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1. I~TRODU~IO~ 

The successful grafting of homotopic tissue (see 

Table 1 for terminology), i.e. neuronal tissue, to the 

brain has recently increased the interest in the brain 

as an immunologically privileged transplantation 

site. Evidence accumulated over the past decade has 

demonstrated that under optimal conditions neu- 

ronal grafts seem to be able to survive indefinitely. It 

appears that they become integrated with the host 

brain to the extent that they form synaptic connec- 

tions, and normalize behavioral and biochemical 

changes due to prior experimental damage of the 

host brain connectivity (for reviews see refs. 19 and 

21). Most attempts at neuronal grafting have been 

performed with inbred strains of rodents or in other 

donor-host combinations with few transplantation 

antigen differences, thus avoiding complex immuno- 

logical reactions. Therefore, most studies with intra- 

cerebral neuronal grafts have not really addressed 

the issue of immunological rejection in the brain. 

The possibility of reversing many behavioral defi- 

cits in animal models of neurological diseases such as 

Parkinson’s disease (PD), has focused attention on 

using neuronal grafts to ameliorate the clinical mani- 

festations of the neuronal degeneration2’~“4~‘82. A 

major neuropathological feature of PD is the death 

of dopamine (DA)-containing neurons in the sub- 

TABLE I 

Immunology: terminology and definitions 

Strong (major) trans- 
plantation antigens: 

Weak (minor) trans- 
plantation antigens: 

Autologous graft: 
(Autograft) 

Syngeneic graft: 
(Syngraft, isologous 
graft, isograft) 

Allogeneic graft: 
(albgraft , homologous 
graft, homograft) 

Xenogeneic graft: 
{xenograft, heterolog- 
ous graft, heterograft) 

Homotopic graft: 
(orthotopic graft) 

Heterotopic graft: 

Major histocompatibility 
complex class I and II cell surface 
antigens. Induce graft rejection 
within 14 days. 

Celi surface molecules that 
express inter-individual 
variability and which induce 
rejection, sometimes after 
processing and a~~iation with 
host major hist~ompatibility 
complex antigens. 

The grafting of a tissue within 
one individual. 

Transplantation between 
genetically identical individuals 
(most often inbred strains or 
identical twins). 

Transplantation between 
genetically different individuals 
within a species. 

Transplantation between 
different species. 

Transplantation of a tissue to its 
normal location, e.g. skin to skin. 

Transplantation of a tissue to an 
abnormal location, e.g. skin to 
brain. 
____ _.._ _____~_.._ ..- ..^._. 
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stantia nigra4. Indeed, results from some clinical tri- 
als involving transplantation to the brains of PD pa- 
tients have already been published’.‘443151 with sever- 
al more studies underway. In these trials the graft tis- 
sue was not neuronal in origin, but consisted of endo- 
crine catecholamine-producing cells of the adrenal 
medulla from the patients themselves (autologous 
grafts, see Table I). In addition to the published 
cases, to our knowledge at least 150 more patients 
have undergone surgical procedures with autologous 
adrenal medullary tissue. Whereas the autografting 
procedure avoids the problem of immunological re- 
jection, studies in experimental animals have indi- 
cated that the adrenal medulla grafts do not possess 
the same functional capacity as neuronal grafts con- 
taining DA neurons79*145,182*236. Therefore, it is of in- 
terest to seek a source for neuronal donor tissue for 
grafting to PD patients and also for other neuro- 
logical diseases where there are no other tissues 
available that can substitute for the neurotransmit- 
ters lost in the disease process. 

The intraparench~al grafting of DA neurons to 
the adult brain seems to require that the donor tissue 
is fetal or immature for good survival to occur16’30.35. 
The most suitable donor tissue for grafting in PD pa- 
tients may thus consist of immature mesencephalic 
DA neurons from aborted human fetuses. Inevitab- 
ly, such tissue will be immunologically incompatible 
with the PD patients, and therefore it is clear that an 
understanding of the immunology of the brain will 
become increasingly important in the future. 

The object of this paper is to very briefly review 
technical approaches to successful transplantation of 
neuronal tissue and to focus on the immunological as- 
pects of grafting incompatible tissue to the brain, 
with special reference to the immunological prob- 
lems facing a future clinical application of the tech- 
nique in patients with PD. Although several studies 
have shown that immunologically incompatible tis- 
sue can survive grafting to the brain, little is known 
about the laws governing graft survival under these 
conditions. We will discuss the possible underlying 
reasons for the immunological privilege of the brain, 
the limitations of the privileged site, the likely se- 
quence of cellular events after the entry of allo/xeno- 
geneic tissue into the brain, the use of immunosup- 
pression to prevent graft rejection, and finally pres- 
ent a hypothesis on how the immune reactions are 

regulated within the brain tissue. 

2. NEURONAL GRAFTING TECHNIQUES 

One can propose a few simple basic neurobiologi- 
cal conditions that need be fulfilled to obtain optimal 
survival and function of neuronal grafts in experi- 
mental animals (c.f. Table IX part I). Generally, the 
donor tissue must be immature (fetal or neonatal) 
and the transplantation surgery should be conducted 
under aseptic conditions. Furthermore, good intra- 
parenchymal graft survival requires that the trans- 
plants should be rapidly vascularized by the host 
which limits the size of the grafted piece. Moreover, 
there are studies which clearly indicate that axonal 
outgrowth from transplanted tissue is most extensive 
when it is placed within reach of its natural anatom- 
ical target region in the brain (e.g. grafted DA neu- 
rons in the striatum18). 

Several different methodological approaches have 
been used in experimental neuronal grafting re- 
search, i.e. transplantation of solid fetal or neonatal 
central nervous system (CNS) tissue to surgically 
prepared cavities; transplantation of solid fetal or 
neonatal tissue directly into brain parenchyma or 
into the ventricular spaces; and, finally, implantation 
of cell suspensions prepared from fetal tissue into 
brain parenchyma. There have been extensive stud- 
ies of fetal neuronal grafts to the anterior chamber of 

“’ theeye , but as the immunological status of this site 
is different to that of the braint’l, and since the ante- 
rior chamber of the eye is not a true CNS site, these 
studies are not included in this review. 

The different methods and transplantation sites 
differ in aspects that probably are relevant to the im- 
munological reactions against grafted tissues. There 
have been no systematic studies that directly com- 
pare the results when using different transplantation 
sites and techniques in the same donor-recipient 
combination with a given immunogenetic difference. 
For example, it can be reasoned that solid grafts 
placed into a prepared cavity in the cortex which is 
covered with a pial scar as a source of vasculariza- 
tion, are not identical from the point of view of origin 
of vessels and possibly also blood-brain barrier prop- 
erties, to a graft of dissociated neuronal tissue im- 
planted directly into the striatum. Moreover, the 
ventricular spaces may also present a somewhat dif- 
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fetent imInunologicai situation compared to grafting 

into the brain parenchyma itself. as is mentioned in 

section 7.2. 

2.1. Brief description of the different grafting tech- 

niques currently used 

Small pieces of developing neuronal tissue can be 

inserted directly into the brain parenchyma as solid 

pieces by using a wide glass or metal cannulas4,“. 

This approach gives access to most deep brain sites 

and also the ventricular spaces7*. However, the tech- 

nique is limited by yielding reproducibly good graft 

survival in the brain parenchyma only when the re- 

cipient is neonatal or young”“.53,26”. Thus it is not suit- 

able for investigating immunological aspects of neu- 

ronal grafting since neonatal hosts (up to a few days 

of age) possess only an immature immune system and 

therefore immunological unresponsiveness (toler- 

ance) might develop”‘2.‘0’.““. 

Larger solid pieces of CNS tissue can survive in 

adult hosts, with excellent growth, if they are placed 

in surgically prepared cavities lined by either a natu- 

ral vascular bed or by well vascularized pial scar tis- 

sue’-“. With this technique. access is limited to brain 

structures at, or near. the surface of the brain. Graft- 

ing to deeper brain structures would require the rc- 

moval of excessive amounts of host brain. 

The cell suspension neuronal grafting techniyue’” 

largely circumvents the problem of limited anatom- 

ical access and allows for graft tissue to be stereotaxi- 

tally microinjected at almost any site in the CNS”t. In 

a basic version of this method. the fetal CNS tissue is 

first incubated with trypsin and then rinsed repeated- 

ly before being mechanically dissociated by repeated 

passing through the tip of a fire-polished Pasteur pi- 

pette. Due to the dissociation trauma, the cell sus- 

pension technique imposes greater constraints on the 

donor-age of the tissue for many regions in the 

CNS”. For example, when grafting rat mesenceph- 

alit DA neurons the donor fetus ought not be more 

than 16 days gestationai age as otherwise little or no 

DA neuron survival is obtained’h*“0,3’. Similarly. 

poor survival of grafted human DA neurons is ob- 

tained with human donor fetuses older than approxi- 

mately 9 weeks postconception’“~‘“. 

All the aforementioned grafting techniques cause 

damage to the host brain, with a concomitant rupture 

fi 2 microgbbulin 

Fig. 1. Schematic drawings of possible targets for immunological reactions. The prime targets for an immune response in an ailageneic 
graft situation are the MHC class I and II molecules. Other membrane-bound glycoproteins that may display interindividual polymor- 
phism are i.a. Thy-l (distributed in at least man, rat, mouse), MRC Ox-2 (Medical Research Council monoclonal bank) (only de- 
scribed in the rat), N-CAM (neuron-cell adhesion molecule) (all species), NCP, (neurocytoplasmic protein 3) (so far only found in the 
rat). (Based on refs. 39,46,68,111,258.) 
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of the biood-brain barrier. Nonetheless, the extent 
of the in~ammatory response elicited with the differ- 
ent techniques vary, due to the different degree of 
host brain damage. 

3. TRANSPLANTATION IMMUNOLOGY 

3.1. Basic concepts in immunology 

In the following sections we outline a few basic 
principles of immunology that are relevant to trans- 
plantation in the brain. In order to limit the review 
we have disregarded the once common concept that 
the brain possesses a separate immune system of its 
own. It is now clear that lymphocytes within the brain 
tissue originate from outside the brain, either as pre- 
cursors that might give rise to clones within the brain 
tissue, or as mature precomitted cells2’9*260. 

One important property of the immune system is 
the ability to distinguish between self and non-self 
structures and subsequently to inactivate those that 
are perceived as being non-self. The most important 
structures for the discrimination of self versus 
non-self are the membrane-bound glycoproteins en- 
coded by the major histocompatibility gene complex 

TABLE II 

Major histocompatibility complex (MHC) 

The major histocompatibility complex (MHC) comprises 3 
gene foci, that give rise to class I, II and III antigens. Class I and 
II are cell surface glycoproteins, which display a high degree of 
polymorphism, i.e. interindi~dual differences. They serve as 
guidance and recognition molecules in the immune system. 
Class III molecules have a low degree of polymorphism and are 
found in the blood as complement factors. Strong transplanta- 
tion antigens are the MHC class I and II gene products. Class I 
MHC molecules form complexes with the non-variable /3* mi- 
croglobulin. In the mouse MHC there are other class I struc- 
tures with little or no polymo~hism and which have hitherto 
been considered to play minor roles in the regulation of im- 
mune reactions. These molecules are encoded in the MHC re- 
gions called Tla (18 genes in the mouse) and Qa (8 genes in the 
mouse). The role of these molecules in the immune system is in- 
completely understood and the distribution of the homologues 
to these structures in other species are largely unknown. 

Nomenclature Man Rat Mice 

Class I 
antigens HLA, -A, -B, -C RTl-A, -E H-2; -D, -K 

Class II 
antigens HLA-DO, DP, RTl-B, -D H-Z; I-E, I-A 

DQ, DR 

Based on refs. 5,129, 166,167,168. 

(MHC) (see Fig. 1 and Table II). The immune sys- 
tem has the potently capacity to react to any foreign 
(antigenic, non-self) structure with the formation of 
antibodies (humoral response) and the generation of 
effector cells, such as helper T-cells and killer T-cells 
(cell-mediated responses, delayed type hypersensiti- 
vity (DTH) and cytotoxicity). B-lymphocytes can 
form antibodies against virtually any structure, even 
completely synthetic molecules. The repertoire of 
antigens that T-lymphocytes respond to is slightly 
more narrow. The clones of T-cells that ontogeneti- 
tally are directed against the individual’s own cells 
are selectively eliminated during development. 

For an immune response (e.g. a graft rejection) to 
occur, the immune system has to be activated from 
the resting normal state. In general, for a T-cell to be- 
come activated foreign antigens must be associated 
with MHC molecules and bind to the T-cell receptor 
or, in the case of transplantation reactions, the T-cell 
receptor binds to the MHC molecules on the cell sur- 
face on grafted tissue directly. Activation leads to the 
production of effector mechanisms such as T cell 
help, T cell killing or antibody formation by B-cells. 
If such effector mechanisms develop, immunization 
has taken place. 

Selected features and functions of antigen specific 
cells (lymphocytes) are summarized in Table IIIA. 
Several cells, without antigen-specific recognition ca- 
pability, take part in the activation process and are 
called accessory cells of the immune system. Some 
functions of such accessory cells are summarized in 
Table IIIB. 

Activated cells of the immune system produce lym- 
phokines, which are substances that participate in the 
regulation of immune reactions. There are many 
such molecules that have been ,known for several 
years, including interleukin 1 (IL-l), IL-2 and y-in- 
terferon @IFN). Several new impo~ant lympho- 
kines have recently been described and sequenced, 
including IL-3 (ref. 213), IL-4 (ref. 1X), IL-5 (ref. 
127), IL-6 (ref. log), neuroleukin96*97, a-lymphotox- 
in (a-LT)&v205 and tumor necrosis factor-a (TNF- 

a) 14,171. Proposed effects and sources of lymphokines 
are summarized in Table IV. 

3.2. Lymphocyte uctivatiun and antigen presentation 

The most commonly occurring route of activation 
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of the normal immune response starts when an anti- 

gen is taken up by an accessory cell (e.g. macro- 

phage). Subsequently the antigen is either directly 

associated with MHC class I or II molecules on the 

cell surface, or the antigens are broken down to 

smaller pieces in the cells (anrigen proce~.siag)~~~~““” 

before association with MHC class I or II molecules 

on the surface of the antigen-presenting cellist. In 

conjunction with presenting the antigen, the accesso- 

ry cells are also stimulated to produce IL-1 (ref. 183). 

