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Abstract

Accumulating evidence indicates that grafts of embryonic neurons achieve the anatomical and functional reconstruction of
damaged neuronal circuitry. The restorative capacity of grafted embryonic neural tissue is most illustrated by studies with striatal
tissue transplantation in animals with striatal lesions. Striatal neurons implanted into the lesioned striatum receive some of the

major striatal a�erents such as the nigrostriatal dopaminergic inputs and the gluatmatergic a�erents from the neocortex and
thalamus. The grafted neurons also send e�erents to the primary striatal targets, including the globus pallidus (GP, the rodent
homologue of the external segment of the globus pallidus) and the entopeduncular nucleus (EP, the rodent homologue of the
internal segment of the globus pallidus). These anatomical connections provide the reversal of the lesion-induced alterations in

neuronal activities of primary and secondary striatal targets. Furthermore, intrastriatal striatal grafts improve motor and cognitive
de®cits seen in animals with striatal lesions. Since the grafts a�ect motor and cognitive behaviors that are critically dependent on
the integrity of neuronal circuits of the basal ganglia, the graft-mediated recovery in these behavioral de®cits is most likely

attributable to the functional reconstruction of the damaged neuronal circuits. The fact that the extent of the behavioral recovery
is positively correlated to the amount of grafted neurons surviving in the striatum encourages this view. Based on the animal
studies, embryonic striatal tissue grafting could be a viable strategy to alleviate motor and cognitive disorders seen in patients with

Huntington's disease where massive degeneration of striatal neurons occurs. # 2000 Elsevier Science Ltd. All rights reserved.

Keywords: DARPP-32; Striatum; Neural transplantation; Neural circuitry

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314

2. Huntington's disease and the animal models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315

3. Morphological features of embryonic striatal grafts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
3.1. Implantation of embryonic striatal tissue into the lesioned striatum. . . . . . . . . . . . . . 317

Progress in Neurobiology 61 (2000) 313±338

0301-0082/00/$ - see front matter # 2000 Elsevier Science Ltd. All rights reserved.

PII: S0301-0082(99 )00058 -1

www.elsevier.com/locate/pneurobio

p
Some of the studies involving N. Nakao, which were cited in the current paper, had been produced in the Section for Neuronal Survival,

Department of Physiology and Neuroscience, University of Lund.

* Corresponding author. Fax: +81-734-47-1771.

E-mail address: nnakao@wakayama-med.ac.jp (N. Nakao).

Abbreviations: AChE, acetylcholinesterase; ChAT, choline acetyl transferase; DARPP32, dopamine- and cyclic AMP-regulated phosphopro-

tein with a molecular weight of 32 kD; ED, embryonic day; EP, entopeduncular nucleus; FG, ¯uorogold; GAD, glutamic acid decarboxylase;

GP, globus pallidus; HD, Huntington's disease; 5-HT, 5-hydroxytryptamine; KA, kainic acid; LGE, lateral ganglionic eminence; NMDA, N-

methyl-D-aspartate; 3-NP, 3-nitropropionic acid; MGE, medial ganglionic eminence; PD, Parkinson's disease; PHA-L, phaseplous vulgaris leu-

coagglutinin; QUIN, quinolinic acid; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STEP, striatum-enriched phos-

phatase; STN, subthalamic nucleus; TH, tyrosine hydroxylase.



3.2. Internal organization of embryonic striatal grafts. . . . . . . . . . . . . . . . . . . . . . . . . . . 317

3.3. Factors a�ecting the proportion of the striatal component (P-zones) within grafts of
the ganglionic eminences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318

4. Anatomical connections between striatal grafts and host brain . . . . . . . . . . . . . . . . . . . . . . 318
4.1. Host a�erents to the grafts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
4.2. Graft e�erents to the host brain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319

5. Functional aspects of striatal grafts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
5.1. Regulation of graft function by host brain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

5.1.1. Nigrostriatal dopaminergic a�erents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

5.1.2. Cortical and thalamic a�erents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
5.2. Graft-derived functional e�ects on host brain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

5.2.1. Restoration of neurotransmitter levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

5.2.2. E�ects on regional metabolic activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
5.2.3. E�ects on electrophysiological properties . . . . . . . . . . . . . . . . . . . . . . . . . . 324

6. E�ects of striatal grafts on behavioral de®cits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326

6.1. Locomotor hyperactivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326
6.2. Drug-induced circling behavior. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
6.3. De®cits in skilled forelimb use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

6.4. Impairments in conditioned behaviors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328
6.5. Motor and cognitive dysfunctions in non-human primate models . . . . . . . . . . . . . . . 329
6.6. Correlation between behavioral and morphological parameters . . . . . . . . . . . . . . . . . 330

7. Clinical perspectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

8. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

1. Introduction

Earlier studies in the ®eld of neural transplan-
tation mainly have dealt with basic mechanisms of
neuronal development and plasticity. Representative
examples of the studies are those done by two
di�erent swedish groups. Olson and collaborators
observed the development and growth of neural tis-
sue implanted into the anterior chamber of the eye
(Olson and Malmfors, 1970; Olson and Seiger,
1972). BjoÈ rklund and co-workers investigated sprout-
ing of grafted monoaminergic neurons and their
®ber ingrowth into the recipient brain (BjoÈ rklund
and Stenevi, 1971; BjoÈ rklund et al. (1971, 1976)).
Functional e�ects of intracerebral neural tissue
grafts were ®rst demonstrated by BjoÈ rklund and
Stenevi (1979) and Perlow et al. (1979). The authors
observed that intrastriatal transplants of dopamine
neurons ameliorate lesion-induced functional de®cits
in parkinsonian rats. Since then, neural transplan-
tation has received attention as a potential thera-
peutic strategy for neurodegenerative diseases.
Indeed, there have been a large number of studies

with neural transplants in animal models of various
types of neurodegenerative diseases, such as Parkin-
son's disease (PD), Huntington's disease (HD) and
Alzheimer's diseases, cerebellar ataxia, and amyo-
trophic lateral sclerosis (Dunnett and BjoÈ rklund,
1994).

Although various theoretical mechanisms can
account for functional e�ects of neuronal grafts, it is
possible to summarize them into three distinct mechan-
isms as follows: (1) Trophic actions: implanted neural
tissue provides trophic in¯uences on host brain. Neural
grafts can protect host neurons from axotomy-induced
retrograde degenration (Bregman and Reier, 1986).
Recent studies have shown that intrastriatal trans-
plants of embryonic striatal tissue can reduce the
extent of excitotoxic striatal lesions (Levivier et al.,
1995), and the underlying mechanisms of the graft
e�ects can also be interpreted as ``trophic actions''. (2)
Di�use release of de®cient neurochemicals: grafted neur-
ons release biologically active substances into the host
surrounding tissue. A good example is that embryonic
hypothalamic grafts can release gonadtropin-releasing
hormone into host brain (Krieger et al., 1982). (3)
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Anatomical integration with host brain: grafted neurons
reinnervate damaged host brain, or establish reciprocal
graft±host connections. Anatomical connectivity has
been shown in some transplantation paradigms where
functional e�ects of grafts can also be seen. Among
them, one that has been most extensively investigated
is embryonic striatal grafts placed in the previously
injured striatum of animals (for review see Wictorin,
1992). The striatum that is destroyed in animal models
of HD constitutes a vital component of the cortical-
basal gangliathalamic circuits by receiving cortical and
thalamic inputs, and sending e�erents to the substantia
nigra and the external and internal segments of the
globus pallidus (Albin et al., 1989; DeLong, 1990).
Therefore, for functional restoration in HD models,
intrastriatal striatal grafts are required to establish
reciprocal connections with the host brain in order to
reconstruct, at least in part, the damaged neuronal cir-
cuits. This contrasts with the underlying mechanisms
for functional recovery in animal models of PD where
the nigrostriatal dopaminergic system is compromised.
The nigrostriatal dopamine neurons di�usely innervate
the striatum, and modulate striatal functions in a tonic
regulatory manner. In this context, di�use pharmaco-
logical activation of dopamine receptors on striatal
neurons is su�cient to restore normal functions of the
dopamine-denervated striatum. This is supported by
that systemic administration of the dopamine precur-
sor, levodopa, improves motor symptoms in patients
with PD, and that intrastriatal grafts of dopamine-
releasing cells without regulatory a�erents provide
functional recovery in animal models of PD (Brundin
et al., 1994).

The present paper reviews studies dealing with
intrastriatal transplantation of embryonic striatal tis-
sue, particularly focusing on the impact of striatal
grafts on altered activity of basal ganglia circuitry and
behavioral de®cits, both of which are noted in animal
models of HD. Since functional e�ects of striatal grafts
depends on their anatomical integration to the recipi-
ent brain, studies investigating morphological features
of the grafts and anatomical graft±host connections
are also summarized. This could lead to better under-
standings of mechanisms for graft functions. Further-
more, based on numerous experimental data on
striatal tissue transplantation, the possibility of its
clinical applications in patients with HD is discussed.

