also emphasized differential rates of 
maturation between species (Brundin et al., 1986; Stromberg et 
al., 1986). 

The precise mechanisms by which the rates of maturation act 
on those of angiogenesis in transplants remain unknown. A 
direct dependence of angiogenesis on a specific stage of matu- 
ration of the transplanted tissue is not likely. A well-developed 
vascular network existed in the fetal piece taken for transplan- 
tation and, at least in the rat, no major retardation in neuronal 
maturation is introduced by the transplantation process (No- 
thias et al., 1989; Cadusseau et al., 1994). The genetic disparity 
between host and donor species could be also questioned. An- 
giogenesis is a complex phenomenon resulting from multiple 
interactions between endothelial cells, angiogenic factors, and 
extracellular matrices. Signaling mechanisms for angiogenesis 
may be species specific but evidence supporting this hypothesis 
is lacking. For instance, acidic FGF, which is the principal an- 
giogenic factor in the brain, is highly conserved among verte- 
brates (Risau et a1.,1988). Otherwise, in other models of xen- 
ografts, angiogenesis occurs clearly within 10 d (mouse to rat, 
Nakano et al., 1989; Mrejen et al., 1992; rabbit to mouse, Mrejen 
et al., 1992). 

In the absence of a convincing hypothesis, it is tempting to 
speculate and to consider the issue from a different point of 
view. In the transplantation process, fetal neural tissue is abrupt- 
ly faced with an adult environment. In particular, adult blood 
is quite different from fetal blood, which is normally filtered by 
the placenta (Takehara et al., 1990), and possesses specific bio- 
chemical features including low partial pressure of oxygen and 
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other gases (Edelstone et al., 1989; Nikolaides et al., 1989). The 
weak oxidative metabolism of the human transplants and the 
low levels of glucose uptake at early stages after grafting in both 
rat (Juliano et al., 1988) and the human transplants indicate 
that neural cells can survive and develop in the absence of a 
blood supply of oxygen and glucose. Conversely, a large con- 
centration of oxygen might be detrimental for fetal tissue be- 
cause enzymes necessary for detoxification of oxygen radicals, 
such as catalase, are not synthesized at an early stage of gestation 
(Mavelli et al., 1982; Houdou et al., 199 1). Partial detoxification 
of the maternal blood by the placenta has been reported (Tak- 
ehara et al., 1990). In the absence of the placental filter, a high 
concentration of oxygen in the blood may provide a trigger for 
other protective systems, present in immature cells, the outcome 
of which includes the maintenance of endothelial cells in an 
undifferentiated state. 

In conclusion, the main result of this study is the observation 
that human neural transplants in the adult brain survive for 
weeks, if not months, in the absence of a normal blood supply. 
This result bears clinical significance since similar transplants 
are already implanted in human patients. This finding suggests, 
for instance, that visualization of the graft using blood-borne 
tracers (e.g., I*F-dopa, Sawle et al., 1992) may not be relevant 
for at least a few months. Concerns had also been raised by in 
vitro experiments indicating that chronic L-dopa intake may 
have detrimental effects on early development of transplanted 
nigral neurons in patients with Parkinson’s disease (Steece-Col- 
lier et al., 199 1). This seems unlikely to happen if early-devel- 
oping neurons are essentially not vascularized. 
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