IL-1 is thought to be important for helper T-cell pro- 

liferation in the early stages of immune activation. 

However, it may well not be absolutely necessary for 

the proliferation to occur”‘,“, nor is it likely to be the 

sole stimulating factor. Helper T-cells constitute one 

of the two main subciasses of T-cells that differ in 

their mode of activation. Helper T-cells usually be- 

come activated only when an antigen is presented to- 

gether with self MHC class II structures, whereas 

kifler T-cells are activated if the antigen is bound to 

self MHC class I on the target cell. This concept is 

called MHC restri~tion~~“. The helper T-cell is a key 

cell in providing necessary lymphokines to other cells 

in the immune system for regulation of differentia- 

tion and growth. Further subdivision of helper T-cells 

based on the lymphokines they secrete and their pre- 

TABLE IIIA 

Some features and functions of antigen-specific cells in the immune system 

Phenotypes given are for mature resting cells, and functions after activation with either antigen alone or with help from T-cells. The 
subgrouping of helper T-cells is not ubiquitously accepted. The status of suppressor cells is also debated. The info~ation below is 
given for clarification to the text only, and is not to be regarded as authoritative. Abbreviations used in Tables IIIA, B and IV: ADCC, 
antibody-dependent cellular cytotoxicity, killing of cells when immunoglobulins have bound to receptors on the killer cell and the tar- 
get cells; +i-, cell expressing a surface marker is denoted + e.g. CD3+, a cell negative for that marker e.g. CD3-; CD, cluster of dif- 
ferentiation; structures with similar function and properties on cells of different species; CD3+, activation molecules of T-cells, used 
as a marker of mature T-cells able to respond to antigens; CD4+, CD4 molecules bind to MHC antigens class II; CD8+, CD8 mole- 
cules bind to MHC antigens class I; Ig-Ag, immune complexes; I-J, a proposed, but not generally accepted marker for a subtype of 
T-cells with an ability to down regulate immune reactions; LAK, lymphokine activated killer cells, NK cells with an expanded reper- 
toire of cell-targets, after IL-2 treatment; LPS, lipo~lysaccha~de, a bacterial product, which can activate murine B-cells and macro- 
phages; LTX, leukotrienes; NKLT, natural kifler cell lymphoto~n; PG, prosta~andins; sIg, surface-bound imm~ogIobuIin. 

Name 
(ref. ! 

B-cells 
(48) 

T-cells 
Helper-T cells 
(41,42,48,96,97, 
108,127, 161, 
208,225) 

Cytotoxic T-cells 
(38, 132, 161,208) 

T-cell receptor 
Class I MHC restricted 
- cytotoxic 

Suppressor T-cells Receptor complex unknown 
(entity as a separate Restriction pattern unknown 
cell population is - down regulates immune reactions in 

disputed) (161) an antigen-specific manner 

Antigen recognition molecules 
- Functions 

.- _.-.- ~~~- 

Markers Secretion products 
after activation 

lmmunoglobulin 
Antigen presentation 
Antibody production 

sIg IgM, IgA, IgE, IgG subclasses 
IL-l, a-L-r 

T-cell receptor 
Class II MHC restriction 
- assist B-cells in production and 

secretion of immunoglobulins 
- activate macrophages 
- induce proliferation of T-cells 
- induce cytotoxicity 
- assist B-cells to produce immunoglobulins; 
T,, mediate delayed type hy~rsensitivity 

and T-cell help 
T,,? mediate B-cell help 

CD4+ T,,: IL-2, IL-3, y-IFN 
TH2: IL-4, IL-5 
? a-LT, TNF-a, IL-6, 

Neuroleukin? 

CD8-t. perforin, serine proteases 
a few may also produce 
;J-IFN 

CDJ+ICDS+ 
I-J+?, no unique 
marker yet. 

Antigen-specific suppressor 
factors have been proposed, 
but none are sequenced. 



cise function has recently been proposed4’*4’. 
In the initial steps of activation of the T-helper 

lymphocyte, foreign antigens associate with MHC 
class II molecules on the surface of antigen-present- 
ing cells and the helper T-cell binds to this antigen- 
MHC class II molecule complex with its T-cell recep- 
tor (T-cell recognition structure for foreign anti- 
gens). This interaction leads to an unknown activa- 
tion signai in the helper T-cell and the cell starts to 
produce ~y~phokines2s9. Precursor killer T-cells 
(non-activated killer T-cells) can bind to the antigen- 
presenting cell if the foreign antigen and MHC class I 
molecules also have formed a complex. IL-2 secreted 
by helper T-cells stimulates precursor killer T-cells to 
proliferate and mature into effector killer T-cells. 
Fig. 2 outlines a few steps in the normal activation of 
the immune system which results in the proIiferation 
of helper T-cells and killer T-cells. 

An alternative route for activation is possible if a 
foreign cell possesses an MHC molecule that is some- 
what similar, yet different, to that of the host. This 
often occurs in transplantation situations. Under 
these conditions the T-cells may partially recognize 
the MHC molecules that have not bound any foreign 
antigen, but consider the MHC molecules to be asso- 
ciated with a foreign antigen as they are not identical 
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to host MHC. This perception of ‘altered-self leads 
to activation of the immune system, as outlined in 
Fig. 3. 

3.3. Transplantation immunology 

The general rule in transplantation is that whenev- 
er grafted cells have a surface structure (transplanta- 
tion antigen) that the recipient celis do not share, the 
graft will be rejected. 

In non-immunized adult hosts, the most rapid re- 
jections are found when the graft is incompatible 
with regards to major transplantation antigens 
(MHC class I and class II antigens). Therefore these 
structures are sometimes called ‘strong’ transplanta- 
tion antigens. In rodents, orthotopi~ally grafted skin 
is typically rejected after lo-12 days if there are 
strong transplantation antigen differences between 
graft and recipient . “’ If the differences are of non- 
MHC structures (minor or weak transplantation anti- 
gens) the survival time of a skin graft may vary from 
15 up to 250 days13’. 

The quantitatively dominating mode of activation 
of the immune system when grafting between strains 
of the same species (allogeneic grafts), and possibly 
also between species (xenogeneic grafting), is due to 

TABLE IIIB 

Some functions o,f eels in the immune system with unspecific antigen recognition 

Non specific cells Function 
(ref.) 

Macrophagesi Antigen processing 
Monocytes Antigen presentation 
(14, 142.252.253) ADCC 

Angiogenesis 
Tumoricidal 

Microglia Phagocytosis 
(105,183) Antigen presentation 

-. _ 
Stimulated by Secretion Features~markers 

. ..-._ 
y-IFN IL-1 
bacteria 

Class II MHC expression 
Arachidonate derivatives 

LPS TNF-a 
Injury, Ig-Ag Complement factor, proteases 
Activated T-cells 
UV light 

LPS. injury IL-l Class II MHC expression 

Dendritic cells Antigen presentation 
(183,228,252) 

Class II MHC expression 
Stimulate T-cells 

Natural killer cells Non-MHC restricted IL-2 induces LAK NKLT (not cloned) ? 
(132) kills certain cell types 

ADCC mediator? 

Mast cells 
(185) 

Mediator of in~ammat. Complement factors Histamine 
sIgE complexes PG and LTX 

IgE Fc ret 

Granulocytes Phagocytosis 
_.-. 

See Table IIIA for abbreviations. 

IL-3 
-. .- 
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direct stimulation of lymphocytes by graft MHC mol- 

ecules, without major involvement of host accessory 

cells (Fig. 3). There are more precursor cells in the 

immune system that can react with antigens in an al- 

lograft than with other antigens”“. The generally ac- 

cepted interpretation of these findings is that the host 

immune system recognizes structures on the grafted 

cells as an ‘altered-self structure, since the T-cell rep- 

ertoire has evolved to react towards self-MHC mole- 

cules that carry a foreign antigen. The thymus deletes 

self-reactive clones. However, clones reactive against 

alloantigens are unaffected by the thymus process- 

ing. In addition, allogeneic MHC is assumed to re- 

semble self-MHC that has bound several different 

antigens. This recognition of ‘altered-self structures 

and alloantigens leads to strong immunological re- 

TABLE IV 

Lymphok~~~es, mentioned in text; names and some effects and features (of sequenced lymphokines) 

Relevant references and other names in bracket!: 

Name 

IL-I 
(183) 

IL-2 
(225) 

IL-3 
(81,213. 
261) 

IL-4 
(29, 176) 

IL-5 

(127) 

(96.97) 

TNF-u 
(14.142, 
171,189. 
205) 

C&T 
(48,171, 
205) 

IFN-y 
(38,163, 
198.208. 
246) 

Interleukin 1 
(Lymphocyte Activat. Fact.) 
(Endogen. pyrogen) 

Interleukin 2 
(T-Cell Growth Fact.) 

lnterleukin 3 
(Multi CSF) 
(Panspecific hemopoietin) 

Interleukin 4 
(B-Cell Stimulating Fact.-]) 
(B-Cell Growth Fact.-1) 
(T-Cell Growth Fact.-2) 
(Mast Cell Growth Fact.-2) 
(IgE/IgG Enhancing Fact.) 

Interleukin 5 
(T-Cell Replacing Fact.) 
(IgA Enhancing Fact.) 
(B-Cell Growth Fact.-21 

B-Cell Stimulating Fact.-2 
Interferon B 2 

Tumor Necrosis Fact.-a 
(cachectin) 

Lymphotox~n 
(TNF-B) 

Gamma-interferon 
(Immune interferon) 
(Macrophage Activating Fact.) 
(Migration Inhibition Fact.) 

EjfCW 
.____._ -. .___ _~ ~_~_. ._ .--._ ._-. _.-. 

Potentiation of T-cells 
Elevation of body temperature 
Fibroblast, endothelial and epithelial cell proliferation 
Chemotaxis and activation of neutrophils 
Induces acute phase protein synthesis in hepatocytes 

Stimulation of T-cell growth 

Stimulation of mast cell growth 
MuIti~tentiaI hemopoietic ceil growth factor 

Co-stimulation of B-cell proliferation 
Limited T-cell growth stimulation 
Synergy with IL-3 on mast cell growth 
Enhancement of IgE and IgGl production in B-cells 
Class II MHC expression on B-cells and macrophages 
Enhanced proliferation of hemopoietic progenitors 

Differentiation of eosinophiles 
Co-stimulation of B-cell growth 
Enhancement of IgA production by B-cells 
Stimulation of in vitro antibody responses 

Maturation of B-cells to fg-secretion 
T-ccl1 help 

Neurotrophic for some embryonic spinal and 
sensory neurons 
Monocyte and T-cell dependent B-cell maturation 

Cytotoxic to cells with receptors for TNF 
Activation of granulocytes and eosinophils 
Chemotaxis of granulocytes and phagocytes 
Proliferation of fibroblasts 
Angiogenesis 
Activation of macrophages 
Induces cachexia. suppresses lipoprotein lipase 

Induces inflammation 
Activation: granulocytcs, eosinophils 
Stimulation of fibroblast proIiferation 
Chemotaxis of granulocytes and phagocytes 
Cytotoxic for certain transformed cells 

Cytotoxicity 
Induction of class I and II MHC 
Activation of macrophage 
Inhibits macrophageimonocyte migration 
Synergistic to a-LT in cytotoxicity 
--_-____ ~~~ .~. _. .--- .------ 

Cells producing the fizctor 

Wide variety of cells; 
e.g. activated macrophagcs, 
epithelial cells, astrocytes 

Helper T-cells 

Helper T-cells 
Astrocytes 

Helper T-cell 
Macrophages 
(certain cell lines) 
Mast ceils 

Helper T-cells 

T-cells 
Myxoma 
Bladder carcinoma 

Activated T-cells 
Mouse salivary gland 

Monocytes, macrophagc 
Mast cell lines 
Activated lymphocytes 

Activated lymphocytes 
B-lymphoblastoid cell line 
NK cells 

CD3+I- T lymphocytes 
(CD4+ and CDS+) 

See Table IIIA for abbreviations 
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Cytotoxic T -cell 0 
l Host class I MHC 

Host class II MHC 

@?I Antigen 

* 
T-cell receptor 

Fig. 2. Schematic drawing of T-cell activation via a host-de- 
rived antigen presenting cell (APC), which expresses high lev- 
els of MHC class I and II structures, and produces IL 1 and pos- 
sibly other factors. The APC has picked up an antigen, and has 
associated this to the MHC class I and II molecules. Precursor 
(resting) helper T-cells bind to MHC class II and the associated 
antigen. IL-1 and other factors from the APC activate the help- 
er T-cell, which then produces IL-2 and proliferates. Precur- 
sors of killer T-cells bind to MHC class I and antigen, and stim- 
ulated by IL-2 provided by the helper T-cells, start to prolifer- 
ate. These activated cells expand in number (clonal expan- 
sion), and migrate to the peripheral tissues e.g. a wound. 

sponses, in principle identical to the immune re- 

sponse against virus-infected cells270. 

The proliferation of host helper T-cells can be 

greatly enhanced if IL-l is produced by donor-de- 

rived antigen presenting cells, so called ‘passenger 

leukocytes’. These cells are not only capable of pro- 

ducing IL-l, but also possess high levels of MHC 

class I and II and are thought to be the strongest stim- 

ulus of a rejection process133,153,221. A likely mode of 

activation of the immune system in an allograft situa- 

tion is summarized in Fig. 3. 