2. Huntington's disease and the animal models

HD is an inherited autosomal dominant neurode-
generative disorder. The major symptoms of the dis-
ease are progressive dementia, various psychiatric
disorders, and hyperkinetic, choreiform involuntary
movement. They typically appear between 30 and 40

years of age. The motor and psychiatric symptoms
progressively deteriorate over a 10±20 year period,
eventually leading to death (for review see Harper,
1991). In 1983, the gene responsible for HD was found
to be located on chromosome 4 (Gusella et al., 1983),
and thereafter the gene (IT 15) has been cloned and
demonstrated to contain a multiplication of CAG tri-
nucleotide repeats within exon 1 of the gene (The Hun-
tington's Disease Collaborative Research Group,
1993). The product of the HD gene is designated hun-
tingtin, a 350 kD protein. Although the normal func-
tion of huntingtin remains to be fully elucidated,
several studies employing knockout paradigms suggest
that the protein may be involved in neurogenesis
(Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al.,
1995). Although the gene encoding huntingtin is
expressed ubiquitously, selective cell degeneration
occurs in the brain, particularly in the striatum of HD
patients. Thus, the most striking neuropathological
features of HD are drastic loss of striatal neurons,
marked astrogliosis and the resultant severe atrophy of
the neostriatum. In addition to the striatum, the the
striatal projection areas, the globus pallidus and the
substantia nigra, are a�ected with atrophy and cell
loss (Bird, 1980; Lange et al., 1976). Within the stria-
tum, the medium-sized densely spiny neurons, which
constitute 95% of all striatal neurons (Bolam, 1984),
are most a�ected (Graveland et al., 1985). The large
cholinergic neurons and the medium-sized aspiny inter-
neurons that contain neuropeptide Y/somatostatin and
nicotinamide adenine dinucleotide phosphate-diaphor-
ase (NADPH-d) are relatively spared (Ferrante et al.,
1985).

Although the clinical and neuropathological features
of HD have been thoroughly investigated and the re-
sponsible gene has been identi®ed, the pathogenic
mechanism leading to the characteristic pattern of
neuron death in this disorder remains to be elucidated.
Coyle and Schwarcz (1976) and McGeer and McGeer
(1976) provided the ®rst experimental evidence to
suggest the implication of excitotoxicity in the patho-
genesis of HD. They found that intrastriatal injection
of kainic acid (KA) kills most of striatal neurons
except for the large-sized cells, and spares axons of
passage and nerve terminals. Subsequent studies with
quinolinic acid (QUIN), an agonist for the N-methyl-
D-aspartate (NMDA) receptor and an endogenous
metabolite of tryptophan, have revealed that it pro-
duces striatal lesions that are very similar to those in
HD in terms of neurochemical and neuropathological
features. Thus, in QUIN-induced striatal lesions the
levels of GABA and substance P, both of which are
localized in the medium-sized spiny neurons, are
reduced, and the content of somatostatin present in
the medium-sized aspiny neurons is preserved (Beal et
al., 1986). In accordance with these neurochemical
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®ndings, some morphological studies in rats and non-
human primates have shown that intrastriatal injec-
tions of QUIN preferentially kill medium-sized spiny
neurons with relative sparing of medium-sized aspiny
neurons and large-sized neurons (Schwarcz et al.,
1983; Beal et al., 1989, 1991; Bazzet et al., 1993; Fer-
rante et al., 1993). Other studies, however, have not
reproduced the ®nding of a relative sparing of med-
ium-sized aspiny neurons in QUIN-induced striatal
lesions (Davies and Roberts, 1987; Boegman et al.
1987, 1988; Figueredo-Cardenas et al., 1994). There is
evidence that favors an excitotoxic hypothesis as a
possible pathogenesis of HD. It has been reported that
in brains of HD patients the activity of 3-hydroxyan-
thranilate oxygenase, which is the biosynthetic enzyme
for QUIN, is increased (Schwarcz et al., 1988). Also,
reduced levels of kynurenic acid, an antagonist of
NMDA receptors that may modulate QUIN-induced
neurotoxicity, have been found in HD brains (Beal et
al., 1990).

An impairment of energy metabolism due to mito-
chondrial dysfunction has also been suggested as a
possible mechanism for neurodegeneration in HD
(Beal et al., 1993a). In vitro cell culture studies have
revealed that defects of energy metabolism make neur-
ons susceptible to excitotoxicity (Novelli et al., 1988;
Zeevalk and Nicklas, 1990). Experimental studies in
the rat have shown that pharmacological inhibition of
the mitochondrial respiratory chain by use of mito-
chondrial toxins such as 3-nitropropionic acid (3-NP)
and 1-methyl-4-phenylpyridinium can cause striatal
lesions (Storey et al., 1992; Beal et al., 1993b) which
are similar to those seen in HD. Nuclear magnetic res-
onance spectroscopy has indeed disclosed an elevated
level of lactate in the basal ganglia of living HD
patients, strongly suggesting that a defect of oxidative
phosphorylation may occur in HD (Jenkins et al.,
1993).

Over the past 20 years, animal models of HD have
been produced by intrastriatal injections of excitatory
amino acids, such as KA, QUIN and ibotenic acid, or
by systemic administrations of the mitochondrial toxin
3-NP (for review see Beal et al., 1993a). In most exper-
iments with embryonic striatal tissue grafting, graft tis-
sue has been placed in the adult rat striatum that had
previously been destroyed with the excitotoxins. Intras-
triatal injections of the excitatory amino acids kill
intrinsic striatal neurons with sparing axon terminals
of the nigrostriatal dopamine neurons as well as myle-
linated ®ber bundles passing through the striatum. The
induced neuronal loss leads to a progressive atrophy
of the striatum, starting 4 weeks after the toxin injec-
tion. By 3 to 4 months postlesioning, the volume of
the entire striatum is reduced by around 70% with
concomitant enlargements of the ipsilateral ventricle.
Similar to the neuropathology of HD, neuronal cell

loss and proliferation of glial cells are noted also in
brain structures including the globus pallidus and the
substantia nigra pars reticulata that receive a�erents
from the striatum (Krammer, 1980; Isacson et al.,
1987b; Saji and Reis, 1997; Nakao et al., 1996a,
Nakao and Brundin, 1997). The rat model with unilat-
eral or bilateral striatal lesions exhibits a variety of
behavioral abnormalities (for review see Emerich and
Sanberg, 1992; Sanberg and Coyle, 1984), some of
which are relevant to motor and cognitive dysfunctions
seen in HD. Motor-related behavioral de®cits in the
rat model are drug-induced turning, hyperlocomotion
and impairments in skilled paw use. Learning func-
tions are also impaired in rats with bilateral striatal
lesions (see Section 6.4).

Non-human primate models of this disease have
also been produced either by injecting excitotoxins into
the unilateral caudate-putamen (Kanazawa et al.,
1986; Isacson et al., 1989; Hantraye et al. 1990, 1992;
Kendall et al., 1998) or by systemic administrations of
3-NP (Brouillet et al., 1995; Pal® et al., 1996, 1998). In
response to the dopamine receptor agonist apomor-
phine, the primate model exhibit dyskinesias including
chorea-like and dystonic movements. In the rat model,
on the other hand, apomorphine induces increases in
locomotion such as those in rotational asymmetry, and
never causes dyskinesias. Furthermore, the primate
model with 3-NP-induced lesions of the bilateral cau-
date-putamen shows frontal-type cognitive impair-
ments (Brouillet et al., 1995; Pal® et al., 1996, 1998).
Since the dyskinetic movements and cognitive dis-
orders are highly relevant to the HD symptoms, pri-
mate studies could provide important information on
the possibility of clinical trials of neuronal transplan-
tation. Behavioral abnormalities in animal models of
HD are further discussed in Section 6.

The toxin-induced lesions of the striatum in these
animal models mimic some of the neuropathological
features of HD, and lead to the disruption of the
neural circuitry involving the striatum. The models are
therefore suitable for exploring the feasibility of intras-
triatal striatal grafts to repair the damaged neuronal
circuitry in HD. On the other hand, the models do not
reproduce the pathogenetic mechanisms that leads to a
progressive loss of striatal neurons in HD. It might be
the case in the clinical setting that the progressive dis-
ease process also involves grafted striatal tissue. In
order to address this issue before clinical trials, graft-
ing experiments should be done in animals models that
exhibit a progressive neuropathological process similar
to that of HD. Recently, several lines of transgenic
mice with insertions of either the full-length HD gene
or the fragment containing the expanded CAG repeats
have been established (Goldberg et al., 1996; Hodgson
et al., 1999; Mangiarini et al., 1996; Reddy et al.,
1998). Among them, transgenic mice which carry an
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expanded repeat of approximately (CAG)150 in exon 1
of the HD gene, for example, exhibit a progressive
neurological phenotype. The phenotype that develops
at 8±10 weeks of age include many features of the neu-
ropathology and the motor symptoms of HD (Man-
giarini et al., 1996). The transgenic mice can therefore
serve as an ideal model to study whether an active
neuropathological process similar to that seen in HD
may a�ect the development and survival of grafted
embryonic striatal neurons.

3. Morphological features of embryonic striatal grafts

3.1. Implantation of embryonic striatal tissue into the
lesioned striatum

Donor tissue for intrastriatal grafting is normally
taken from rat embryos at the age of embryonic day
(ED) form 14 to 15, and implanted into the lesioned
striatum either as cell suspensions or solid pieces. Rat
embryos at these gestational ages have two protrusions
of the telencephalic ventricular wall, each being called
medial (MGE) or lateral ganglionic eminences (LGE).
The ganglionic eminences gives rise not only to striatal
neurons but also to tissue of other brain structures
adjacent the striatum. Previous studies on the onto-
geny of the basal parts of the telencephalon have
revealed that the ganglionic eminences contribute to
the generation of the striatum, globus pallidus, amyg-
dala, and piriform cortex (Smart, 1976; Smart and
Sturrock, 1979). Indeed, grafts of the ganglionic emi-
nences are heterogeneous in terms of a striatal pheno-
type, and include tissue suggestive of neurons other
than striatal ones (see further below).

As is the case for other models of embryonic neur-
onal tissue transplantation, embryonic striatal grafts
grow and mature with time, and the development is
a�ected by environments of the implantations site.
Striatal grafts placed into the lesioned striatum grow
®ve- to eight-fold in volume over the ®rst three weeks,
and by 6±8 weeks the grafts are comparable to those
observed several months postgrafting with respect to
the size and morphological maturation. At these time
points after implantation, the periphery of the grafts is
well intermingled with the surrounding host tissue
(Labandeira-Garcia et al., 1991). It is noteworthy that
the time course of the graft development is close to
that of the development of the normal striatum. On
the other hand, striatal transplants placed into the
unlesioned normal striatum fail to grow beyond their
initial size, and the graft±host border is sharply deli-
neated (Labandeira-Garcia et al., 1991; Watts and
Dunnett, 1998). Interestingly, the ®nal size of striatal
tissue grafted into other brain regions, including glo-
bus pallidus, substantia nigra or neocortex, is much

smaller than that of homotopically placed grafts (Isac-
son et al., 1987a). These ®ndings indicate that the
growth and maturation of striatal grafts is greatly
dependent on host-derived trophic supports and
growth spaces, both of which could be increased by
prior lesioning.

3.2. Internal organization of embryonic striatal grafts

There is a body of evidence that grafts of the gangli-
onic eminences contain mature striatal neurons. Thus,
the medium-sized densely spiny neurons that constitute
the majority of mature striatal neurons have been
identi®ed in the grafts whereas there are slight di�er-
ences in their ®ne structures between those neurons in
the grafts and the normal striatum (McAllister et al.,
1985; Clarke et al., 1988; DiFiglia et al., 1988; Helm et
al., 1990). Immunohistochemical or in situ hybridiz-
ation studies have demonstrated that the grafts express
a variety of normal striatal neuropeptides and neuro-
transmitters, such as substance P, met-enkephalin, so-
matostatin, neuropeptide Y, GABA, glutamic acid
decarboxylase (GAD, the synthetic enzyme for
GABA), and choline acetyl transferase (ChAT) (Isac-
son et al., 1985, 1987a; Roberts and DiFigilia, 1988,
1990; Graybiel et al., 1989; Zhou and Buchwald, 1989;
Giordano et al., 1990; Liu et al., 1990; Sirinathsinghji
et al., 1990). The striatal transplants also express neu-
rotransmitter receptors localized in the normal stria-
tum. With ligand-binding autoradiography, dopamine
D1 and D2 receptors, muscarinic acetylcholine recep-
tors or opiate receptors have been shown to be present
in the transplants (Isacson et al., 1987a; Deckel et al.,
1988b; Liu et al., 1990; Mayer et al., 1990; Helm et al.,
1991; Campbell et al., 1995).

As discussed above, grafts of tissue derived from
combined dissections of MGE and LGE are morpho-
logically heterogeneous, showing an internal organiz-
ation in which tissue with striatal characteristics are
distributed in a patch pattern within the grafts. Patches
of striatal-like tissue are histochemically characterized
by intense acetylcholinesterase (AChE) staining (Isac-
son et al., 1987a; Graybiel et al., 1989), and are desig-
nated ``patch-zones'' or ``P-zones'' (Graybiel et al.,
1989). P-zones express molecules that are enriched in
the striatum, such as those including dopamine- and
cyclic AMP-regulated phosphoprotein with a molecu-
lar weight of 32 kD (DARPP-32) Wictorin et al.,
1989b; Labandeira-Garcia et al., 1991) and striatum-
enriched phosphatase (STEP) (Fricker et al., 1994).
Substance P, met-enkephalin and dynorphin, all of
which are neuropeptides present in striatal projection
neurons, are detected within striatal grafts (Isacson et
al., 1987a; Roberts and DiFigilia, 1988; Graybiel et al.,
1989; Sirinathsinghji et al., 1990; Campbell et al.,
1992). The expression of these neuropeptides exhibits a
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patchy pattern, corresponding to the distribution of
AChE- or DARPP-32-positive P-zones of the grafts.
The expression of neurotransmitter receptors within
the grafts also displays a characteristic pattern: dopa-
mine D1 and D2 receptors and opiate receptors are
clearly con®ned to P-zones whereas muscarinic recep-
tors are homogeneously distributed throughout the
grafts (Isacson et al., 1987a; Liu et al., 1990; Helm et
al., 1991; Campbell et al., 1995). Precise observations
of striatal grafts with immunohistochemistry for cal-
cium-binding protein (calbindin D28K)-, metenkepha-
lin or GAD have revealed that individual neurons
found in striatal-like P-zones morphologically resemble
normal striatal neurons, such as medium-sized densely
spiny neurons or interneurons (Graybiel et al., 1989;
Clarke and Dunnett, 1993). Furthermore, the mor-
phology of P-zones somewhat mimics striosome-matrix
compartmentalization seen in the normal striatum
although the proportion of the area occupied by the
tissue stained for the matrix marker, calbindin D28K,
is much greater in the P-zones than in the normal
striatum (Graybiel et al., 1989).

P-zones are intermingled with regions that do not
stain for the striatal markers and were named ``non-
patch-zones'' or ``NP-zones'' (Graybiel et al., 1989).
Whereas the morphological evidence above indicate
that P-zones are made up of di�erentiated striatal tis-
sue, NP-zones represent areas of non-striatal tissue
that is generated from the ganglionic eminences
grafted. Neurons with low levels of AChE and GAD-
immunoreactive neurons, both of which are similar to
normal pallidal neurons, are found in NP-zones of the
grafts (Walker et al., 1987; Zhou et al., 1989). A pre-
cise morphological characterization of Golgi-labeled
neurons in NP-zones has revealed that these neurons
resemble cortical pyramidal neurons or pallidal neur-
ons (Clarke et al., 1988). Moreover, large calbindin
D28K-positive neurons detected in non-striatal NP-
zones are similar to those normally found in the glo-
bus pallidus, ventrolateral cortex and amygdaloid com-
plex, and the NP-zones also contain somatostatin-
immunoreactive neurons similar to cortical neurons
containing this neuropeptide (Graybiel et al., 1989).
With an in situ hybridization technique, NP-zones
have been demonstrated to express mRNA for the a1
and a2 subunits of GABAA receptors that are nor-
mally present in the cortex and globus pallidus (Camp-
bell et al., 1995).

3.3. Factors a�ecting the proportion of the striatal
component (P-zones) within grafts of the ganglionic
eminences

Up to 1993, the studies investigating the mor-
phology and function of striatal grafts had employed
dissections of both MGE and LGE to prepare donor

tissue for grafting. This mode of preparing donor cells
yields striatal-like P-zones at a proportion of 30±50%
of the entire graft volume (e.g. Isacson et al., 1987a;
Graybiel et al., 1989; Wictorin et al., 1989b). It has
subsequently been found that the proportion of P-
zones can be increased to 80±90% if LGE is selectively
dissected and implanted, whereas in grafts of MGE
only about 25% of the grafted tissue displays P-zone
characteristics (Pakzaban et al., 1993; Olson et al.,
1995). The ®ndings indicate that LGE is the primary
source of striatal neurons. This is supported by an in
vitro study which could exclude host environmental
factors possibly a�ecting the development of striatal
phenotype of grafted neurons. Thus, cultures prepared
from selective dissections of LGE yield approximately
four-fold higher number of DARPP-32-positive neur-
ons compared to those derived from MGE, without a
concomitant di�erence in total cell numbers (Nakao et
al., 1994a).

Another important factor determining the volume of
striatal-like P-zones of striatal grafts is donor age. The
proportion of graft tissue expressing striatal markers
such as AChE and STEP is decreased when donor tis-
sue for grafting is taken from older embryos (Fricker
et al., 1997a). Thus, whereas P-zones constitute ap-
proximately 40% of the total volume of grafts of ED
14 donor, grafts of ED 16-17 donor are made up of
30% of P-zones. Grafting of ED 18 donor results in
only 15% P-zones.

4. Anatomical connections between striatal grafts and
host brain

4.1. Host a�erents to the grafts

The function of the striatum is regulated by receiv-
ing a�erent from several di�erent brain structures. The
medium-sized, densely spiny neurons that are the
major projection neurons in the striatum receive direct
synaptic inputs from major striatal a�erent systems,
including the dopaminergic neurons of the substantia
nigra pars compacts, and the glutamatergic ®bers de-
rived from the frontal neocortex and the intralaminar
thalamic nuclei. Ultrastructural studies has revealed
that dopaminergic and cortical inputs form synapses
mainly on the distal portion of dendritic spines of the
medium-sized, spiny neurons (Smith and Bolam,
1990). Whereas the dopaminergic a�erents form sym-
metric synaptic contacts on both dendritic shafts and
spines of the medium-sized, spiny neurons, the cortical
a�erents make asymmetric synaptic contacts on the
dendritic spines, and the thalamic a�erents on both the
dendritic shafts and the spines (Freund et al., 1984;
Dube et al., 1988). Morphological studies have investi-
gated These manners of anatomical connections can be
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restored, to some extent, in striatal grafts placed in the
lesioned striatum.

Nigrostriatal dopaminergic innervation of intrastria-
tal striatal grafts has been demonstrated by use of cat-
echolamine histo¯uorescence (Pritzel et al., 1986) or
tyrosine hydroxylase (TH) immunohistochemistry (e.g.
Clarke et al., 1988; Sanberg et al., 1990; Liu et al.,
1990; Wictorin et al., 1989b, 1989c; Labandeira-Garcia
et al., 1991). Retrograde-tracing studies have con-
®rmed that the dopaminergic innervation are derived
from the host substantia nigra (Pritzel et al., 1986;
Wictorin et al., 1988; Wictorin and BjoÈ rklund, 1989).
The host-derived TH-positive ®bers form patches that
spatially correspond to DARPP-32 or AChE-positive
P-zones within striatal grafts (Liu et al., 1990; Wictorin
et al. (1989b, 1989c)), indicating that the dopaminergic
innervation occur selectively in the striatal component
of the grafts. Ultrastructural observations revealed
that TH-positive dopaminergic terminals establish
symmetric synaptic contacts on dendritic shafts and
spines of the medium-sized densely spiny neurons
within the grafts (Clarke et al., 1988).