Although the direct recognition of allogeneic 

MHC by T-cells is an important step in the activation 

of the immune response, from the previous section it 

should be clear that it is not the sole route by which 

grafted cells can cause an immune reaction. Host- or 

0 DonordassIMHC 

0 DauXclassIxMHc 

Fig. 3. Same as Fig. 2, but the antigen presenting cell is graft- 
derived, and lacks an associated antigen. The illustration dem- 
onstrates the direct activation of host lymphocytes by donor 
MHC molecules. The donor APC provides IL-1 and other fac- 
tors. Helper T-cells will proliferate in the same manner as de- 
scribed in Fig. 2. 

donor antigen-presenting cells can pick up foreign 

antigens that, once presented, can cause a graft re- 

jection (Fig. 2). The antigen-presenting cells may be 

located in the graft-bearing tissue (resident antigen- 

presenting cells) or in lymphatic tissues that drain the 

grafted area. In order to reach lymphatic tissues, 

graft antigens either flow in a free fluid phase to the 

regional lymphatic tissue, or bind to resident antigen- 

presenting cells that in turn migrate to a regional lym- 

phatic tissue. Here the antigens are associated with 

the host MHC class I and II antigens, possibly after 

antigen processing. They are also presented to lym- 

phocytes. It has been proposed that some non-MHC 

transplantation antigens may not have to be pro- 

cessed in order to cause rejection, whereas other mi- 

nor transplantation antigens do require process- 

ing14’. In the context of fetal neuronal grafting, cell 

surface molecules that exhibit some degree of poly- 

morphism such as Thy.1, N-CAM (nerve cell adhe- 

sion molecules) and Ng-CAM (neuroglia cell adhe- 

sion molecules) (Fig. l), may possibly be immunoge- 



nit as minor transplantation antigens and could con- 

ceivably cause rejection even in the absence of MHC 

differences between the graft and host. 

A combination of the two mechanisms of immunity 

activation described above has been proposed by 

Sherwood et al.““. Graft-derived MHC molecules 

can be picked up by host accessory cells, which pro- 

vide IL-1 and other factors and carry the graft MHC 

on their surface without associating them with host 

MHC. The host lymphocytes are then directly acti- 

vated by the graft MHC on the host accessory cells in 

the presence of IL-l. 

In a xenograft combination, the immunological 

reactions are not necessarily dominated by anti- 

MHC reactivity, although it is likely that it is an im- 

portant antigenic stimulus. In support of MHC reac- 

tivity in xenografts Sachs et al.‘“’ have found anti- 

bodies reactive with species-specific MHC epitopes 

and also strain-specific MHC epitopes in rats immu- 

nized with mouse cells. However, it is also conceiv- 

able that the non-MHC antigens may play a more im- 

portant role in xenografting than in allografting in de- 

termining graft survival. Empirical data have shown 

that the survival time of xenografts is often, but not 

always, relatively short. 

Apart from strains with immunodeficiencies, all 

mammalian species have a complete graft rejection 

capacity. However, in certain host-recipient combi- 

nations there may be a variation in graft survival time 

depending on the actual combination made107*‘““. A 

graft between the strains A to B may survive a long 

time, whereas a graft from B grafted onto A may sur- 

vive a shorter time. However, these cases are rare, 

and occur in inbred strains only. In outbred strains, 

this paradigm does not apply and the rejection capac- 

ity is usually intact, unless the animals have other 

compromising diseases. Transplantation laws are 

summarized in Table V. 

3.4. ~e~ha~isrns of rejection 

In spite of decades of interest in the rejection 

mechanism of grafts, there is no real consensus on 

exactly which cells are necessary for the rejection 

process. Several recent reviews discuss this topic in 

great detail 113,155+uo. Knowledge of the cellular reac- 

tions underlying immunological rejections might pro- 

vide a means of developing specific and less toxic 

The general rule in transplantation is that whenever the 
donor tissue possesses a cell surface structure 
(transplantation antigen, H = gene locus fat 
transplantation antigen) that the recipient does not share. 
the graft will he rejected. 
S_wgeneicgrufts (grafts between individuals in an inbred 
strain) will survive. 
A~~~~~n~ir px,ff.r (grafts between different inbred strains) 
will fail. 
Xenugeneicgrqfis (grafts between differen species) will 
fail. 
Grafts from males to females within an inbred strain 
where other transplantation antigens are identical may be 
rejected. 
Multiple histocompatibility differences are additive if of 
similar strength. This is most pronounced with minor 
transplantation antigen differences. 
Transplantation antigens are co-dominant, and a Fi 
hybrid expresses both alleles at each H locus. 

Skin grafts incompatible for class I and/or II MHC 
structures are rejected within lo-12 days in the mouse. 
Skin grafts, differing at one or more non-MHC 
transplantation antigens between host and donor may be 
rejected between 15-250 days in the mouse. 
Allograft survival time is directly proportional to graft 
size. Some exceptions are known. 
The weaker the histocompatibility difference, the longer 
the graft survival of large grafts. 
With weaker histocompatibility differences, the onset of 
rejection is delayed and the duration longer, i.e. a 
prolonged time of rejection. 
Immunological memory is stronger, but of short-term 
duration with weaker h~stocompatibility differences. 

Eased on refs. 107.130. 148.222. 

ways of interfering with rejection processes. 

Analysis of the events leading to rejection of a 

grafted tissue has for example been done by transfer- 

ring different cell populations to animals bearing 

grafts. However, even in these studies controversy 

continues concerning the minimum required cell pop-’ 

ulation that it is necessary to transfer in order to in- 

duce graft rejection 155. If activated killer T-cells 

(from immunized animals) are transferred to animals 

bearing grafted tissue, they wili cause rejectionrs5. If 

helper T-cells are transferred to a host with a graft, 

the graft wit1 be promptly rejected, possibly through 

the recruitment of host killer T-ceils that mediate the 

actual graft rejection 230. If a combination of helper 

and killer T-cells are transferred, the graft rejection 

is usually also prompt*“*. 



In addition to the specific cell-mediated responses 
discussed above, a rather unspecific inflammatory 
component probably also participates in the rejection 
process . ‘13 The so-called delayed-type hypersensitiv- 
ity224 is mediated by activated helper T-cells, which 
produce the lymphokines y-IFN, IL-2 and a-L*‘. 
These lymphokines can cause intense in~ammation, 
monocyti~eukoc~ic aggregation and a direct cel- 
lular cytotoxicity 42*246. This may result in killing of 

the grafted tissue, but also normal healthy cells may 
be killed (‘bystander-kill’), and thus DTH is regarded 
as harmful for the organism. Claims have been made 
that privileged sites are protected against DTH reac- 
tions by an unknown mechanism, and if DTH reac- 
tions occur in such places they are believed to be par- 
ticularly harmful 173,235. Apart from toxins released 
from lymphocytes and macrophages, oligodendro- 

cytolysis 

Dima cyrtiiiy 

ADDC? 

Directcymxicity 

%J Antibdy mediated tysis 

0 Dmorlmc(~Iorm 

4 -@JdY 

b T&napta 

Fig. 4. Different mechanisms of graft rejection. I. Cytolysis 
mediated by kilter T-cell directed i.a. against graft MHC. II. 
Helper T-cell provides IL-2 for itself and the killer T-cell. Help- 
er T-cells may produce lymphokines that can be directly cyto- 
toxic to some target cells. III. Helper T-cells, possible via 
y-IF’N and other lymphokines, may be chemotactic for inflam- 
matory cells such as macrophages (M0), which after activation 
by y-II% and other stimuli can be cytotoxic. Immunoglobulins 
may bind to macrophages and target cells and an antibody de- 
pendent cellular cytolysis (ADCC) may take place. IV. Anti- 
bodies may cause cytotoxicity after complement binding. 
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cyte cytotoxic factors released from activated astro- 
cytes have been described in vitro*@‘. It is of impor- 
tance to stress that even in DTH reactions, the initial 
eliciting event involves a specific recognition of the 
graft, There exists no completely unspecific mecha- 
nism of graft destruction. 

The role of antibodies in graft rejection remains 
unce~ain”‘. Antibodies that bind to the surface of 
cells with foreign antigens can, under certain condi- 
tions, bind circulating complement factors that will 
cause cellular lysis of the target cell. Macrophages, 
monocytes, possibly natural killer cells and so-called 
null cells have receptors for the constant part of the 
immunoglobulin (F,), and can attach to antibodies 
bound to grafted cells. The graft cells are subse- 
quently killed in a process called antibody-dependent 
cellular cytotoxicity, ADC@. The phenomenon is 
well described in vitro, but the role of ADCC in vivo 
remains to be determined. The hyperacute rejection 
(graft rejection within 24 h in a pre-immunized ani- 
mal) is mediated mainly by antibodies and possibly 
ADCC15’. In certain cases of xenografting, in the ab- 
sence of immunization, preformed antibodies di- 
rected against the grafted tissue are present in the 
host before the grafting and are thought to lower the 
survival rate of the xenogeneic grafts’“‘. 

Some important events in a generalized graft re- 
jection are outlined in Fig. 4. 

3.5. ~ec~a~~~s of action of i~~unosup~ress~ve 
drugs 

Currently, 3 immunosuppressive drugs are widely 
used for transplantation in clinical situations, chosen 
because of their relatively selective action on the im- 
mune system. These drugs can also be used as re- 
search tools to dissect the mechanisms that regulate 
immune responses. 

Firstly, azathioprine is widely used for immuno- 
suppression. It is an anti-mitotic substance that 
blocks the clonal expansion of activated lympho- 
cytes, but it can also affect other rapidly dividing cells 
and is therefore bone marrow toxic. 

Secondly, another commonly used immunosuppres- 
sive drug is cyclosporin A, which is not toxic to bone 
marrow. Although it has been used widely with suc- 
cess, the exact mechanism of action of cyclosporin A 
is not known217. A major immunosuppressive effect 
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is probably blockade of expression of high affinity 

IL-2 receptors and IL-2 production122. The produc- 

tion of y-IFN is also directly inhibited*“. If high affin- 

ity IL-2 receptors are already expressed on helper 

T-cells or killer T-cells, cyclosporin A is not effec- 

tiveiz2**“. This explains why cyclosporin A does not 

interfere with effector cell function. Cyclosporin A 

has also been reported to suppress the induction of 

MHC class I and II expression in grafted tissues, by 

inhibiting y-IFN synthesis’62. 

Thirdly, steroids may be used, particularly in com- 

bination either with cyclosporin A or azathioprine. 

The steroids have several effects, that are beyond the 

scope of this review, such as metabolic, electrolyte 

balance regulation, direct hormonal effects, actions 

on membranes and vasculature. A major role of ste- 

roids in immunosuppression is the anti-inflammatory 

effect. The exact mechanisms for these anti-inflam- 

matory effects are not fully known, but some factors 

are of particular interest: the blocking IL-1 produc- 

tion47; and the activation of phospholipase A2, a reg- 

ulatory enzyme step in the fo~ation of all prosta- 

glandins, thromboxanes and leukotrienes from ara- 

chidonic acid. The immunosuppressive action of ste- 

roids is further increased by the direct killing of im- 

mature T-cells resident in the thymusr3”, the down- 

regulation of mainly MHC class 11 antigens’43,2”2 and 

the suppression of immunoglobulin production by 

B-cells4’. 

3.6. Lymphocyte circulation 

The circulation of lymphocytes is under strict con- 

trol. Precursors of T-cells are formed in the bone 

marrow and then migrate to the thymus. Mature B- 

cells from the bone marrow or mature T-cells re- 

leased from the thymus eventually migrate to lym- 

phatic tissues such as lymph nodes, Peyer’s patches in 

the gut, and to the spleen. Some B- and T-cells will be 

retained in these tissues by surface structures called 

homing receptors 83.117+118. After activation of foreign 

antigens in the lymphatic tissue, lymphocytes lose 

their affinity for homing structures and enter the 

blood. Activated cells are known to accumulate in 

brains affected by inflammation249. A special kind of 

homing receptor for active lymphocytes, an ubiqui- 

nated glycoprotein, is induced by y-IFN in inflamed 

tissues, for example the synovial membrane in an ar- 

thritic joint h5 x3.1’y. .. Cells in inflamed tissue and cells 

exposed to IL-1 or y-IFN have been seen to express 

another molecule (ICAM-I). which increases the ad- 

herence of cells of the immune system’“. The expres- 

sion of MHC class II on endothelial cells and other 

tissues where MHC class II normally is not expressed 

has also been proposed to act as a stimulus for hom- 

ing. The possible existence of similar homing signals 

in the brain is unknown. 

4. THE BRAIN AS A PRIVILEGED SITE FOR TRANS- 

PLANTS 

4.1. ~e~njtfon 

The concept of the immunologically privileged sta- 

tus of the brain refers to the empirical finding that al- 

logeneic or xenogeneic tissues (see Table I for defi- 

nitions) exhibit a profonged survivaf, or a higher rate 
of survival after a given time, when grafted into the 

brain parenchyma in comparison to when grafted to 

peripheral sites. This does not mean that immune 

reactions cannot take place in the brain, nor does it 

imply a permanent graft survival of immunogeneti- 

tally incompatible tissues. In a classic review Barker 

and Billingham” stated: “the grafts (are) in some 

way partially or fully exempted from the normal rig- 

ors imposed by their histoincompatible status”. 

Thus, grafting to a privileged site constitutes an ex- 

ception to the normal transplantation laws. 

Table VI lists a selection of experiments that show 

a prolonged graft survival in the brain as compared to 

graft survival in a peripheral site. 

4.2. Early history of ttie bruin as a transpfantation site 

Prior to the development of in vitro culturing tech- 

niques, there was a need to find hospitable sites for 

experimental grafts in order to study the develop- 

ment of embryonic tissue and tumors. The brain was 

identified as one such potentially interesting site, but 

it was not immediately classified as a particularly 

good transplantation site2”. In 1907, Del Contess 

grafted a variety of non-neurunal fetal tissues to the 

cerebral cortex of adult dogs with some minor suc- 

cess. However, at best he found that there was only 

partial survival of certain types of tissue and he con- 

cluded that the brain was an unfavorable site for im- 
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TABLE VI 

Examples recorded in the literature of a prolonged survival time and/or increased rate of graft survival of intracerebrally grafted tissue 
where a comparison has been made between the survival rate of tissue from the same donor in a peripheral reference site and the brain 

Ref. 