Pritzel et al. (1986) ®rst reported that intrastriatal
striatal grafts are innervated by the host cortical a�er-
ents. The authors injected wheat germ agglutinin-
horseradish peroxidase (WGA-HRP) into the grafts,
and thereafter observed a small number of faintly
labeled cells in the host frontal cortex (Pritzel et al.,
1986). This report was followed by a study by Wic-
torin and BjoÈ rklund (1989) who employed ¯uorogold
(FG) as a retrograde tracer, and found numerous,
intensely labeled cells in the frontal cortex. The distri-
bution of the labeled cells was found to exhibit a lami-
nar pattern similar to that seen in the normal cortex.
In the same study, using phaseplous vulgaris leucoag-
glutinin (PHA-L) as an anterograde tracer, a�erent
®bers derived from the frontal cortex was demon-
strated to innervate the grafts with their peripheral
portion being most densely innervated (Wictorin and
BjoÈ rklund, 1989). In electron microscopic studies,
PHA-L-labeled ®bers derived from the frontal cortex
have been shown to establish asymmetric synaptic con-
tacts on both dendritic spines and shafts of grafted
striatal neurons (Wictorin et al., 1989a; Xu et al.,
1989; Clarke and Dunnett, 1993). Thalamic inner-
vation of striatal grafts placed in the lesioned striatum
has also been demonstrated by means of a retrograde
tracing method with several di�erent tracers (Pritzel et
al., 1986; Wictorin et al., 1988; Wictorin and BjoÈ rk-
lund, 1989). As is the case for the innervation pattern
of the cortical a�erents, anterogradely labeled thalamic
a�erent ®bers innervate mostly the peripheral graft
portion (Wictorin et al., 1988). Ultrastructural obser-
vations of the thalamic innervation of the grafted
neurons has revealed synaptic contacts on both the
dendritic spines and shafts (Xu et al., 1990).

In addition to the major a�erent inputs mentioned
above, the mesencephalic raphe-derived serotonergic
®bers, as revealed by using both 5-hydroxytryptamine
(5-HT)-immunohistochemical and retrograde tracing
techniques, have been shown to innervate the grafts
(Wictorin et al., 1988, 1989a). Unlike the dopaminergic
a�erents, the 5-HT-positive serotonergic ®bers termi-
nate into the grafts in a di�use, but not patchy, man-
ner (Wictorin et al., 1988).

4.2. Graft e�erents to the host brain

The striatum and its e�erent projections constitute
critical parts of the basal ganglia circuitry (Albin et al.,
1989; DeLong, 1990; see below for further discussion).
The striatal projection neurons send the e�erents
directly to the output nuclei of the basal ganglia, such
as the entopenduncular nucleus (EP; the rodent homol-
ogue of the internal segment of the globus pallidus)
and the substantia nigra pars reticulata (SNr), and the
globus pallidus (GP; the rodent homologue of the
external segment of the globus pallidus). There is ana-
tomic evidence that grafted striatal neurons send pro-
jection ®bers to some of the aforementioned nuclei,
and that the neural circuitry involved in the functional
organization of the basal ganglia is partially recon-
structed.

Pritzel et al. (1986) injected WGA-HRP into intras-
triatal striatal grafts, and then found the anetrogradely
labeled ®bers in the GP and, to a lesser extent, in the
SNr ipsilateral to the grafts. However, the authors
failed to consistently observed the graft-derived, ®ber
projections in these nuclei in all the animals studied. A
tracing study by using the anterograde tracer PHA-L
clearly demonstrated ®ber projections from the grafts
to the nearby GP and, to a lesser extent, the EP (Wic-
torin et al., 1989c). In this study, however, no antero-
gradely labeled ®bers were not detected in the
substantia nigra. Electron microscopic observations
demonstrated that the PHA-L labeled ®bers form
synaptic contacts onto dendritic shafts of host pallidal
neurons (Wictorin et al., 1990a). Further con®rming
the graft-derived innervation of the GP, iontophoretic
infusions of the retrograde tracer FG into the host GP
were found to label numerous cells in intrastriatal
striatal grafts. The labeled cells were clustered in
patches which well correspond to striatal-like P-zones
of the grafts, and the majority of the cells were also
found to express DARPP-32 and GAD (Wictorin et
al., 1989b, 1989c; Campbell et al., 1995). Furthermore,
a study using combined FG-retrograde tracing and in
situ hybridization techniques revealed that around
25% of the FG-labeled cells express enkephalin, and
that about 50% express substance P (Campbell et al.,
1995). The ®ndings indicate that grafted striatal neur-
ons projecting to the GP employ GABA as a neuro-
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transmitter, and that they comprise enkephalin-con-
taining and substance P-expressing subtypes. The ®nd-
ings that both subtypes of projection neurons in the
grafts send axonal ®bers to the GP are not compatible
with previous anatomical data on the normal striatum.
In the normal striatum, these two subtypes of GABA-
ergic neurons project to distinct targets. Thus, enkeph-
alin-containing projection neurons send e�erent ®bers
predominantly to the GP, whereas striatal neurons
projecting to the SNr express substance P (Beckstead
and Kersey, 1985; Gerfen and Young III, 1988; Ger-
fen, 1992; Reiner and Anderson, 1990).

5. Functional aspects of striatal grafts

5.1. Regulation of graft function by host brain

5.1.1. Nigrostriatal dopaminergic a�erents
As mentioned above, intrastriatal striatal grafts

receive a�erents from several host brain structures
including the substantia nigra and the frontal neo-
cortex, both of which are the main a�erent sources of
the normal striatum. This strongly suggests that the
function of grafted striatal neurons are regulated by
the host brain. The fact that the nigrostriatal dopamin-
ergic a�erents speci®cally innervate grafted striatal
neurons, localized within the P-zones of the grafts,
with synaptic contacts indicates that the grafted neur-
ons are functionally modulated by the dopaminergic
innervation in a manner similar to the normal striatal
neurons. Several experimental approaches have been
employed to demonstrate that the morphologically ver-
i®ed, graft±host connections are functional. Basically,
these approaches involve experimental procedures that
can lead to dopamine receptor-mediated activations of
the normal striatal neurons. One experimental
approach with which dopamine receptors-mediated,
postsyanptic responses can be studied is to detect the
expression of the protooncogene c-Fos or of its pro-
duct on striatal neurons after administrations of dopa-
mine-releasing drugs such as amphetamine and
cocaine. Postsynaptic induction of c-Fos has been
observed under a variety of conditions involving neur-
onal activation. Since most neurons express little if any
c-Fos under basal conditions, determinations of c-Fos
expression, using either in situ hybridization or im-
munocytochemical techniques, have been made for
metabolic mapping in situations where neuronal ac-
tivity is altered (Hunt et al., 1987; Morgan et al., 1987;
Sagar et al., 1988; Dragunow and Faull, 1989; Nakao
et al., 1998a). In the normal striatum, the dopamine-
releasing drugs provoke the expression of c-Fos in
dopaminoceptive projection neurons, and the ex-
pression is abolished by prior destruction of the
nigrostriatal dopamine system (Graybiel et al., 1990;

Centi et al., 1992). In intrastriatal striatal grafts, simi-
lar c-Fos activations in response to systemic challen-
ging of the dopamine-releasing drugs have been shown
to occur selectively in neurons localized within DARP-
32- or AChE-positive P-zones (Liu et al., 1991; Mandel
et al., 1992). As is the case for the normal striatum, de-
pletion of the nigrostriatal dopamine a�erents
abolishes the c-Fos activation in grafted striatal neur-
ons. Unlike the dopamine-releasing agents, apomor-
phine, an agonist of both dopamine D1 and D2
receptors, has no e�ect on the normal striatal neurons
with intact nigrostriatal dopaminergic inputs, but
strongly induces c-Fos expression in dopamine-dener-
vated striatal neurons (Centi et al., 1992). It is believed
that the apomorphine-induced, robust expression of c-
Fos in the denervated striatum is mediated by overacti-
vation of striatal neurons with supersensitivity of
dopamine receptors after dopamine depletion. The c-
Fos activation after treatment with dopamine receptor
stimulants occurred also in grafted striatal neurons
when the host dopaminergic a�erents had previously
been removed (Liu et al., 1991; Mandel et al., 1992).
These ®ndings clearly indicate that the morphologically
proven dopaminergic inputs into grafted striatal neur-
ons are functionally active, and that dopamine recep-
tors present in the grafted neurons respond to removal
of dopaminergic a�erents in a fashion similar to the
receptors in the normal striatum.