164 

266 
158 
218 
199 
194 
106 

154 
263 

Tissue grafted 

Carcinoma 
Carcinoma 
Embryonic 
Skin 
Tumor 
Skin 
Skin 
Skin 
Skin 
Parathyroid 
Neural 
Neural/skin 

Survival rate Survival rate Observation time, Host&aft 

in CNS in periphery median (range) combination 

95% 70% tumor take allogeneic 
89% 21% tumor take allogeneic 
80% 50% 56 (21-77) allogeneic 
33% 0% 10 allogeneic 

lo-3.5% 0% 84 allogeneic 
100% 0% 21 allogeneic 
71% 0% 50 allogeneic 

100% 0% 20 (D-40) allogeneic 
88% 0% 35 (15-50) allogeneic 
54% 0% 38 (11-96) allogeneic 
54% 0% 30 allogeneic 

100% 0% 49 (42-90) allogeneic 

Notes 

a 
a, b, c 
a, d 
a, e 
f 
a, c 

: 
i 
i 

j 
k 

a, No inbred strains used. 
b, Host immunized by donor blood injection 10 days earlier. 
c, Simultaneous grafting to the groin and the brain of the tumor. 
d, Grafts placed in the brain and subcutanously in the neck at the same time. 
e, Hosts immunized by a donor skin graft prior to grafting. 
f, Inbred mouse strains used. 
g, BN and Lewis inbred rat strains used. 
h, Inbred strains Lewis and FI rat used. 
i, Inbred strains DA and FI rats used. 
j, Inbred strains PVG and A0 used, graft placed in 3rd ventricle and under kidney capsule. 
k, Inbred strains of mice used, differing at class I, II, I and II MHC antigens, non-MHC and MHC and non-MHC. Comparison with a 

skin graft in the periphery. 

plantation of most types of fetal tissue. 

In 1913 came, to our knowledge, the first report of 

successful intracerebral grafting of an allogeneic tu- 

mor, thus identifying the brain as a suitable site for 

the study of transplants (study mentioned in ref. 67). 

Since then, many reports have been published re- 

porting that allogeneic and xenogeneic tumors can 

grow in the brain (e.g. refs. 67, 92,93, 94, 103, 146, 

164, 209, 210, 219). Very few studies directly com- 

pare the grafting of identical tissue within and outside 

the brain and, thus, the issue of the brain being a par- 

ticularly good transplantation site was not directly 

addressed. Nevertheless it was often remarked that 

the tumors only grew when grafted to the brain. 

Thompson’s early claims in 1890 of survival of xe- 

nografted adult neuronal tissue245 can be disputed, as 

more recent work clearly indicates that the grafted 

adult neurons are very unlikely to have survived. In 

fact, the first report reliably showing that neuronal 

tissue could survive grafting to the brain by Dunn in- 

volved immature cortical tissue grafted between rat 

siblings61. 

The first report of successfully grafted fetal tissue 

into the brain was published by Willis in 1935266. In 

this study, the grafting of various, mostly minced, 

whole body parts was conducted in an allograft com- 

bination in rats. The age of the fetal tissue was 

deemed important and it was concluded that the 

brain is: “a favorable site for (the) differentiation and 

development of embryonic tissue to mature tissue, 

without host resistance reactions”266. Differentiation 

and development of the fetal tissue did not occur af- 

ter grafting to a subcutaneous site. Concerning grafts 

of neuronal tissue, the importance of using immature 

donors has repeatedly been confirmed following the 

early findings of Dun@. Both Le Gros Clark141 and 

GleesB8 found good survival of fetal cortical graft im- 

planted intracerebrally in rodents and more recent 

work has demonstrated that the donor age is a limit- 

ing and crucial factor when grafting neuronal tissue 

to the brain’6,“5,214. 

Furthermore, several types of non-neuronal adult 

tissue, such as skin85~86~10s~158~194~199~210, parathyroid 

gland 23,106*136, thyroid gland’37,220, adrenal medul- 

1a79~182~185~236, endocrine pancreas2’l, and pituitary 

glandz5’, have since also been successfully grafted to 



the brain. Recently there have also been several re- 

ports of tumor cell lines and neuroblastoma cell lines 

being grafted to the brainfi4~‘ih. Some of these cell 

lines completely lack expression of MHC molecules. 

thus making a &Iassificatiu~ into allo- and xenogeneic 

grafting somewhat difficuft. 

In summary, several different types of tissues can 

survive grafting to the brain. Neuronal tissue displays 

optima1 survival only if immature, whereas the devel- 

opment stage of non-neuronal tissue seems less criti- 

cal. 

The grafting of tumors and non-neuronal tissue 

may not be an ideal approach to study the immunoio- 

gicaily privileged status of the brain and its direct rel- 

evance in a neuronal graft context is questionable. 

For example, unlike neuronal grafts non-neuronal 

graft tissues do not form a blood-brain barrier2”‘,241, 

Moreover, it is conceivable that malignant cells may 

outgrow the host immune response despite the exis- 

tence of a true immunological response, perhaps via 

an in vivo selection of tumor ceils that express little or 

low levels of transplantation antig~ns~~s,i~~. In addi- 

tion f tumors may be less vascularized than normal tis- 

sues, and therefore be relatively inaccessible for im- 

mune reactions’99. Alternatively, tumors may thrive 

in the brain, and achieve a high survival rate, because 

of a relative@ better blood supply and a better access 

to growth factors in the brain as compared to a pe- 

ripheral liters. 

Tissues can differ in their antigenic properties, and 

can arbitrarily be grouped into tissues of high or low 

immunagenicity . lo6 Their antigenicity affects the out- 

come of the transplantation (Table VI). However, it 

is important to note that a transformation from low to 

high immunogeni~ity can occur by exposure to MHC 

class I and class II antigen induction factors (see sec- 

tion 6). Even tissues that at the time of grafting may 

express very low levels of donor MHC218, may later 

express high levels of MHC antigens after grafting in 

vivot54. The relative abundance of antigen-present- 

ing cells in the grafted tissue may also be an impor- 

tant faCtOF in governing immunogenicity. Tissues 

such as cartilage and aceliufar bone can be defined as 

an ‘~mrnunoIo~~aIIy privileged tissue’ (tissue of ex- 

ceptionally low immunogenicity) which does not ap- 

pear to evoke an immune response at all when trans- 

planted’“. 

In summary, when evaluating graft survival in a 

privileged site it is important 11ot only to considerlhe 

genetic origin of the donor tissues, but also to take 

into account properties of the grafted tissue that are 

inherent to its particular cellular composition. 

Several attempts have been made to define an im- 

munogenetic basis for the survival of intracerebral 

grafts in order to determine the number of MHC and 

non-MHC structures that may differ between the do- 

nor and host, while still allowing good graft survival. 

For heterotopic grafts there are examples of good 

graft survival for profonged periods with xenogenei~ 

adrenal medulla grafted into brain cavities or paren- 

chyma’s7. Other heterografted aliogeneic tissues of 

high and low immunogenicity have survived for pro- 

longed times 306q1g4,‘99. Geyer and Gill indicated that 

heterologous, allogeneic grafts placed in the brain 

parenchyma can survive for prolonged times. How- 

ever. MHC class I structures were &If found to im- 

munize the host and there were signs of rejection in 

grafts when there were MHC class I differences be- 

tween the donor and hostR5,86. 

Xenogeneic neuronal grafts implanted into the 

brain parenchyma and the ventricles generally do not 

survive transplantation permanently. Although re- 

jection occurs in a large proportion of animaIs”.“.“* 

‘14, there are still reports of good xenograft survival 

for fong time periods in a subset of recipients’7~32~“‘~52. 

The neuronal graft combination of interest in a 

clinical context is a combined MHC and non-MHC 

antigen difference between donor and host. Such 

grafts have been seen to survive up to 15 weeks with- 

out signs of rejection when grafted as a cell suspen- 

sion into the parenchyma~~~. Neurona grafts that dif- 

fer at oniy MHC class I antigens have survived for a 

minimum of 4-7 weeks in the parenchyma’““~263, 

However, similar intraventricular grafts have been 

found to undergo rejection within 4-7 weeks in a ma- 

jority of ~ases15a~354~172~218. Grafts differing at both 

MHC class I and II have been shown to survive for up 

to 6Q days in the ventridei54 and the paren~hyma~~~. 
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Similarly grafts differing at non-MI-K antigens only 
have shown good survival both in the paren~hyma 
and the ventricles’54.263. 

In summary, there does not seem to be a single cer- 
tain immunogenetical combination between donor 
and host that is exempt from immunological rejec- 
tion. Nor is there as yet strong evidence for a certain 
immuuogen~ti~al difference between donor and 
hosts which altows indefinite, permanent graft sur- 
vival, completely without immunological reactions 
against grafts implanted in the brain. The contrast in 
survival between neural and non-neural grafts is pos- 
sibly related to the degree of MHC antigen expres- 
sion (see section 6). There is then a mere quantitative 
difference between the graft survival in the brain 
compared to other sites when it comes to the length 
of graft survival and the relative strength of the anti- 
genie difference between donor and host, as has been 
proposed by Haseklu3. 

5. ALLEGED COMPONENTS IN THE IMMUNOLOGL 

CALLY PRIVILEGED STATUS OF THE BRAIN IN A 

GRAFT SITUATION 

5.1. Components of the afferent urc of the immune 
system 

The afferent arc of the immune system comprises 
the events leading up to the initiation of an immuno- 
logical reaction. This includes the drainage of anti- 
gens, either free or cell-bound, from a transpIanta- 
tion site to a lymphatic tissue, and the subsequent ac- 
tivation of the immune system. 

5.1.1. Lack of lymphatic drainage from the brain 
The important role of regional lymphatic tissue in 

graft rejection has been repeatedly stressed in trans- 
plantation immunology W~3,155,2d7~ ~~ removal of 

the regionaI lymph nodes cIose to the site of gra~~g 
may alfow for a prolonged graft survival@ aIthongh 
rejection still can occur*f*B. The most common ex- 
planation given for the prolonged survival time of 
grafts in the brain is the lack of lymphatic drain- 
age12*106~158. Indeed, there are no endothelium-lined 
lymphatic vessels in normal neuronal tissue. Howev- 
er, the perivascular spaces present along the larger 
vessels in the brain, have been suggested to serve as 
an equivalent of lymphatics in the brain*92. 

The lack of classical lymphatic vessels in the nor- 

ma1 brain does not mean that there are no routes by 
which antigens in the brain can reach a regional lym- 
phatic tissue, Tracer substances injected into the 
brain parenchyma can pass to the deep cervical 
lymph nodes in all species tested so far25~27~4s~*47~243~ 
261*264. The fraction of tracer substances recovered in 
the lymph nodes is partly dependent on the molecular 
weight of the tracer substan~ez~,z7, the charge of the 
tracer particiesMS and the species used. After an in- 
tracerebral injection of antigens, specific antibodies 
are formed’00+264 and cells directed against the anti- 
gen proliferate in the deep cervical lymph nodes, 
peaking on day 5 after the injection262T264. Up to 50% 
of particles are estimated to be cleared via the lym- 
phatics when injected into the caudate nucfeus in 
rats243. This passage is extracellular and is found in 
the perivascular spaces draining into the subarach- 
noid space, or along white matter fiber bundles to- 
wards the olfactory bulb. The particles finally pass 
through the cribriform lamina into the lymphatic ves- 
sels of the nasal mucosa27*69. The existence and po- 
tential role of this route of passage in humans re- 
mains to be determined. In addition to these routes 
there are extensive networks of lymphatic vessels in 
the meningial tissue and dura mater7. In animal mod- 
els of chronic inflammatory conditions, such as chronic 
relapsing experimental encephalomyelitis and multi- 
ple sclerosis in humans, an organization of the re- 
gions of the perivascular spaces into tissue resem- 
Ming actual Iymphatic nodes has been observed’%* 
These formations have been implicated in the drain- 
age of the interstitial fluid and to present antigens’%* 
19s. Finally, it should be mentioned that a direct acti- 
vation of lymphocytes circulating in blood vessels 
through a graft has been suggested to be important 
during late rejection of alymphatic skinflaps247. How- 
ever, due to the complex pattern of cellular interac- 
tion in the normal immune system this route of immu- 
nization is today regarded to be of lesser or no impor- 
tance. 

5.12. Lack of dendritic cells in the brain parenchy- 
ma; antigen present&on capacity in brain tissue 

One important component of the afferent arc of 
the immune system is antigen presentation: the pro- 
cess of bringing the antigen and cells of the immune 
system together, resulting in an activation of the lym- 
phocytes. 



Several accessor~~ cells in the immune system have 

this capacity as summarized in Table IIIB. The im- 

portance of such cells in transplantation immunology 

has been stressed repeatedly and they are considered 

to be the potentially strongest inducers of allograft 
rejectionl?“.‘SS.~“, One such accessory cell is the den- 

dritic cell, which is a non-phagocytic cell of bone mar- 

row origin that can present antigens to lympho- 

cytes”‘. The dendritic cell also expresses high levels 

of MHC class 1 and II antigens. Its presence in the 

brain has been debated”“. However. Head and Grif- 

fin have found MHC class II expressing cells that 

might be dendritic cells lining the ependyma, and 

localized along major vessels and in the white matter 

in the rat’“‘j. 

Another cell population of interest is the alleged 

‘resident macrophage’ of the brain, the microglia, 

which is most probably also of bone marrow origin’s’. 

Microglia have phagocytotic capacity, and resemble 

the macrophages of other tissues since they can pro- 

duce IL-1 after activation ‘82.253. These cells are the 

major cell component expressing MHC class 11 anti- 

gens within the brainlO’ and normally constitute 13% 

of the glial cells in the white matter of humans”“. 

Furthermore, cultured astrocytes can produce IL-l 

after exposure to endotoxins such as Iipopolysaccha- 

ride in vitro. A subset of astrocytes may express high 

levels of MHC class I and II antigens after exposure 

to y-IFN 70.73,7s Such stimulated astrocytes have been . 

found to be capable of presenting antigens to T-cell 

lines and to promote T-cell clonal growth in vitro, 

and thus may function as facultative antigen-present- 

ing cells in vivo74~‘60~212~260. 

Cerebral endothelial cells have also been proposed 

to act as antigen-presenting cells in certain situations. 

These cells have been shown to express MHC class II 

antigens in human cerebral vessels from active in- 

flammation sites in cases of multiple sclerosis and sys- 

temic lupus erythematosus (SLE)248. In animal ex- 

periments, antigens injected into the brain parenchy- 

ma have been found to traverse the endothelium and 

reside on the luminal side of the endothelium, sug- 

gesting that endothelial cells may have bound the an- 

tigens on their surface 25s. Cultured cerebral endothe- 

lial cells have also been shown to present brain-spe- 

cific antigens, to associate them with MHC class I 

and II molecules and to promote clonal growth of 

specific T-cell clones reactive with the brain-specific 

antigen ‘j7. 

In summary, there are several cells present in the 

brain which have the potential to act as antigen-pre- 

senting cells in a transplantation situation. The exclu- 

sion of cells with antigen-presenting capacity from 

the graft tissue itself prior to transplantation may 

provide a means to reduce the immune response and 

prolong graft survival. 

5.1.3. Immunological unresponsiveness induced by a 

preferentially vascular route of antigen presentation 

As mentioned earlier, a common belief was pre- 

viously that the brain completely lacked lymphatic 

drainage. It was also taken for granted that the inter- 

stitial fluid of the brain drained completely into the 

cerebrospinal fluid (CSF) and that this in turn drains 

directly into the blood. It was therefore reasoned that 

antigens introduced into the brain were released into 

the blood stream. A vascular route of intracerebral 

graft antigen presentation has been suggested to in- 

duce a state of unresponsiveness. An accidental in- 

jection of grafted tissue into blood stream during the 

actual implantation, can probably be regarded to be- 

have in a similar way. An incompatible graft im- 

planted in the anterior chamber of the eye has been 

reported to be promptly rejected if the host spleen is 

removed prior to graft surgery, whereas a prolonged 

graft survival is seen if the spleen is left intact”“. Two 

different concepts have been suggested to cause this 

‘immune deviation’ as the phenomenon has been 

called; enhancing antibodieslZ5 and T-suppressor 

ceIls2”5. In theory, enhancing antibodies are immuno- 

globulins that bind to transplantation antigens and 

‘hide’ them from effecters of cell-mediated graft re- 

jection and from further antigen presentation’2”,‘2”, 

thereby prolonging the graft survival. 

Streilein et a1.23s suggest that suppressor T-cells 

resident in the spleen can down-regulate the immune 

responses against grafts placed in a privileged site. 

However, as pointed out earlier, we now know that 

the brain in rodents is not totally lacking a passage 

into the lymphatics and moreover, recent studies in- 

dicate that antigens in the CSF can be picked up and 

presented by cells in the choroid plexus”“. Therefore 

the emphasis on the spleen and a preferential vascu- 

lar route of antigen presentation in immunological 

privilege may be overrated. 
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5.1.4. Evidence for immunization of the host by the 

graft 
Activation of the immune system is the final out- 

come of the afferent arc. Thus immunization of graft 

recipient indicates that the afferent arc is operant. 

It is essential to determine that the grafted tissue 

can be immunogenic. Fetal neuronal tissue does not 

normally express MHC antigens at the time of graft- 

ing , *I8 but if grafted to a non-privileged site a vigor- 

ous rejection can be observed, indicating that fetal 

neuronal tissue can be immunogenic154. 

A sensitive, but technically difficult way of deter- 

mining if an animal is immunized by a graft is to mea- 

sure the survival time of a subsequent homotopic skin 

graft from the same donor strain. If the host has be- 

come sensitized, the skin graft is rejected more rapid- 

ly, in a second set fashion, in contrast to the slower 

first set reaction. To make this analysis with xeno- 

grafts is particularly difficult, since the primary graft 

survival often is poor, with absence of formation of a 

regular blood supply. A primary xenogeneic skin 

graft thus rarely survives for 7 days. Using the tech- 

nique of homotopic skin grafting, Geyer and Gi1185 

have monitored immunization due to a single intrace- 

rebral allogeneic skin graft and they emphasize the 

importance of MHC class I antigen differences in 

evoking immunization. Head et a1.1°6 report a surviv- 

al time of 7 days of a second skin graft after an intra- 

cerebral grafting. However, it is claimed that this 

short time is a normal first set reaction in that partic- 

ular strain combination, and the authors do not con- 

sider this to be a proof of host immunization’06. Lund 

et al.“’ report a second set reaction in rats that have 

received a neuronal intracerebral xenograft in the 

neonatal period and have then received a skin graft 

when adult. 

Another test that measures the cellular response 

following immunization is the primed lymphocyte 

test. This is based on the appearance of a swifter pro- 

liferative response of previously activated lympho- 

cytes when these are re-exposed to an antigenic stim- 

ulus. Raju and Grogan have found such reactivity in 

hosts receiving intracerebral allogeneic skin grafts194. 

Simonsen’s test of alloimmunization is an alterna- 

tive and sensitive method of measuring host sensiti- 

zation of cells in viva***. The test determines the pro- 

liferation capacity of lymphocytes from animals that 

have been exposed to a given transplantation antigen 

combination in vivo. If a host has been immunized by 

a graft, lymphocytes transferred to neonatal animals 

of the donor-host recipient combination will prolif- 

erate vigorously if the cells are re-exposed to the an- 

tigens. The test is among the most sensitive immuni- 

zation assays available, but requires the use of highly 

inbred strains. With this test we have monitored im- 

munization in several, but not all, combinations of al- 

logeneic fetal neuronal grafts263. 

Even though antibodies do not play a major role in 

actual graft rejection, a common technique of mon- 

itoring immunization by grafts is to determine the tit- 

er of antibodies formed against a grafted tissue. This 

method is advantageous as it can be used in immuno- 

suppressed animals. This is a purely qualitative test, 

and it is very important to emphasize that there is no 

correlation between the amount of antibodies formed 

and the state of anti-graft reactivity155. Intraparen- 

chymal allogeneic skin grafts’94 and intraventricular 

allogeneic neuronal grafts 15’ have both been found to 

cause antibody production in the recipients. Recent- 

ly we have found graft-specific antibodies in immuno- 

suppressed rats receiving intrastriatal implants of fe- 

tal human or mouse neuronal tissue, using an indirect 

fluorescent antibody detection of bound rat immuno- 

globulins directed against graft antigens36*37. 

To summarize, there are several studies indicating 

that grafts placed in the brain immunize the host. 

Thus, some form of the afferent arc from the brain to 

the immune system must be present. 

5.2. Factors of the efferent arc of the immune system 

The efferent arc of the immune system comprises 

the effector mechanism for an immunological reac- 

tion, resulting in the elimination of grafted cells. 

5.2.1. The blood-brain barrier 
The maintenance of homeostasis in the internal 

milieu of the brain is essential for normal brain func- 

tion and is partially dependent on the blood-brain 

barrier complex. The most important component in 

this complex is the cerebral capillary endothelium 

which has a surface area within the brain 5000 times 

larger than all other intracerebral vessels184. Nota- 

bly, the barrier complex also comprises an interstitial 

barrier in the so-called ‘blood-brain barrier-free re- 

gions’: the pia-vessel adventitial barrier; the choroid 
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plexus ~pitheiium-ventricuIar system barrier; and fi- 

nally, the blood-meningeal barrier. Thus, all compo- 

nents contribute to effectively shield the brain tissue 

from direct contact with the blood (for reviews see 

refs. 24 and 195). The factors that contribute to the 

restricted passage across the endothelium in the cere- 

bral micravessels are: (1) zonula occludens compo- 

nent of tight junctions”‘, (3) transcellular potential 

difference”“, (3) enzvmatic set-up that degrades e.g. i 
many potent plasma-derived putative neurotransmit- 

ter substances”, (4) few pinocytotic capacity”” and 

(5) reduced response to in~ammatory mediators that 

normally increase permeability~h,q”.‘“‘. In general, 

substances that normally reudily pass the barrier sys- 

tem are highly lipophilic, uncharged and relatively 
smallX”5. The cerebral endothelium promotes 

transport of desired substances such as glucose”’ and 

certain amino acids”.“” against chemical gradients. 

Some of the transport and barrier functions men- 

tioned earlier are partially energy-dependent. Rat 

brain microvessel endothelial cells contain a higher 

number of mitochondria than other endothefial cells, 

reflecting a high energy demand”‘. 

Thus, the proteins or cells of the immune system 

cannot pass the barrier under normal conditions, but 

may do so under abnormal conditions: viruses may be 

transported into the brain in conjunction with lym- 

phocytes . *V In fact. activated helper T-cells have re- 

cently been reported to cross the intact blood-brain 

barrier”‘“. The same study also reports that long-liv- 

ed, antigen-specific lymphocytes, that are not in an 

activated state do not pass the barrier, even if admin- 

istered in high numbers~~i~. The passage is thought to 

be mainly mediated by lymphocyte properties, such 

as degrading enzymes produced by activated lym- 

phocytes’“‘. However, the passage of activated lym- 

phocytes into the brain seems to be confined to the 

postcapillary venules”” and therefore other factors, 

such as vessel properties or homing receptors, may 

well be involved. 

In multipie sclerosis patients, T-ce% labefed by 

fluorescent antibodies that are injected into the 

blood, can be recovered from the CS@*. B-cells can 

also pass the barrier into the CSF in MS patients. This 

is illustrated by the fact that after systemic immuniza- 

tion with tetanus toxoid, B-cells that produce anti- 

tetanus immunog~obuiin can be recovered from the 

CSFZO’. However. it is important to stress that MS pa- 

tients do not possess a normal barrier complex and 

they exhibit an abnormal MHC class II expression on 

cerebral vessels”“. 

When considering the contribution of the barrier 

to the immunologically privileged status of the brain, 

it is important to remember that highly immunogenic 

tissues such as skin, which do not form a barrier com- 

plex’““, still exhibit a prolonged survival when grafted 

to the brain”~. This indicates that the blood-brain 

barrier cannot be the sote c~~ntributor to the immuno- 

togicatfy privileged status of the brain. 

fn summary, whereas the brood-~?rain barrier was 

previously thought to constitute a complete barrier to 

components of the immune system, there is today 

evidence for a limited passage of immunocompetent 

cells under certain conditions. 

As early as in 1923 Murphy and Sturmib4 proposed 

that the brain could produce substances that suppress 

immune reactions. However, there still exists very 

little experimental evidence in support of this hy- 

pothesis. Glucocorticosteroids, u-fetoprotein and 

prostaglandin E, are well established down regula- 

tors of MHC cfass I and II antigen expression”“, and 

they could theoreticafly act as local immunosuppres~ 

sive factors in the brain. Interestingly astrocytes have 

been shown in vitro to produce prostaglandin Ez (ref. 

73), but whether this plays a significant physiologicat 

role is unknown. Observations have indicated that 

active iymphoid cells may be confined to the perivas- 

cufar spaces of postcapi~Iary venufes in the brain, 

without migrating further into the parenchyma’s”.~~~‘. 

This could suggest that the brain parenchyma pro- 

duces a substance which hinders local lymphocyte 

migration. 

It should be kept in mind that under certain cir- 

cumstances some lesions in the brain can affect sys- 

temic immunity by interrupting the hypothalamic-pin 

tuitary axis which participates in the regulation of 

hormonal levels in the systemic circulation. This is 

most pronounced if the lesions are placed in the pitu- 

itary, hypothalamus and the anterior hypothala- 

mus204. However, for the large majority of grafting 

experiments to the brain such lesions are not of rele- 

vance. 



6. REGULATION OF MAJOR HISTOCOMPATIBILITY 

COMPLEX (MHC) MOLECULES OF NEURONAL TIS- 

SUES 

The MHC expression of neuronal tissues is under 
strict regulation. As the MHC plays a paramount role 
in the induction of immunological reactions as well as 
in the execution of immune effector function, the 
reguiation of these structures is discussed separately. 
Normally in the adult mouse, rat and human, MHC 
class I and class II molecules are not expressed on 
neurons, astrocytes and oligodendrocytes49~70~1W~1z6~ 
134.135~215.218,240.248~268~ However, both in vi"0 and in 

vitro studies have shown that murine and human neu- 
rons, astrocytes and oligodendrocytes can express 
MHC I antigens during viral infection’“6.218, after ex- 
posure to y-IFN70.126.134.135,2~, or in other inflamma- 

tory situations 240-248 Isolated mouse astrocytes have . 

also been shown to produce Q- and P-like IFN activity 
in response to standard IFN-inducing agents in vitro. 
The al&like IFN produced has been shown to induce 
high levels of MHC class I antigen expression on a 
subset of mouse astrocytes in vitro244. Under similar 
conditions astrocytes and cerebral endothelium have 
also been shown to be able to express high levels of 
MHC class II antigens70~‘26’248*268. In recent papers, 
Mason et al.‘54 and Nicholas et al.‘72 have found that 
fetal neuronal tissues grafted to ventricular system 
express high levels of MHC antigens when under- 
going rejection. An increased cell surface MHC ex- 
pression has also been observed on grafted neuronal 
tissue after syngeneic transplantationis’. This sug- 
gests that the inflammatory response caused merely 
by surgical trauma is sufficient to induce an increase 
of MHC antigen expression in fetal neuronal tissue. 
The exact mediators of this MHC induction during 
classical inflammation are not known but could in- 
clude a-TNF’39. As mentioned previously the pres- 
ence of MHC molecules is of prime importance for 
immunologica reactions to occur270. Nicholas et 
al.172 report of preferential neuronal cell survival in 
rejecting grafts, and suggest that these cells express 
lower levels of MHC than the surrounding non-neu- 
ronal cells within the graft parenchyma. The conse- 
quences of low MHC expression is illustrated by the 
transfer of activated killer T-cells directed against 
lymphochoriomeningitis (LCM) virus-infected cells 
to an LCM virus-tolerant animal (neonataily infected 

with the LCM virus). All the cells in the body that ex- 
pressed the LCM viral antigens in association with 
the MHC were killed within two weeks. The LCM- 
infected brain cells did not express MHC, and there- 
fore still remained alive after 120 days’8o. 

As MHC antigens appear on brain cells only after 
induction, the turnover rate of MHC molecules is of 
particular interest. Unfortunately, little is known 
about the stability of MHC antigens on brain cells 
once they have been expressed and after the original 
inductive stimulus has subsided. Studies on other cell 
types suggest that the half-life of MHC molecules af- 
ter viral induction may be relatively short, in the 
range of 15 h6. If cerebral endothelial cells are in- 
duced to express MHC class II molecules in vivo and 
the endothelium is subsequently isolated from the in- 
ductive agent, the MHC class II antigens cannot be 
found on the cell surface 72 h later in an in vitro cul- 
turei5’. Table VII summarizes brain tissue cells that 
express MHC antigens in and the effect of some in- 
ductive agents on MHC antigen expression. 