In the normal striatum, the expression of two types
of neuropeptides, enkephalin and substance P, in pro-
jection neurons is di�erentially regulated by dopamin-
ergic a�erents. As mentioned earlier, enkephalin and
substance P are present in separate populations of
striatal projection neurons, i.e. striatopallidal neurons
and stratonigral neurons, respectively. The expression
of enkephalin is increased after either dopamine dener-
vation or blockade of dopamine receptors, whereas
such treatments down-regulate the level of substance P
(Gerfen and Young III, 1988; Gerfen, 1992). It is
therefore conceived that dopamine inhibit enkephalin-
containing straitopallidal neurons while stimulating
substance P-expressing striatonigral neurons. The
di�erential e�ects of dopamine on the two subtypes of
striatal projection neurons is thought to be mediated
by di�erent subtypes of dopamine receptors, such as
D1 and D2 receptors in substance P-ergic and enkeph-
linergic neurons, respectively. This experimental para-
digm can be applied to the intrastriatal graft model in
order to explore the functional regulation of host
dopaminergic a�erents over grafted striatal neurons.
When dopaminergic innervation of intrastriatal striatal
grafts is removed either by 6-hydroxydopamine-
induced destruction or prolonged treatment with halo-
periodol, the expression of enkephalin is up-regulated
whereas that of substance P is reduced (Clarke et al.,
1988; Campbell et al., 1992). When embryonic striatal
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tissue is implanted into the previously denervated stria-
tum, immunocytochemically detectable levels of en-
kephalin is signi®cantly enhanced in the P-zone of the
grafts as compared to the grafts placed in the intact
striatum (Liu et al., 1992). Taken together, it is most
likely that as seen in the normal striatal neurons, the
host nigrostriatal dopaminergic a�erents regulates the
activity and the neuropeptide expression of grafted
striatal neurons.

The majority of striatal neurons, including projec-
tion neurons as well as interneurons, use GABA as a
neurotransmitter, and the GABA release is under the
regulation of the nigrostriatal dopaminergic inputs.
This view is based on microdialysis studies showing
that depletion of striatal dopamine with 6-hydroxy-
dopamine lesions leads to an increase in extracellular
GABA levels after potassium-induced depolarization
(Tossman et al., 1986; Lindefors et al., 1989). There is
experimental evidence to indicate that graft-derived
GABA release is modulated by host dopaminergic
a�erents, similar to what seen in the normal striatum.
Thus, 6-hydroxydopamine-induced dopamine denerva-
tion of striatal grafts has been shown to result in a sig-
ni®cant enhancement of K+-induced GABA release
from the grafts (Campbell et al., 1993b).

5.1.2. Cortical and thalamic a�erents
It has been shown that electrical stimulation of the

unilateral neocortex causes the expression of c-Fos in
the striatum on both sides (Fu and Beckstead, 1992).
Since, as mentioned earlier, the expression of c-Fos is
a sensitive marker of neuronal activation, the induc-
tion of c-Fos in striatal neurons after cortical stimu-
lation can be considered an indication of
corticostriatal postsynaptic responses. Functional corti-
cal a�erents to intrastriatal striatal grafts has been
determined by examining the c-Fos activation in
grafted neurons after electrical stimulation of the host
frontoparietal cortex. Thus, Labandeira-Garcia and
Guerra (1994) found that either bilateral or unilateral
stimulation of the cortex induces c-Fos expression in
grafted striatal neurons, and that neurons expressing c-
Fos are concentrated in DARPP-32-positive, striatal
P-zones of the grafts. Functional e�ects of cortical and
thalamic a�erents on grafted neurons have also been
demonstrated by employing an electrophysiological
technique (Rutherford et al., 1987; Xu et al., 1991). It
has been shown that synaptic potentials are evoked in
grafted striatal neurons in response to electrical stimu-
lation of the cortex and the thalamic intralaminar
nuclei. The electrophysiological responses of grafted
neurons to the cortical and thalamic stimulation are
similar to those of the normal striatal neurons,
although their responses are not so consistently
detected and not so great in terms of their magnitude
as seen in the normal stratal neurons (Xu et al., 1991).

The results could be due to that distribution of cortical
and thalamic a�erent terminals within the grafts is het-
erogeneous.

The functional regulation of the grafts by host corti-
cal a�erents is further supported by a previous micro-
dialysis study (Campbell et al., 1993b). It has been
shown in microdialysis experiments that in the normal
striatum, extracellular levels of glutamate are increased
with the addition of the excitatory amino acid KA to
the perfusion ¯uid. The KA-induced increase in gluta-
mate levels is dependent on the integrity of corticos-
triatal a�erents, indicating that detected glutamate is
most likely released from corticostriatal a�erent term-
inals, and that KA induces depolarization of the term-
inals with consequent enhancements of their glutamate
release (Young et al., 1988). Campbell et al. (1993b)
demonstrated by using a microdialysis technique that
perfusion of intrastriatal striatal grafts with KA
enhances extracellular levels of GABA within the
grafts, and that this e�ect is abolished by prior decorti-
cation. The results could be interpreted by that KA
promotes the release of glutamate from host corticos-
triatal a�erents, consequently stimulating the GABA
release from grafted striatal neurons bearing glutamate
receptors.

5.2. Graft-derived functional e�ects on host brain

Intrastriatal striatal transplants could potentially
a�ord functional impacts not only to basal ganglia
nuclei including the striatum but also to other brain
structures. Nonetheless, since the main theme of this
review is the graft-mediated, functional reconstruction
of damaged neuronal circuits, we discussed the graft
e�ect only detected in the striatum and its projection
areas (Table 1).

5.2.1. Restoration of neurotransmitter levels
In a rat model of HD, excitotoxin-induced loss of

intrinsic striatal neurons is accompanied with a re-
duction in levels of neurotransmitter-related enzymes,
such as GAD and ChAT, in the striatum as well as its
projection areas including substantia nigra and globus
pallidus (McGeer and McGeer, 1976; Schwarcz et al.,
1979b). Intrastriatal implantation of embryonic striatal
tissue has been shown to restore levels of the enzymes
in these brain structures (Isacson et al., 1985). The
toxin-induced striatal damage also lead to a decrease
in extracellular levels of GABA in the striatum, globus
pallidus and substantia nigra (Campbell et al., 1993a;
Sirinathsinghji et al., 1988). It has been shown in the
lesioned striatum that the basal levels is attenuated,
and that K+-evoked GABA release is completely
diminished (Campbell et al., 1993a, 1993b). Striatal
grafts placed in the lesioned striatum normalize the re-
duction in basal GABA levels and K+-evoked GABA
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release (Campbell et al., 1993b). The lesioned-induced
decrease in pallidal and nigral GABA levels is partially
reversed by the grafts (Sirinathsinghji et al., 1988). The
partial recovery of the neurotransmitter levels is most
likely due to graft-derived, GABAergic innervation of
these structures. In rats with intrastriatal striatal
grafts, amphetamine injections induce signi®cant
increases in pallidal and nigral GABA levels. This
further supports the aforementioned view that GABA
release from the grafted striatal neurons is regulated
by functional inputs derived from the host nigrostriatal
dopaminergic system (Sirinathsinghji et al., 1988). Fur-
thermore, there is experimental evidence to indicate
that the grafts also exert regulatory e�ects on dopa-
mine release from host dopaminergic ®ber terminals
(Sirinathsinghji et al., 1990). Thus, striatal tissue
implanted into the striatum lesioned with ibotenic acid
was found to reverse the lesion-induced defect of the
inhibitory action of cholecystokinin on dopamine
release from host nigrostriatal a�erents.

5.2.2. E�ects on regional metabolic activity
Excitotoxic lesions of the striatum remove the in-

hibitory GABAergic innervation from primary striatal
projection areas, such as GP, EP and SNr. The loss of
the striatum-derived inhibitory a�erents leads to
alterations in metabolic activities not only in the pri-
mary targets but also in several brain regions through
transsynaptic mechanisms. The lesion-induced changes
in neuronal activities have been demonstrated in pri-
mary and secondary striatal targets with two di�erent
techniques for metabolic mapping. One method for
determining alterations in activities of several brain
structures after the lesions is quantitative 2-[14C]deoxy-
oxyglucose autoradiography which can detect the rate

of glucose utilization in discrete brain regions (Hoso-
kawa et al., 1984; Isacson et al., 1984; Kelly et al.,
1982; Kelly and McCulloch, 1987; Wooten and Col-
lins, 1980). Another technique to detect changes in
neuronal activities is quantitative cytochrome oxidase
(CO) histochemistry (Nakao et al., 1998a, 1998b,
1999). CO is a mitochondrial enzyme which is involved
in the oxidative energy metabolism, and its activity
could therefore re¯ect the metabolic activity of cells
(Wong-Riley, 1989). Whereas 2-[14C]deoxyglucose
uptake is dependent on both glycolytic and oxidative
activity during short time periods (Sokolo� et al.,
1977), CO levels are regulated by the state of oxi-
dative, but not glycolytic, metabolism over relatively
longer periods of time (Wong-Riley, 1989).

Previous studies employing either of the two tech-
niques have consistently found that striatal lesions
result in increases in the activity of the primary striatal
projection areas, including GP, EP and SNr (Hoso-
kawa et al., 1984; Isacson et al., 1984; Kelly et al.,
1982; Kelly and McCulloch, 1987; Nakao et al.,
1998b; Wooten and Collins, 1980). Unlike the consist-
ent data regarding neuronal activities of the primary
targets, the results on the activity of secondary striatal
targets, such as the subthalamic nucleus (STN) and su-
perior colliculus, vary among these studies. Thus, the
STN activity have been shown to be unaltered (Hoso-
kawa et al., 1984; Kelly et al., 1982; Kelly and McCul-
loch, 1987), increased (Isacson et al., 1984) or rather
decreased (Nakao et al., 1998b) following striatal
lesions. The discrepancy may be related to di�erences
in the time point of measuring metabolic activities
after lesioning the striatum. Among these investi-
gations, three studies involving transplantation exper-
iments have examined neuronal activities of the STN

Table 1

Graft-derived functional e�ects on the host brain

Brain structures Restorative e�ects of striatal grafts

Striatum Gluatamic acid decarboxylase (GAD) levels

Extracellular levels of GABA

Regulation of dopamine release from host nigrostriatal a�erents

Primary striatal targets

Globus pallidus (GP) GAD levels

Extracellular levels of GABA

Uptake of �14C]deoxyglucose

Cyotchrome oxidase activity

Single unit activity

Entopeduncular nucleus (EP) Not a�ected (uptake of �14C]deoxyglucose, cytochorme oxidase activity)