7. IMMUNOLOGICAL EXPERIENCE FROM RECENT 

EXPERIMENTS WITH ALLO- AND XENOGRAF?4 OF 

NEURONAL AND SOME RELATED TISSUES 

7.1. Zntrapare~chyma~ grafts 

The first recorded trials involving grafting of neu- 
ronal tissue across species barriers stem from almost 
a century ago. In 1890 Thompson reported that corti- 
cal tissue grafted from a cat to a dog, and vice versa, 
survived in all the 3 xenograft cases studied24”. Two 
of the animals were studied only after a maximum of 
4 days graft survival and therefore these results are 
difficult to interpret. In view of present knowledge of 
the general conditions required for survival of neu- 
ronal grafts it is likely that a third animal, that was 
studied 7 weeks after transplantation, only contained 
the remnants of resorbed graft tissue. Although sev- 
eral successful intracerebral graft studies followed 
during the first half of this century (see section 4.2), it 
is only over the past 6 years that the survivability of 
allo- and xenografted neuronal tissue has specifically 
been addressed. These studies have shown that the 
survival of intracerebral neuronal allo- and xeno- 
grafts is reduced compared to syngeneic transplants. 
Nevertheless it is, in certain circumstances, possible 



TABLE VII 

Exfmwion of MHC molecules in CNS tissue cell components. 
._.“^. __ ._.. _.. _.. ._.._~~ ~_ 
Tissue Norma/ ~~~u~~;~e ffgentpresenf j~l~uc~~l~~, tigent 

._-. 
NNC class: I fl I Ii 

-. I .._--- .._-. ._.. ~~ 
Neurons - -6 
Astrocytes 

y-IFN, TNF-*:, rejection 
-t y-IFN, virus infection, rejection, TNF-u 
+ r*p-IFN 

Oligodendrocytes - + y-IFN. virus infection 
Endotheiial cells i + + 
~~cr~glia 

In~ammation (MS. SLE), y-IFN, rejection 
+ c 

Dendritic celis + + ++ i-t y-IFN 
Choroid plexus - -k t virus infection 
Ependyma ? ? 
-_l.^l__.._-_ 

absent; (+), low amounts; i-: present; + +, high Ievefs. 
based on refs. 74,112,126, 139,154, 156,170. 172,239,240,244,248,268. 

for neuronal alIo- and xenografts to survive and func- 
tion for prolonged periods without immunosuppres- 
sion + 

In the adult rodent brain parenchyma systematic 
experiments with histoincompatible neuronal grafts 
have been conducted mainly in two anatomical sites: 
the striatum and the hippocampus (see sections 7.1.1. 
and 7.1.2.). Extraparenchymal intraventricular grafts 
are dealt with separately in section 7.2 as the immu- 
nological reactions in this site may be quite different 
to other intracerebral sites. 

DA neurons have been found to survive well when 
grafted from rat fetuses to the adult rat striatum, in a 
model of direct relevance to PRf5,‘86. In this model 
the graft recipients are first given a uniiateral lesion 
of the mesostriatal DA pathway using the neurotoxin 
Ghydroxydopamine (BOHDA), resulting in aa easi- 
ly quantifiable motor asymmetry211.2”4. 

In the first xenograft study, solid pieces of fetal 
mouse mesencephalic tissue were placed in cortical 
cavities overlying the caudate-putamen”. In 10 out 
of 18 (55.5%) cases, surviving RA neurons were 
found either as graft tissue in the cortical cavity or, in 
most cases, as scattered cells that had migrated into 
the caud~te-putamen proper. In a subsequent study 
which used the cell suspension technique, xeno- 
grafted mouse DA neurons survived in 3 out of 7 
(43%) rats for up to 42 days32. However, using the 
same technique there were no surviving grafts in 15 
rats after 6 month8, which may indicate that there 

occurs a time-related continuous loss of xenografts. 
Similarly, xenografted rabbit fetal mesencephaiic 
ceils have shown very poor survival without immuno- 
suppression~~~. Recent experiments have shown 
that fetal ailografts containing DA neurons can sur- 
vive intraparenchymal grafting to the striatum of 
mice263 and adult monkeys9,10*22” without the use of 
immunosuppression. Prior to grafting, the primate 
recipients were injected with the DA neurotoxin l- 
methyl-4-phenyl-~~2,3,6-tetrahydropyridine (~PTP) 
which results in severe parkinsonian symptoms. In 
the best cases, these neurological deficits were clear- 
ly reduced after the transplantation surgery7hs”6. 

Human fetal mesencephalic tissue of different ages 
has also been grafted to 6-OLGA-den~~ated rats 
which were immunosuppressed with cyclosporin A”* 
36*237. In studies utilizing the cell suspension tech- 
nique, good survivat of DA neurons was obtained 
when the graft tissue was taken from 9-postconcep- 
tion-weeks old, or younger, fetuses, whereas older 
tissue yielded poor or no DA neuron surviva13”*3h. 
This is presumably related to the similar donor-age 
restrictions found when using rat fetal donor tis- 
sue16,30,35. In contrast to the good survival in cyclo- 
sporin A-treated rats there was no graft survival after 
20 weeks when human DA neurons were implanted 
in non-~mmunosuppressed rats. Wowever, Kamo et 
al. have reported that cultured fetal human spinal 
cord c&124, and ceils from fetal human sympathetic 
ganglia’23, survive grafting into the striatum or a cor- 
tical cavity for several weeks, even in non-immu~o~ 
suppressed rats. 



307 

TABLE VIII 

Survival of fetal neural tissue homotopically grafted into adult hosts in settings with well-defined immunogenetical differences 

A. Mesencephalic grafts into the striatum 

Donor species Donor age Grafting Host species 
and strain E (days, ++‘) tech- and strain 

CRL (mm) nique 

Mouse, NMRI E 16-17 SO1 Rat, S.D. 
Mouse, A.SW E 13-15 SUSP Rat, S.D. 
Mouse, A.SW E 13-15 susp Rat, S.D. 
Monkey CRL 170 Dis Monkey 
Monkey CRL 13 Dis Monkey 
Rabbit E 21 susp Rat 
Rabbit E 14-17 susp Rat, S.D. 
Rabbit E 14-17 susp Rat, S.D. 
Monkey CRL 15-16 Dis Monkey 
Monkey CRL 18-45 Dis Monkey 
Mouse, C3HIHe E 13 susp Mouse, CS7BI 
Human E 6.5-8 w susp Rat, S.D. 
Human E 11.5 w susp Rat, S.D. 
Human E8w susp Rat, SD. 
Human E9-12~ Sol Rat, S.D. 
Mouse, A.SW E 13-14 susp Rat, S.D. 
Mouse, A.SW E 13-14 susp Rat, S.D. 
Mouse, A.SW E 13-14 susp Rat, S.D. 
Mouse, CS7Bl E 13-15 susp Mouse, ASW 
Mouse, A. E 13-15 susp Mouse, A.SW 

B. Seotal or hiDDOComDo1 arafts into the hiDDOCamDUS 

ImmUItO- Survival Observation Host Graft 

suppres- rate time immuni- combi- 

sion (%) (days) zation nation 

None 55.5 180 xeno 
None 43 42 _ xen0 

CYA 100 42 (21-140) - XII0 

None 100 69 _ all0 
None 100 56 all0 
None <lo 42 xeno 

CBA 51 63 xeno 
None few cells 63 xeno 
None lo0 63 No all0 
None 100 120-180 No all0 
None 100 60 all0 

CYA 100 140 Yes, Ig xeno 

CYA 20 140 Yes, Ig xeno 
None 0 140 Yes, Ig XII0 

CYA 100 70-80 xeno 
None 0 17s Yes, Ig xeno 
CyA,3w 33 17s Yes, Ig XII0 
CyA,bw 21 17s Yes, Ig XII0 
None 100 42-49 Yes, cells all0 
None 100 42-49 Yes, cells all0 

ReJ 

17 
32 
32 

223 
223 

66 
80 
80 
10 
76 

218 
36 
36 
36 

237 
37 
37 
37 

263 
263 

Rat, S.D. E 15-17 Sol Rat, Wistar None 80 90 all0 149 
Mouse, CS7Bl E 15-17 susp Rat, S.D. None 80 up to 120 xeno 51 
Mouse, CS7BI E 15-17 susp Rat, S.D. None 100 63 %XlO 51 
Rat, Wistar E 16-17 Sol Rat, Wistar None 82 120-180 _ all0 256 
Rat, Wistar E 16-17 Sol Rabbit None 67 90-180 xeno 256 
Mouse, C57Bl E 16-17 Sol Rat, Wistar CYA 65 3s xeno 72 
Mouse, CS7Bl E 16-17 Sol Rat, Wistar CYA 43 56 xeno 72 
Mouse, CS7Bl E 16-17 Sol Rat, Wistar None 36 35 xeno 72 
Mouse, CS7Bl E 16-17 Sol Rat, Wistar None 18 56 _ xeno 12 
Human E 9-10 w SUSP Rat, S.D. CYA 60 30 Yes, Ig xeno 174 

C. Intraventricular grafts 

Donor species 
and strain 

Donor age Tissue 
grafted 

Grafting 
tech- 
nique 

Host species 
and strain suppres- 

sion 

Bovine Adult, cult Adrenal susp Rat, S.D. None 
Rat, BN E 18-19 S.Nig. Sol Rat, F344 None 
Mouse, BALB/c PO Cort Sol Rat, Wistar CyA, 2 w 
Mouse, BALBlc PO Cort Sol Rat, Wistar None 
Mouse, BALB/c E 17-19 Cort Sol Rat, PVG None 
Rat, PVG E 17-19 Cort Sol Ra!, A0 None 
Rat, PVG E 17-19 Cort Sol Rat. A0 None 
Rat, A0 E 17-19 Cort Sol Rat, PVG None 
Rat, PVG(A0) E 17-19 Cort Sol Rat, A0 None 
Rat, PVG E 17-19 Cort Sol Rat, PVG/AO None 
Rat, BN E 14 Cort susp Rat, DA None 
Mouse, AKR E 16-19 SUP OR Sol Mouse, HPG None 

Site of 
graft 

Lat. vent 
Lat. vent 
3rd vent 

3rd vent 
3rd vent 
3rd vent 
3rd vent 
3rd vent 
3rd vent 
Ventricle 
3rd vent 

Survival 
rate 
(%) 

100 
81 

100 
0 
0 

54 
25 
80 
86 

100 
0 

Obser- 

time 

60 
210 
28 
28 
30 
30 
60 
30 
60 
60 
30 
l-90 

Host Graft com- 
immuni- bin&ion 
zation 

Ref. 

xeno 
Not found allo (MHC+) 

*en0 
_ xeno 

Xt?“O 
_ allo (MHC+) 

allo (MHC+) 
allo (MHC+) 
allo (non MHC) 
allo (MHC) 

Yes, Ig all0 
all0 

187 
77 

114 
114 
154 
154 
154 
154 
154 
154 
150 
28 

E, embryonic day; E w, embryonic week; CRL, crown rump length (mm); Sol, solid grafts; SD., Sprague-Dawley; CyA, cyclosporin 
A; Susp, suspension grafts; Dis, dissociated graft; xeno, xenogeneic; allo, allogeneic; A., ASW, C3HMe, C57B1, inbred mouse 
strains; NMRI, outbred mouse strain; P 0, postnatal day 0; Lat. vent, lateral ventricles; 3rd vent, third ventricle; Cort, cortex; Sup op, 
supra optic area; MHC+, grafts differing at MHC and non-MHC antigens; non-MHC, grafts differing at non-MHC antigens; MHC, 
grafts differing at MHC antigens only; AO, BN, F344, DA, PVG, PVG(A0): inbred rat strains; AKR, BALB/c, HPG: inbred mouse 
strains; S.Nig., substantia nigra. 
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Experiments involving incompatible grafts of fetal 

mesencephalic tissue into the striatum are summa- 

rized in Table VIIIA. 

7.1.2. Hippocampus 

Solid grafts of rat hippocampus and septum have 

shown a 67% survival rate when placed in a surgical 

cavity overlying the hippocampus in rabbits without 

immunosuppressive treatment256. A slightly lower 

survival rate (36%) has been found after 5 weeks 

with solid intraparenchymal xenografts of fetal 

mouse hippocampal tissue implanted into the hippo- 

campus of adult rats’*. With a longer observation pe- 

riod of 8 weeks merely 18% of the grafts were still 

viable72 suggesting a continuous loss of grafted cells 

due to rejection. 

Using the cell suspension technique, mouse septal 

tissue, rich in cholinergic neurons, has successfully 

been xenografted to the rat hippocampus. At 17 

weeks postgrafting survival, the rate was estimated 

to approximately 80%. In the rats with surviving xe- 

nografts there is a restoration of the normal hippo- 

campal acetylcholinesterase lamination patterr?*, 

choline acetyltransferase levels5’ and a partial rever- 

sal of lesion-induced deficits in conditioned learn- 

ing”. Interestingly, the cell suspension implants were 

difficult or impossible to discern as discrete tissue 

masses, and surviving grafts were identified only as 

scattered acetylcholinesterase-positive cells or by the 

existence of acetylcholinesterase-positive stained fi- 

bers in the host hippocampus. In an allogeneic setting 

grafts of solid basal forebrain tissue displayed ap- 

proximately 80% survival rate when placed in a cavi- 

ty adjacent to the hippocampus’49. Experiments of 

allogeneic and xenogeneic grafts into the hippocam- 

pus are summarized in Table VIIIB. 

7.2. Intraventricular grafts 

The survival of grafts in the ventricular system 

might be somewhat different from intraparenchymal 

grafts. Therefore the results with grafts placed in the 

ventricular system are treated separately. Table 

VIIIC lists a few examples of allogeneic and xenoge- 

neic grafts placed in the ventricular system. The fre- 

quency of surviving xenografts in rats varies between 

0% for fetal mouse cortical tissue114 to 100% for 

adult bovine adrenal medulla18’. The variation in al- 

logeneic graft survival is likewise large: from 0% in 

one particular graft combination of fetal cortical 

grafts in suspension*50 to 25% for solid grafts differ- 

ing at MHC and non-MHC antigens or 100% for 

grafts with incomplete histoincompatibility, at 60 

days postgraftingls4. 