Substantia nigra pars reticularis (SNr) GAD levels

Extracellular levels of GABA

Not a�ected (uptake of �14C]deoxyglucose, cytochorme oxidase activity)

Secondary striatal targets

Subthalamic nucleus (STN) Uptake of �14C]deoxyglucose

Cyotchrome oxidase activity

Superior colliculus Uptake of �14C]deoxyglucose

Thalamus Not a�ected (uptake of �14C]deoxyglucose)
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several months after striatal lesions (Isacson et al.,
1984; Nakao et al., 1998b, 1999). The remaining stu-
dies all have determined the metabolic changes within
the period of 10 days after the lesions (Hosokawa et
al., 1984; Kelly et al., 1982; Kelly and McCulloch,
1987). The inconsistent results may also be due to in-
herent technical di�erences of the two metabolic map-
ping techniques. Metabolic activities that can be
detected by the two methods occur over di�erent time
periods and along metabolic processes that do not
entirely overlap. Adjustments of CO levels according
to the functional state of neurons require hours to
weeks to achieve a new steady-state level that is histo-
chemically detectable (Wong-Riley, 1989). On the
other hand, glucose demands by neurons can ¯uctuate
by minutes, and therefore 2-[14C]deoxyglucose uptake
can depend on neuronal activities occurring during the

acute period of the infusion of this tracer (Sokolo� et
al., 1977). In contrast to 2-[14C]deoxyglucose uptake
that is dependent on changes of both glycolytic and
oxidative metabolism, CO levels re¯ect speci®cally oxi-
dative metabolism, thereby representing overall neur-
onal functional activity. Furthermore, CO is enriched
in the somatodendritic compartment of neurons
(Kageyama and Wong-Riley, 1982), and its activity in
a given brain structure could therefore indicate the
functional activity of the structure itself. Changes in 2-
[14C]deoxyglucose uptake in a structure is known to
also re¯ect alterations in the presynaptic activity of its
a�erent inputs (Auker et al., 1983; Schwartz et al.,
1979). Thus, this method cannot distinguish altered
metabolic activities of neurons intrinsic to a brain
region from those of terminals of a�erent ®bers. It
could therefore be argued that CO activity is a more

Fig. 1. Schematic illustration of a hypothetical model of functional organization of basal ganglia circuitry in normal, lesioned rats and lesioned

animals with striatal grafts (modi®ed from Albin et al. (1989) and DeLong (1990)). There are the two distinct pathways originating from the

striatum toward the output station of the basal ganglia. Enkephalin (Enk)-containing projection neurons send inhibitory GABAergic e�erent

®bers to the globus pallidus (GP). The GP provides an inhibitory in¯uence over the entopeduncular nucleus (EP) and the substantia nigra pars

reticulata (SNr) with the mediation of the subthalamic nucleus (STN) or the direct projection to theses structures (``the indirect pathway''). Sub-

stance P (SP)-expressing, GABAergic neurons project directly to the EP and SNr (``the direct pathway''). SP- and Enk-containing projection

neurons are di�erentially regulated by dopaminergic a�erents from the substantia nigra pars compacts (SNc) presumably via di�erent subtypes

of dopamine receptors, such as D1 and D2 receptors, respectively. Striatal lesions lead to the loss of a tonic inhibitory control over the GP with

consequent overactivity of this structure. The excessive increase in the GP activity could suppress the STN-mediated excitatory drive to the out-

put nuclei of the basal ganglia (i.e. the EP and SNr). In addition, the overactivity of the GP could directly suppress these structures. A series of

these events could in turn result in the disinhibition of the thalamus, subsequently leading to an increase in its excitatory drive to the neocortex.

Based on the results on the analysis of parameters representing neuronal activity, such as those including the uptake of 2-[14C]deoxyglucose, the

cytochrome oxidase activity and the single unit activity, striatal grafts can restore the functional activity of the striato-pallido-subthalamic path-

way (i.e. the indirect pathway). This view well agrees with the anatomic evidence of graft±host connections. Thus, striatal neurons grafted into

the lesioned striatum receive a�erents, including the dopaminergic inputs from the SNc and the gluatmatergic a�erents from the neocortex. The

grafted neurons send e�erents extensively to the GP, but not to the EP or SNr. It is notable that unlike the normal striatum, both subtypes of

striatal projection neurons project to the GP.
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suitable marker for studying long-term e�ects of

lesions or implantation of neural tissue on transsynap-
tic changes of neuronal activity in speci®c brain

regions. Since the methodology of metabolic mapping

is not the main issue of the present review, the impact
of striatal grafts on the regional metabolic activity of

the host brain is discussed below by employing data

obtained with quantitative CO histochemistry.

A proposed model of the functional organization of

the basal ganglia circuitry could help to explain the

mechanisms for the changes in basal ganglia activity

after striatal lesions (Albin et al., 1989; DeLong,
1990). The striatal projection neurons sends inhibitory

GABAergic e�erents to the output nuclei of the basal

ganglia, such as the EP and SNr. The striatum also

projects GABAergic e�erents to the GP. The STN
receives inhibitory GABAergic a�erents from the GP,

and sends excitatory glutamatergic e�erents to both

the EP and SNr. According to this model, the lesion-
induced hyperactivity of the EP and SNr is most likely

due to the loss of tonic inhibitory in¯uence over these

structures (Fig. 1). The ®ndings agree with electro-

physiological experiments showing that striatal lesions
result in irregular bursting activities of neurons in the

GP and EP ipsilateral to the lesions (Nakao et al.,

1999; Sachedv et al., 1989). The decreased activity of
the STN can be considered a consequence of an exces-

sive suppression provided by inhibitory inputs from

hyperactive GP neurons.

Isacson et al. (1984) have previously shown that

intrastriatal implantation of a mixture of the LGE and

MGE tissues normalizes the lesion-induced increases in

the uptake of �14C]deoxyglucose ipsilaterally in the GP
and the STN, and bilaterally in the superior colliculus.

Recent studies using quantitative CO histochemistry

demonstrated that grafts derived exclusively from LGE
(the primary source of striatal neurons, see Section

3.3) reverse the altered activity of both the GP and the

STN in rats with striatal lesions (Nakao et al., 1998b,

1999). It was found that the lesion-induced overactivity
of the GP ipsilateral to the lesion is reversed by intras-

triatal transplants of the LGE (Nakao et al., 1998b,

1999). The LGE grafts also normalized the induced

hypoactivity of the ipsilateral STN (Nakao et al.,
1998b). In contrast to the e�ects on the GP and STN

activities, the increased activities of the EP or SNr

were not a�ected by the grafts (Nakao et al., 1998b).
These ®ndings clearly indicate that intrastriatal LGE

grafts have a functional in¯uence over host metabolic

activities through one or several synapses. It is note-

worthy that no such e�ects were seen in animals
receiving grafts of MGE (Nakao et al., 1998b, 1999).

This suggests that the observed restoration of neuronal

activity of striatal targets is not a consequence of non-
speci®c e�ects of embryonic tissue grafting. Rather,

the recovery of the activity of these structures could be
attributable to striatal tissue replacement.

The mechanism for the graft-mediated normalization
of the activity of GP neurons are (1) di�use release of
neurotransmitters and/or (2) reconstruction of neural
circuits. Intrastriatal striatal grafts have been shown to
partially reverse the lesion-induced reduction in extra-
cellular GABA over¯ow in the GP (Sirinathsinghji et
al., 1988; Campbell et al., 1993b). Therefore, one could
argue that the restorative e�ect of the grafts on the
GP neuron activity may be mediated by di�usion of
an inhibitory neurotransmitter GABA derived from
the grafts. Thus, GABA released from the outgrowing
e�erents could act directly on denervated pallidal neur-
on.

On the other hand, there is morphological evidence
that supports the idea that the e�ects may be achieved
with reconstruction of neural circuits. As discussed
earlier, anatomical studies have shown that intrastria-
tally grafted striatal neurons project e�erents exten-
sively to the GP, and to lesser extent, to the EP
(Pritzel et al., 1986; Wictorin and BjoÈ rklund, 1989;
Wictorin et al., 1990a). No or few if any graft-derived
®bers have been found in the substantia nigra (Pritzel
et al., 1986; Wictorin et al., 1989c, 1990a). The LGE is
believed to be a principal anlage of striatal projection
neurons, and grafted LGE tissue yields a greater
amount of striatal-like tissue P-zones (Pakzaban et al.,
1993; Deacon et al., 1994; Olson et al., 1995; Nakao et
al., 1996b). Whereas LGE grafts placed in the striatum
exhibited extensive ®ber outgrowth directed towards
the GP, intrastriatal MGE grafts extended few if any
®bers to the GP (Olson et al., 1995). Projection ®bers
exclusively derived from P-zones of striatal grafts in-
nervate GP neurons with synaptic contacts (Wictorin
et al., 1989c, 1990a). Indeed, an in situ hybridization
technique demonstrated that the majority of grafted
neurons projecting to the GP express DARPP-32 and
glutamic acid decarboxylase, the GABA-synthesizing
enzyme (Campbell et al., 1995). The anatomical evi-
dence makes it more likely that the graft-mediated
reversal of the overactivity of the GP is due to the res-
toration of a tonic inhibitory control over this nucleus
with the graft-derived reinnervation. The restoration of
the functional state of the GP could in turn reinstate
the STN activity. The fact that the intrastriatal striatal
grafts failed to a�ect the activity of either the EP or
SNr could be explained by the aforementioned ana-
tomical data showing that neither of these structures
are fully reinnervated by the grafts.

5.2.3. E�ects on electrophysiological properties
Whereas the metabolic activity measured with the

methods described above represents the net activity of
the entire structure of interest, the single unit activity
illustrates the functional state of neurons at the single
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cell level. Since both the rate and pattern of spon-
taneous neuronal ®ring are sensitively modulated in re-
sponse to alterations of the input activity, an
electrophysiological technique could detect even subtle
changes in the activity of each basal ganglia nucleus
after striatal lesions. Relatively few studies have
addressed the e�ects of striatal lesions on the electro-
physiological activity of neurons present in striatal
projection areas. Sachedv et al. (1989) recorded spon-
taneous single unit activity of the GP and EP in cats
with unilateral striatal lesions. The lesions were found
to result in an increase in the discharge rate of the GP
along with a irregular bursting activity, whereas the ®r-
ing rate of EP neurons was not altered after the lesions
(Sachedv et al., 1989). In normal rats, systemic admin-

istration of the dopamine receptor agonist apomor-
phine induces marked increases in discharge rates of
GP neurons (Bergstrom et al., 1982, 1984). Thus, apo-
morphine suppresses the activity of GABAergic stria-
topallidal neurons through dopamine D2 receptors,
consequently leading to disinhibition of pallidal neur-
ons. As might be expected, the apomorphine-induced
increase in ®ring rate of pallidal neurons is attenuated
following striatal lesions (Pan et al., 1990). The unit
activity of GP neurons can therefore be a sensitive par-
ameter that re¯ects the functional state of the striato-
pallidal pathway.

It was found that excitotoxic striatal lesions result in
an increase in the spontaneous ®ring rate of pallidal
neurons, and that intrastriatal grafts derived from

Table 2

E�ects of striatal grafts on behavioral de®cts in a rat model of Huntington's diseasea

References Striatal

lesions

Motor de®cits Cognitive de®cits Correlation with graft morphology

Deckel et al.

(1983)

Bilateral Reduced hyperactivity

Isacson et al.

(1984)

Unilateral Reduced hyperactivity

Isacson et al.

(1986)

Bilateral Reduced hyperactivity Improvement in delayed alteration

in T maze

Correlated with the graft volume

Deckel et al.

(1986a)

Bilateral Reduced hyperactivity Improvement in delayed alteration

in T maze

Correlated with the graft cell density

Deckel et al.

(1986b, 1988b)

Bilateral Reduced hyperactivity; no e�ect in

apo- or amph-induced hyperactivity

Giordano et al.

(1988)

Bilateral Reduced hyperactivity

Sanberg et al.

(1986, 1987a)

Bilateral Reduced spontaneous and amph-

induced hyperactivity

No e�ects with grafts placed outside

the striatum (lateral ventricle)

Dunnett et al.

(1988)

Unilateral Attenuation in apo- and amph-

induced circling; Improvement in

paw-reaching de®cits

Norman et al.

(1988, 1989)

Unilateral Attenuation in apo-induced

rotational asymmetry

Sanberg et al.

(1989)

Bilateral Reduced hyperactivity No e�ects with grafts placed outside

the striatum (lateral ventricle) or with

lesioning the grafts

Montoya et al.

(1990)

Unilateral Improved skilled paw use

Giordano et al.

(1990)

Bilateral Improvement in haloperiodol-

induced catalepsy

Emerich et al.

(1991)

Bilateral Reduced hyperactivity

Mayer et al.

(1991)

Unilateral Improvement in a visual choice

reaction time task

Reading and

Dunnett (1995)

Bilateral

(ventral)

Reduced hyperactivity Improvement in a di�erential

reinforcement of low rates test

Nakao et al.

(1996a, 1996b)

Unilateral Improved skilled paw use Correlation with the P-zone volume,

but not the entire graft volume

Fricker et al.

(1997b)

Unilateral Improved skilled paw use Correlation with the P-zone volume

and the amount of striatal D1 and D1

receptors

Nakao et al.

(1998a, 1998b)

Unilateral Reduction in apo-induced circling E�ective with LGE but not MGE

grafts

a apo: apomorphine, amph: amphetamine, LGE: lateral ganglionic eminence, MGE: medial ganglionic eminence.
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LGE but not MGE reverse the increased discharge
rate in the GP (Nakao et al., 1999). The ®ndings indi-
cate that striatal lesions that destroy GABAergic pro-
jection neurons remove a tonic inhibitory e�ect on the
functional activity of pallidal neurons, and that striatal
grafts restore the tonic inhibitory in¯uence upon the
GP activity. The restoration of the GP unit activity is
most likely due to anatomical reconstruction of the
striatopallidal pathway. Our unpublished observations
(Nakao and Itakura) demonstrated that LGE grafts
partially restore the response of GP neurons after sys-
temic administrations of dopamine receptor agonists
which directly act on striatal projection neurons. This
recovery could be due to reconstruction of the striato-
pallidal pathway which conveys information related to
the drug-induced changes in the activity of intrinsic
striatal neurons.

6. E�ects of striatal grafts on behavioral de®cits

A number of studies have provided evidence to indi-
cate that embryonic striatal grafts ameliorate several
types of behavioral de®cits induced by unilateral or bi-
lateral striatal lesions. The majority of the studies have
been made in rats with excitotoxic striatal lesions
(Table 2). behavioral abnormalities seen in rats with
axon-sparing striatal lesions can be grossly categorized
into three types: (1) simple motor de®cits; (2) more
complex motor disturbances such as de®cits in skilled
forelimb use; (3) disturbances of cognitive functions.
Simple motor abnormalities observed in rats with stria-
tal lesions include spontaneous or amphetamine-
induced locomotor hyperactivity, alterations in halo-
peridol-induce catalepsy, and rotational asymmetry
induced with direct or indirect dopamine receptor ago-
nists. Most of simple motor disturbances or de®cits in
skilled paw reaching are induced with unilateral
lesions. Cognitive dysfunctions are generally seen in
rats with bilateral lesions, and detectable in tests of
conditioned behaviors, such as delayed alteration
tasks.

The e�ects of striatal grafts on behavioral abnormal-
ities have also been tested in non-human primate

models produced either by injecting excitotoxins into
the unilateral caudate-putamen (Isacson et al., 1989;
Hantraye et al., 1992; Kendall et al., 1998) or by sys-
temic administrations of 3-NP (Pal® et al., 1998)
(Table 3). HD patients su�er from defects in higher
cortical functions as well as hyperkinetic movement
disorders such as choreiform involuntary movement.
Since these HD symptoms, particularly psychiatric dis-
orders, are di�cult to reproduce in rodent models,
behavioral e�ects of striatal grafts should be pursued
in non-human primate models to explore possible
therapeutic role of fetal tissue transplantation in HD.

6.1. Locomotor hyperactivity

Deckel et al. (1983, 1986a, 1986b, 1988a, 1988b) and
Isacson et al. (1984, 1986) have ®rst demonstrated
behavioral e�ects of embryonic striatal tissue
implanted in rats with excitotoxic striatal lesions. They
have shown that the grafts improve the lesion-induced,
spontaneous locomotor hyperactivity. In a series of
studies made by Deckel et al. (1983, 1986a, 1986b,
1988a, 1988b), the grafts derived from solid pieces of
ED 17-18 striatal primordia were implanted into the
bilaterally lesioned striata. The grafts reversed the
increase in the locomotor activity 3 to 5 months after
transplantation. Dopamine D2-receptor autoradiog-
raphy revealed low levels of the receptor binding
within the graft, indicating that the graft size is rela-
tively small (Deckel et al., 1986b, 1988a, 1988b). The
grafts failed to a�ect amphetamine-induced locomotor
hyperactivity (Deckel et al., 1986b, 1988a, 1988b).
Isacson et al. employed rats with either unilateral
(1984) or bilateral lesions (1986). Cell suspension grafts
composed of both MGE and LGE were placed into
the lesioned rats, and found to exhibit AChE-positive
P-zones. In both the unilateral and bilateral lesion
models, the lesion-induced nocturnal locomotion
hyperactivity was completely normalized by the grafts.
In a study employing the bilateral lesion model (Isac-
son et al., 1986), no correlation was obtained between
the score of locomotor hyperactivity and the graft size
although there was the variability in the activity scores
due to non-speci®c damage of both the GP and in-

Table 3

E�ects of striatal grafts on motor and cognitive disorders in non-human primate model of Huntington's disease

References Striatal

lesions

Motor de®cits Cognitive de®cits Correlation with graft

morphology

Hantraye et al.

(1992)

Unilateral Attenuation in apomorphine-induced

dyskinesia

No correlation with the graft

size

Kendall et al.

(1998)

Unilateral Improved skilled forelimb use No correlation with the P-

zone volume

Pal® et al. (1998) Bilateral Attenuation in apo-induced dystonia Improvement in an objective retrieval

detour tast test
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ternal capsule. Interestingly, the authors placed the
grafts into the GP (i.e. ectopic placement) as well as
the lesioned striata, and found that the GP-placed
grafts can be as e�cacious in ameliorating the lesion-
induced hyperactivity as the striatum-placed grafts.

The e�ects of striatal grafts on the lesion-induced
locomotor hyperactivity have been further analyzed in
a series of studies conducted by Sanberg and co-
workers (Giordano et al., 1988, 1990; Sanberg et al.,
1986, 1987a, 1987b, 1989; Emerich et al., 1991). In
these studies, the authors have used rats with bilateral
lesions as an animal model of HD, and have increased
the amount of tissue implanted by placing multiple
graft deposits. The grafts completely have reversed the
lesion-induced nocturnal hyperlocomotion. Amphet-
amine-induced locomotor hyperactivity have also been
mitigated by the grafts. The e�ects have been seen 3±9
months postgrafting only with grafts which had been
placed in the lesioned striata. Neither striatal tissue
implanted into the ventricle, nor sciatic nerve grafts
have improved the hyperlocomotion. Furthermore,
electrolytic destructions of the intrastriatal grafts have
been found to reduce the graft-mediated e�ects (San-
berg et al., 1989). Taken together, these ®ndings indi-
cate that the presence of surviving striatal tissue in the
striatum is required for mediating the e�ects on loco-
motor hyperactivity, although the mechanisms for
improving the lesion-induced hyperlocomotion remains
to be fully elucidated.