7.3. Immunosuppression with cyclosporin A 

The immunosuppressive drug cyclosporin A (10 

mg/kg daily Lp.) markedly increases the survival of 

cell suspension grafts of mouse DA neurons im- 

planted in rat striatum. In an initial study, all of the 

immunosuppressed rats exhibited behaviorally func- 

tional grafts and large numbers of surviving DA neu- 

rons 6 weeks after transplantation, whereas only 3 

out of the 7 non-immunosuppressed control rats pos- 

sessed small surviving graftd2. Cyclosporin A has 

also been found to increase the survival of intrapa- 

renchymal xenografts of rabbit DA neuron@’ and 

mouse hippocampal tissue”, and cortical mouse 

grafts placed in the ventricular system of rats”4*“s. 

In our initial study, two rats in the cyclosporin A- 

treated group were studied for a further 4 and 14 

weeks, respectively, after termination of the 6-week 

immunosuppression period. Both these rats retained 

large grafts, rich in DA neurons, that remained func- 

tiona13*. This finding prompted us to investigate if 

short-term cyclosporin A treatment could support 

long-term survival of intracerebral DA grafts. Using 

the same model we grafted fetal mouse mesenceph- 

alit tissue to rats that received no immunosuppres- 

sion, or were allocated to either lo-, 21- or 42-day cy- 

closporin A treatment schemes. Three to 6 weeks af- 

ter transplantation several rats in the cyclosporin A- 

treated groups showed, as expected, behavioral evi- 

dence of surviving functional transplants. However, 

3 weeks or more after the cessation of the respective 

cyclosporin A treatment the majority, but not all, of 

the rats exhibited evidence of rejection (loss of be- 

havioral graft effect)“. Thus, at morphological anal- 

ysis, 6 months after transplantation, the large majori- 

ty of immunosuppressed rats lacked surviving grafts, 

suggesting that short-term immunosuppressive treat- 

ment cannot reliably support long-term survival of in- 

trastriatal fetal DA cell suspension grafts between 

mice and rats. 
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8. OTHER EXPERIENCES WITH IMPLICAmONS ON 

THE IMMUNOLOGICAL REACTION AGAINST 

GRAFTED NEURONAL TISSUES 

8.1. Grafted cells, characteristics and development at 
the graft site 

The antigenicity of fetal neuronal tissue is related 
to the developmental stage and the mode of tissue 
preparation, The cellular components in a graft and 
the cell surface structures of fetal neuronal cells used 
for transplantation have not been systematically 
studied. Careful separation of the neuronal tissue 
from the overlying mesenchymal covering will large- 
ly remove pleuripotent mesenchymal cells, hemato- 
poietic cells and stem cells all of which have the po- 
tential to develop into non-neuronal tissues and ex- 
press MHC antigens. Thereby the graft tissue con- 
sists mainly of maturing neurons, glial cells, endothe- 
ha1 cells and their respective precursors. Following 
dissection the tissue can be implanted either as a solid 
piece or injected as a cell suspension. 

Normally, there are very low or no levels of MHC 
class I and II molecules expressed on the neuro- and 
glio-blasts in the graft at the developmental stage 
when they are grafted90~‘w~2’8. The trypsin treatment 
sometimes used to prepare cell suspensions is thus 
unlikely to affect the MHC expression. Human MHC 

molecules are not trypsin-sensitive when membrane- 
boundt3’, whereas mouse MHC (H-2) can be de- 
graded by trypsin if sufficiently high concentrations 
of the enzyme are used. In contrast, the vascular en- 
dothelium can express class I antigens, and under 
certain conditions may also express class II MHC an- 
tigens . ‘13 It is likely that fetal neuroblasts express 
other potentially polymorphic molecules such as 
Thy.1 (refs. 39, 40, 91), cell adhesion moIecules46~ 
64*68 and species-specific cell surface glycoproteins25s. 
Notably, solid grafts differing only on Thy molecules 
(a minor transplantation antigen), have survived im- 
plantation into the mouse cerebellum for over 180 
days without histological signs of rejection56. More- 
over, it is important to remember that cells in the 
grafted tissue can be stimulated to express transplan- 
tation antigens after graft surgery, as discussed ear- 
lier. Fetal neuronal tissue has also been shown to be 
capable of immunizing a host after intracerebral 
grafting (see section 5.1.4.) and cause rejection of a 

prior intracerebral graft if grafted under the kidney 
capsulels4. 

8.2. Vascularization and origin of vessels 

The injection of 1.5 ,~l volume of cell suspension 
into the rat brain causes a transient breakage of the 
blood-brain barrier3’ followed by local edema. Ini- 
tially, the grafted cells are probably dependent on 
diffusion from distant blood vessels for their nutri- 
tion, Solid tissue pieces that are grafted, either of 
heterotopic origin (e.g. skin graft) or of homotopic 
origin, are likely to differ from cell suspension grafts 
with regard to the origin of the vessels in the graft and 
the time course of revascularization. Skin grafts 
(which have been prepared in such a way that they do 
not contain any intact vessels when grafted) are vas- 
cularized on day 4-5 after transplantation to the 
brain234. Primordial vessels in the grafted tissue deve- 
lop into capillaries and larger vessels within the 
grafted skin tissue and these vessels seemingly hook 
up to host vessels at the graft-host interface234. The 
same process has been found to be operative for solid 
embryonic neuronal grafts placed in the third ventri- 
cle28. The origin of the vessels seems to vary in neu- 
ronal cell suspension grafts with some cells in the ves- 
sels coming from the host and others being derived 
from the grafted tissue*s. The origin of the vascula- 

ture in the graft may be of great importance, since the 
endotheiial lining of blood vessels can express high 
levels of donor MHC and may be the first site of at- 
tack of an immune response against the graft. Inflam- 
matory mediators have angiogenic properties and 
participate in the revascularization process18g. For 
example, IL-l released by activated astrocytes and 
macrophages can induce proliferation of endothelial 
cells183 and several other specific endothelial growth 
factors have been isolated from brain tissue**‘*‘. 

8.3. Blood-brain barrier development in intracere- 
bra1 grafts 

The establishment of a blood-brain barrier and 
the time course of its development in the graft may be 
of some importance for the survival of the graft. Al- 
though lymphocytes in a certain activation stage can 
pass the barrier, the passage of lymphocytes may still 
remain restricted. Interestingly, vessels in peripheral 
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tissue grafted to the brain do not form an intact blood- 

brain barrier2s3sZ4’, whereas CNS tissue grafted to the 

periphery can attain a functional blood-brain bar- 

rier’““. It has been hypothesized that the glial cells 

surrounding the vessels induce the blood-brain bar- 

rier properties5’. This idea is supported by studies 

where purified astrocytes have been injected into the 

anterior chamber of the eye. The vessels from the iris 

invading the aggregated astrocytes form blood-brain 

barrier properties with typical tight junctions and 

these vessels exclude macromolecular tracers”“. 

Slightly conflicting results have been obtained 

when studying the development of a blood-brain 

barrier in intracerebral neuronal grafts. Rosen- 

stein2”’ has described incomplete barriers that leak 

macromolecular tracers, horseradish peroxidase and 

endogenous proteins, for several weeks after the 

grafting of solid fetal or neonatal neuronal tissue into 

the cortex or the fourth ventricle. In contrast, Broad- 

well et a1.28 have demonstrated an intact blood-brain 

barrier in solid fetal neuronal grafts placed in the 

third ventricle in mice after 7 days, when revasculari- 

zation occurred. Moreover, we have recently found 

that the vessels in an intrastriatal cell suspension 

graft in rats will attain a low permeability to Evans 

blue-labeled macromolecules within 12 days after 

grafting . 37 Similar results of a tight blood-brain bar- 

rier to macromolecules have been found in solid fetal 

grafts in the hippocampus 242, in cell suspension grafts 

in the thalamu@” and finally in intracortical solid 

grafts in neonatal rats 140 In summary, it would seem . 

that fetal neuronal tissue grafts can form a blood- 

brain barrier to macromolecules in most situations. 

However, it remains unclear whether the develop- 

ment of an intact blood-brain barrier plays an impor- 

tant role in hindering or limiting immune responses 

to intracerebral grafts. 

8.4. Inflammatory response 

Inevitably surgical trauma evokes an inflammato- 

ry response in the brain around the implantation site. 

Host vessels are likely to be disrupted, which will un- 

leash the coagulation cascade and the aggregation of 

thrombocytes. Debris of disrupted and dead cells in 

the graft are probably cleared from the area by pha- 

gocytosing cells such as resident microglia and blood- 

derived macrophages and monocytes. In this process 

a multitude of different inflammatory mediators are 

likely to be released’“s. The effect of these inflamma- 

tory mediators on the permeability across the cere- 

bral endothelium, or their effects on the blood flow 

are not known in detail, although their effects are 

likely to be less marked than in the peripheral circula- 

tion since the cerebral vessels lack receptors for 

several of the permeability and vasoactive media- 
torsZ6,44,19” 

Inflammatory mediators may be released from the 

endothelial cell itself138. resident astrocytes” and 

microgliats8, or invading cells such as platelets, 

monocytes and leukocytes’3K. In the transplantation 

situation, inflammatory mediators can affect the ex- 

pression of MHC antigens. The endothelial cells in 

orthotopic skin grafts undergoing rejection express 

higher levels of MHC class I antigens and are stimu- 

lated to express class II antigens59. As mentioned 

previously the normally low level of MHC expression 

is slightly elevated in grafted CNS tissue even in syn- 

geneic grafting combinations’““. One possible candi- 

date for this inflammatory induction signal is platelet- 

derived growth factor, PDGF, which has been shown 

to induce MHC antigen expression on B-cells in vi- 

tro3, and is released by aggregated platelets and from 

activated monocytes’““. Other candidates are the 

astrocyte-derived IFN-like substance recently de- 

scribed244 or a-TNF13Y. 

Another important step in the inflammatory re- 

sponse may be the release of IL-l, produced either 

by resident astrocytes, microglia or invading mono- 

cytes . 62 IL-1 is strongly lymphotacti$‘” and will in- 

duce migration and proliferation of astrocytes” (see 

Fig. 5). 

8.5. Mechanisms of rejection of intracerehral neu- 

ronal grafts 

Converging data point to the importance of classi- 

cal T-cell infiltration in intracerebral grafts under- 

going rejection. Mason et al. have found approxi- 

mately equal proportions of helper T-cells, killer T- 

lymphocytes, and macrophages in neuronal grafts 

that are undergoing rejection in the ventricular sys- 

temls4. Similar results have recently been published 

for solid cortical allografts in the lateral ventricle”* 

and intraparenchymal solid xenogeneic grafts in the 

hippocampus”. The accumulation of inflammatory 
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Fig. 5. Schematic drawing of inflammatory events leading to enhanced MHC class I and II expression on the grafted tissue. The exact 
source of the mediators are not known in a transplantation situation, but monocytes and macrophages (M(b), platelet-derived inflam- 
matory mediators, the coagulation and complement cascades may produce mediators after activation. Stimulus for macrophage acti- 
vation is i.a. phagocytosis, injury and immunological factors such as immune complexes and y-IFN. Endothelium and glia cells are also 
able to produce mediators that can take part in inflammatory events, e.g. lymphotaxis. 

cells and lymphocytes peaked in the graft area on the have observed MHC expression and cellular infil- 

third week after a xenogeneic solid neuronal graft trates in mouse retinal xenografts implanted in neo- 

placed in the hippocampus’l. Lymphocytes were also natal rats. Lymphocytic infiltrates peaked when graft 

present in the meninges, choroid plexus and in the degeneration was evident on day 8, and were partic- 

perivascular spaces. Following a rejection process in- ularly prominent in the perivascular spaces and in the 

duced by an orthotopic skin graft, Houston et al.“’ surrounding host brain. 
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The observation that the T-cell-specific immuno- 

suppressive drug cyclosporin A, as discussed in sec- 

tion 7.3, increases the survival of xenogeneic grafts 

also supports the notion that the T-cell mediated im- 

munological reactions comprise a crucial component 

in graft rejection also in the brain. 

8.6. Late rejection 

The absence of lymphocytes in or around a graft 

does not necessarily imply that an immunological 

reaction has not taken place. Nor does it exclude a 

slow ongoing chronic rejection. Even with intracere- 

bra1 fetal neuronal grafts the necessary stimuli for re- 

jection seem to be present for long time periods in 

rats which have received intrastriatal xenografts. For 

example, a xenograft is in general rejected within 

3-6 weeks after the withdrawal of therapeutic immu- 

nosuppression~7. This late rejection may be initiated 

due to the presence of foreign endotheiium in the 

vasculature, which could provide a chronic stimulus 

for the host immune system. This would lead to a high 

number of circulating graft-specific and activated 

lymphocytes. Similarly, well integrated allografts 

that have survived for prolonged periods may be at 

risk of rejection if there is an inflammation or unre- 

lated activation of the immune system, which would 

subsequently increase the MHC expression on ves- 

sels and the grafted tissue. 

8.7. Risk of autoimmune reactions against the normal 
host nervous system and p#tenti~~ harmful effects of a 
rejection in the central nervow system 

The immune system is implicated in several neuro- 

logical diseases, including multiple sclerosis and 

acute polyradiculoneuritis (inflammatory polyneuri- 

tis)‘. The brain contains several antigenic structures 

that often are regarded as potent autoantigens, most 

notably myelin basic protein, apoprotein and some 

glycolipidsg9. In the experimental model known as 

experimental allergic encephalitis (EAE), immuni- 

zation with a small octapeptide derived from myelin 

basic protein is sufficient to cause a demyelinating 

disease in specific strains that are prone to develop 

the disease’93,249,260. To date no reports of similar le- 

sions against normal host nervous tissue due to neu- 

ral transplantation have been published. Notably, 

tissue used for cell suspension grafts are taken at a 

developmental stage when they do not contain any 

myelin components”’ which limits the risk of EAE- 

like conditions. Release of the putative autoantigens 

after normal tissue damage or neurosurgery have not 

been found to be a major cause of demyelinating or 

aberrant autoimmune reactions. There is a theoreti- 

cal possibility that the rejection of an established 

neuronal graft could cause perturbations in the adja- 

cent host vasculature such that parts of the normal 

host brain are afflicted. However, studies with rejec- 

tion of functional xenografts in rats do not indicate 

that the host brain becomes significantly involved”‘. 

8.8. Tolerance induction 

The topic of immunological tolerance is a complex 

subject beyond the scope of this review’1)4*177~20’, 

However, specific immunological unresponsiveness 

against grafted tissue is a possible explanation for 

why intracerebral neuronal allo- and xenografts can 

function up to 7 months after grafting17,‘96. If com- 

plete tolerance has evolved, a second skin graft from 

the same donor should then be permanently ac- 

cepted. This was not the case in a study by Nicholas et 

al. who observed a swifter rejection of fetal neuronal 

allogeneic intraventricular grafts if an orthotopic skin 

graft was transplanted two weeks after intracerebral 

grafting in adult mice I” Tolerance is usually only ac- 

complished if grafting is performed when the host is 

l-2 days of age’““. A recent study indicates that good 

survival of xenogeneic neuronal tissue implanted in 

the parenchyma is possibIe in hosts up to day 12 post- 

natally”“O. The xenograft is then accepted for up to 60 

days, without any signs of rejection until challenged 

with a skin graft. Rejection then occurs. This may be 

an example of partial tolerance, a poorly understood 

immunological phenomenon”*. One possible expla- 

nation for partial tolerance is that the lymphocytes 

that can react strongly with the first grafted tissue are 

eliminated during the neonatal period, but clones of 

lymphocytes with lesser avidity may be still present in 

the host. These clones do not harm the grafted tissue 

until an adequate second stimulus, such as an ortho- 

topic skin graft, activates sufficiently many host lym- 

phocytes that can react with the grafted tissue and 

cause a full rejection of both grafts. 
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8.9. Influence of age on the immune system 

The age of the graft recipient may affect the im- 

mune response towards the grafted tissue in various 

ways. If the host is neonatal or very immature, per- 

manent immunological tolerance is likely to occur 

(see section 8.8). At the other end of the scale, it has 

also been proposed that if the recipient of the graft is 

very old the immune response may be different from 

that of a younger individual. Indeed, there are re- 

ports in the literature indicating that there can occur 

an age-dependent decline in certain immunological 

parameters15* and that the decline is partly species- 

and strain-specific . I’” The influence of age on immu- 

nological reactions, and the putative role of immune 

reactions in the aging process is a vast subject beyond 

this review - *s2*2s7 However, there are no reports indi- . 

cating a reduced graft rejection capacity in elderly, 

nor does clinical experience of transplantation in el- 

derly support that other regimes for immunosuppres- 

sion be used in aged individuals. 

9. CONCLUSIONS FROM RECENT NEURONAL 

GRA~INGEXPERIMENTS 

9.1. Defining graft survival and monitoring graft re- 
jection 

When studying incompatible intracerebral neu- 

ronal grafts, it is essential to avoid overestimation or 

underestimation of the extent of immunological re- 

jection. The identification of a few graft-derived cells 

in the brain may lead to the belief that there is no 

graft rejection. Also when discussing grafts with a 

low survival rate one must directly compare the sur- 

vival rate with that which a similar technique would 

yield in a syngeneic combination or in immunosup- 

pressed hosts, in order to be able to define the exact 

role of immunological rejection. 

A major problem in monitoring grafted fetal neu- 

ronal tissue is the lack of specific methods to demon- 

strate an ongoing immunological reaction in vivo. 

There are no tests available that measure the status 

of the immune system on a day-to-day basis and 

which could then reveal an increased risk of immi- 

nent rejection. When other organs are grafted there 

are usually simple measures of the function of the 

grafted organ available, which can be monitored. 

With signs of poor graft function measures against re- 

jection episodes can be taken. In addition, graft biop- 

sies can confirm an ongoing rejection and support the 

adoption of special measures against rejection. 

There are no such functional tests available in neu- 

ronal tissue grafting before the grafted cells give rise 

to functional effects. In general, the long latency be- 

tween the graft surgery and the development of func- 

tional effects renders the neuronal transplant investi- 

gator blind for an extended time period during which 

immunological attacks may take place against the 

grafted tissue. 

9.2. Possible site-dependent differences in graft sur- 
vival 

There is a tendency towards better survival of in- 

compatible grafts in the hippocampus as compared to 

the striatum, Table VIIIA and B. A similar sugges- 

tion of differential graft survival was made by Head 

et al. who proposed that histoincompatible skin 

grafts placed in the occipital lobe survive better than 

those implanted in the forebrain, but the data are un- 

convincing . lo6 Since most of the experiments have 

been performed in rats, the finding that interstitial 

fluid from the forebrain is preferentially drained into 

the lymphatics and fluid from the hindbrain drains 

into CSF may bear some relevance243. 

When comparing the fate of grafts in the ventricu- 

lar system with the fate of intrap~enchymal grafts, 

no definite conclusion can be made regarding which 

site is most hospitable for grafts. One can propose 

that intraventricular grafts can interact with the hosts 

in at least two principally different manners: firstly, 

small pieces of graft tissue can probably receive full 

nutritional support from the cerebrospinal fluid. In 

the absence of blood vessels they are almost com- 

pletely out of reach of the immune system and this 

might allow complete survival across major histo- 

compatibility barriers I”. Secondly, solid grafts in the 

ventricles have been seen to receive a blood supply 

from neighboring brain tissue. The vessels within 

solid grafts are likely to be completely derived from 

the donor, and appear to hook up to host vessels at 

the interface between graft and host28. The grafted 

tissues will then be at greater risk for rejection than 

the non-vascularized grafts in the ventricles, or may 

also be rejected more quickly than intraparenchymal 
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grafts that might contain vessels of a mixture of both 

graft and host origin. 

To summarize, both the mode of tissue prepara- 

tion and the site of grafting affects not only the neuro- 

biological properties of the grafts but also their im- 

munological status. 

9.3. Regrafting 

In a clinical setting it is conceivable that regrafting 

to the brain would be necessary, either in order to im- 

prove poor function of an existing graft or to permit 

reinnervation of additional target areas, for example 

contralateral to an initial graft. Although it is well 

known that intracerebral grafts placed into a sensi- 

tized host do not survive”‘6.“4.‘s8,‘y~, there are no 

published reports concerning intracerebral regraft- 

ing of allogeneic or xenogeneic neuronal tissue. Stud- 

ies with repeated intracerebral grafting of skin from 

an incompatible donor have given some indication 

that a second graft may jeopardize the survival of a 

successful first graf+s6. 

9.4. Differences in survival between intracerebral 

allo- and xenografts 

It seems as if allografts (even with complete histo- 

incompatibility) generally survive significantly better 

than xenografts in the brain (see e.g. Table VIII). 

These empirical findings do not conform to the find- 

ings obtained in peripheral sites and are not easily ex- 

plained theoretically. In the xenogeneic setting the 

host is likely to possess a higher number of clones that 

recognize antigenic determinants on both MHC and 

non-MHC structures than in the allogeneic setting. 

This difference between xeno- and allografts is not 

necessarily reflected in graft survival time in the per- 

iphery where the immune response is working under 

unrestricted conditions. However, the difference in 

host capacity to recognize graft antigens may be a de- 

cisive factor for intracerebral graft survival. 

10. PROPOSED SEQUENCE OF EVENTS FOLLOWING 

INTRACEREBRAL IMPLANTATION OF FETAL NEU- 

RONAL CELL SUSPENSION GRAFTS 

A possible sequence of events of cellular and tissue 

responses after intracerebral grafting of immunoge- 

netically different fetal neuronal tissue in cell suspcn- 

sion into a healthy adult rodent brain is briefly de- 

scribed. 

The donor tissue is prepared from newly aborted 

fetuses: the meninges are carefully dissected away, 

and the desired neuronal region is mechanically dis- 

rupted to form a suspension of free cells and cells in 

small aggregates. When stereotaxically injected into 

the brain, the implantation causes transient IocaI 

edema, and a localized rupture of the blood-brain 

barrier. Rupture of small vessels will evoke a coagu- 

lation process and the concomitant tissue damage 

will give rise to an inflammatory process. This leads 

to activation of astrocytes to start migration and pro- 

liferation. Activated astrocytes are capable of pro- 

ducing angiogenic factors and possibly IL-I and IFN- 

like substances. The activated astrocytes produce in- 

creased amounts of glial fibrillary protein. Aggre- 

gated monocytes and macrophages, some of which 

might be microglia, are likely to be attracted to the 

graft area. As the graft-derived cells are exposed to 

several inflammatory mediators, their MHC expres- 

sion is likely to be increased. Grafted cells with high 

MHC level expressed are probably brought to a local 

lymphatic tissue, either as whole migrating cells or in 

pieces carried by host-derived defense cells. 

Initially the graft survives on diffusion of nutrients 

and oxygen. Endothelial cells from the donor inte- 

grate with the vessels that grow into the graft from 

the ends of the ruptured host vessels. Revasculariza- 

tion is well underway within 3-4 days and a week af- 

ter the implantation the blood-brain barrier is re- 

formed. Cells that die in the grafts are scavenged by 

invading macrophages, resident microglia and acti- 

vated astrocytes. 

Once antigens from the graft reach the most proxi- 

mal lymphatic tissue there is activation of the im- 

mune system. Proliferation of lymphocytes is ini- 

tiated and activated lymphocytes are released into 

the blood stream within a few days. The cells circu- 

late until they are homed into the inflammatory re- 

gion around the wound and graft. Further prolifer- 

ation of lymphocytes takes place in and around the 

graft if the antigen against which they are primed is 

present. The active lymphocytes produce increased 

amounts of lymphokines which increase the intensity 

of the inflammation, causing enhanced expression of 

MHC antigens on host and graft cells. Killer T-cells 
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TABLE IX 

Donor, host and technical factors that ~n~ue~ce the outcome of intracerebra~ neural and non-~earal tissue grafting 
-. 

Transplantation combination 

I. General aspects 

Factors thar affect survival 
-. -- 

Aseptic conditions 

Homotopic tissue 
(neural tissue to brain) 

Heterotopic tissue 
(non-neural tissue to brain) 

Donor age, dependent on technique used 
Ability of graft tissue to survive &hernia 

Ability to survive the immediate postoperative period 
Duration before revascularization 
Trophic factors-target and non-target specific 
Virally infected donor tissue 
Intra- and postoperative complications, e.g. bleeding and bacterial infections 
Purity of dissection (e.g. amount of meninges in the graft preparation) 
Blood-brain barrier formation 

Autograft 

Syngeneic 

II. ~mmunoIogica1 aspects 

Allogeneic 

Xenogeneic 

All factors above (few tissues applicable, adrenal medulla, carotic body) 

All factors above (limited to inbred strains) 

Al1 factors above, and in addition the following: 
Host age 
Immunological reactions against MHC and non-MHC antigens 
Content of antigen presenting cells in grafted tissue 
Content of preformed vessels or precursors of vessels 
Degree of angiogenesis caused by inflammation 
Revascularization; source of vessels (host- or donor-derived) 
Duration of blood-brain barrier rupture and malfunction 
Degree of inflammation caused by the surgery 
Response to inflammatory stimuli, amount of MHC induced on vessefs and brain tissue 
Duration of antigenic stimulus from the grafted tissue 
Duration of activated lymphocytes in circulation 
Induction of homing structures on vessels 
Tolerance induction 
Site of graft in the brain 

All factors above, and in addition the following: 
Non-MHC antigens tending to give rise to strong immunoiogica~ reactions resembling 

MHC reactivity. 
Preformed antibodies 
Matching between trophic factors and receptors? 

Regrafting All factors above and in addition: 
Specific host immunization present prior to the second graft 

can then proceed to lyse cells, possibly starting with 
graft-derived endothelial cells. Moreover, lympho- 
toxins released from lymphocytes and macrophages 
can kill cells which have receptors for the toxins. Fi- 
nally, the grafted tissue will be more or less disinte- 
grated and engulfed by macrophages. Table IX sum- 
marizes donor, host and technical factors that influ- 
ence the survival of intracerebral grafts. Detailed 
knowledge of the mechanisms and events may pro- 
vide means of interfering with immunological reac- 
tions, to further prolong the graft survival, 

11. A MECHANISTIC HYPO~ESIS FOR GRAFT SUR- 

VIVAL: THE BRAIN AS AN IMMUNOLOGICALLY 

PRIVILEGED SITE FOR TRANSPLANTS 

Partly based on the above sequence of events we 
present a model for graft survival, which may provide 
a tentative explanation as to why the brain is an im- 
munolo~cally privileged site. 

Most of the factors that once were thought to fully 
explain the privileged status of the brain such as the 
absence of lymphatic drainage; the absence of anti- 
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gen-presenting cells; the absence of passage across 

the blood-brain barrier of lymphocytes and the ab- 

sence of MHC class I and II antigens on nervous tis- 

sue ceils have now been shown not to apply within 

brain tissue under certain conditions. In spite of this, 

the brain is beyond doubt a privileged site for grafts, 

when privilege is defined as a prolonged graft surviv- 

al compared to the survival time in another locus. 

The reason for this is still unclear. 

One hypothetical explanation for prolonged sur- 

vival is that - although all the components necessary 

for a normal immune response {graft rejection) are 

present -the kinetics and degree of the regulution of 

the individual steps in an immune response, follow- 

ing intracerebral grafting, may differ from those in 

the periphery. Thereby, the simple delay in the im- 

mune response may result in prolonged.graft surviv- 

al. 

Further, one can postulate that if certain crucial 

events, such as MHC expression on grafted brain 

cells declines before the execution of the next step in 

the immune reaction, such as the passage of activated 

lymphocytes across a reformed barrier complex, the 

normal chain of events in the immune reaction is irre- 

versibly broken, resulting in permanent graft surviv- 

al. 

One could therefore regard the privileged status of 

the brain as a state of quantitative and temporally 
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