6.2. Drug-induced circling behavior

Rats with unilateral excitotoxic lesion of the stria-
tum display rotational asymmetry in response to dopa-
mine receptor agonists (e.g. apomorphine) or
dopamine-releasing drugs (e.g. amphetamine). When
the lesion size is relatively large, the turning is directed
toward the lesion side (Schwarcz et al., 1979a; Dunnett
et al., 1988). This rotational response is generally
assumed to represent an imbalance in the dopamine
activity between the lesioned and unlesioned striatum.
Thus, since excitotoxins kill the postsynaptic neurons
possessing dopamine receptors in the lesioned striatum,
preferential stimulation of intact dopamine receptors
on the side contralateral to the lesion gives rise to ro-
tation toward the lesion side. It was indeed found in
rats with extensive striatal lesions that the degree of
ipsilateral rotational asymmetry is inversely correlated
with the survival of striatal DARPP-32-positive neur-
ons (i.e. postsynaptic dopaminoceptive neurons) in the
lesioned striatum (Nakao et al., 1996a; Nakao and
Brundin, 1997).

Several studies have also investigated e�ects of the
placement of lesions on both the magnitude and the
direction of drug-induced rotation. Dunnett and
Iversen (1982) reported no signi®cant di�erence in the

extent and the direction of drug-induced rotation
between rats with small lesions in six di�erent striatal
foci. Norman et al. (1992) showed that an anterior pla-
cement of lesions induces contralateral rotation in re-
sponse to apomorphine, whereas ipsilateral circling
occurs with a posterior lesion. In a more recent study
reported by Fricker et al. (1996), an anterior lesion
caused no signi®cant rotational asymmetry with ad-
ministration of amphetamine and apomorphine, but
both types of drugs induced marked ipsilateral ro-
tation in rats with a posterior lesion. Notable inconsis-
tencies in the results of these studies may be due to
di�erences in the size and precise placement of lesions.
In rats with more restricted lesions, therefore, quanti-
tative assessments of drug-induced circling behavior
should be made with caution.

Embryonic striatal grafts have been shown to reduce
the rotational asymmetry provoked by dopamine-
active drugs. Norman et al. (1988, 1989) reported that
striatal grafts placed into the KA lesion striatum ame-
liorate the apomorphine-induced circling behavior by
50%. They also monitored the topography of loco-
motion of animals left in open-®eld boxes, and
observed that the grafts cause changes in the pattern
of turning, from ``pivotal'' to ``walking'' rotations.
Dunnett et al. (1988) demonstrated that the grafts lead
to an approximately 70% reduction of the ipsilateral
turning in response to either apomorphine or amphet-
amine. The grafts failed to a�ect circling behavior
induced by atropine whose action is not directly re-
lated to the dopaminergic system. In all the studies
mentioned above, the grafts implanted were composed
of a mixture of LGE and MGE tissue. We implanted
either LGE or MGE in rats with unilateral striatal
lesions, and found that the recovery of the apomor-
phine-induced rotation asymmetry is achieved with
only LGE but not MGE grafts (Nakao et al., 1998b).
This clearly indicate that striatal tissue (P-zones) is
crucial for the recovery of turning behavior. Based on
experimental evidence that the expression of dopamine
D1 and D2 receptors are clearly con®ned to P-zones
(Campbell et al., 1995), the amelioration of turning
biases produced by dopamine receptor agonists is, at
least in part, due to the restoration of functional
graft±host connections. It was indeed shown that stria-
tal grafts that failed to a�ect apomorphine-induced
turning behavior exhibited no or little expression of
dopamine D1 or D2 receptors (Helm et al., 1991).

6.3. De®cits in skilled forelimb use

In contrast to spontaneous locomotion and drug-
induced turning asymmetry, skilled forelimb use is a
more complex motor performance which depends on
the integrity of intrinsic striatal neurons, the nigrostria-
tal dopaminergic system and the sensorimotor area of
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the neocortex (Whishaw et al., 1986). Lesions of any
of the three structures result in paw-reaching de®cits
that persist over time, and therefore the paw-reaching
test is useful in detecting defects of neural circuitry
composed of those structures. Indeed, fetal dopamine
neuron grafts implanted into the dopamine-denervated
striatum without the reconstruction of the nigrostriatal
pathway has been proven to improve drug-induced
turning asymmetry, but not to a�ect paw-reaching def-
icits (e.g. Dunnett et al., 1987; Montoya et al., 1990).
Paw reaching performance is generally evaluated by
quantifying the success in retrieving food pellets in the
either side limb independently. Impaired paw function
has been shown in rats with unilateral lesions of the
motor cortex (Whishaw et al., 1986; Montoya et al.,
1991), the nigrostriatal dopaminergic system (Whishaw
et al., 1986; Montoya et al., 1990), and the striatum
(Dunnett et al., 1988; Montoya et al., 1990). In these
lesion models, the paw-reaching ability is bilaterally
impaired with the contralateral paw being more
a�ected. A correlation between the paw-reaching per-
formance and the lesion size (or the remaining neuron
number) has been demonstrated in a middle cerebral
occlusion model (Grabowski et al., 1993) and in a uni-
lateral 6-hydroxydopamine lesion model (Lee et al.,
1996). The extent of striatal lesions is also highly cor-
related with that of impairment of reaching perform-
ance on the side contralateral to the lesions (Nakao
and Brundin, 1997).

Dunnett et al. (1998) and Montoya et al. (1990)
demonstrated using rats with unilateral ibotenic acid
lesions that intrastriatally implanted grafts derived
from a mixture of LGE and MGE improve the lesion-
induced impairment of reaching performance of both
paws up to normal levels. In the study of Dunnett et
al. (1988), when allowed to use either paw, animals
with unilateral striatal lesions preferred to use paw
ipsilateral to the lesions. The paw preference was not
a�ected by the grafts. By contrast, Valouskova et al.
(1990) implanted fetal striatal tissue into rats with bi-
lateral kainic acid lesions, and found that the grafts
induce a signi®cant shift of paw preference toward the
side contralateral to the grafts.

Since intact neural circuitry involving the striatum is
prerequisite for skilled forelimb use, it could easily be
envisaged that the graft-mediated recovery of reaching
de®cits is due to the reconstruction of damaged neural
circuits. We indeed that the extent of the improvement
of reaching de®cits was highly correlated with the
volume of P-zones, but not with the NP-zone volume
nor the entire graft size (Nakao et al., 1996a, 1996b).
A strong correlation between the recovery of paw
function and the P-zone volume, but not the entire
graft size, was also demonstrated by Fricker et al.
(1997b). The authors also measured striatal D1 and
D2 receptor binding using positron emission tomogra-

phy, and showed that striatal lesion-induced attenu-
ation in binding of both types of receptors are
reversed by intrastriatal striatal grafts. They found a
signi®cant correlation between the success rate of paw
reaching and the binding of both D1 and D2 receptor
ligands (Fricker et al., 1997b).

6.4. Impairments in conditioned behaviors

Isacson et al. (1986) and Deckel et al. (1986a,
1986b) have studied the e�ect of striatal grafts on
delayed alteration in a T-maze test. Isacson et al.
(1986) implanted ED 14 striatal cells in rats with bilat-
eral striatal lesions, and then trained the rats for acqui-
sition of a delayed alteration task. In this test, the
performance of rats with the lesion alone remained at
random levels (i.e. 50% correct alterations). The per-
formance scores of rats receiving intrastriatal grafts
reached levels of around 90% correct alterations
although they acquired the task more slowly than nor-
mal animals. The scores of rats with grafts placed in
the GP were between those of animals with the lesion
alone and of rats with intrastriatal grafts. The grafts
implanted in the GP ameliorated the lesion-induced
impairment in the performance, but were less e�ca-
cious than those placed in the striatum. Notably, there
was a signi®cant correlation between the graft size and
the magnitude of behavioral improvement. In the
study of Deckel et al. (1986a, 1986b), recipient rats
were pretrained, and received bilateral striatal lesions
and then ED 18 solid transplants. In the test made 3
months after surgery, the performance of rats with the
lesion only was signi®cantly impaired compared to
intact animals. When compared to the lesion-alone
group, the performance of grafted rats was improved,
but the di�erence did not reached statistically signi®-
cant levels. Taken together, whereas ED 14 cell sus-
pension grafts are most likely to improve acquisition
of delayed alteration, the bene®cial e�ect of ED 18
solid transplants in this behavioral test remains incon-
clusive. In contrast with delayed alteration in T-maze,
spontaneous alteration has been found to be unaf-
fected by intrastriatal striatal grafts (Isacson et al.,
1986; Deckel et al., 1988a).

Mayer et al. (1991) reported the e�ect of striatal
grafts on striatal lesion-induced de®cits in a visual
choice-reaction time task. In this test, the authors
trained rats to make rapid contralateral head-turn re-
sponses to brief light ¯ashes applied either the right or
left visual ®eld. After the rats learned the task, they
were subjected to either unilateral striatal lesions alone
or lesions with additional striatal grafts. Six months
after surgery, the rats underwent an identical test.
Whereas normal controls rapidly relearned the task,
the lesioned rats exhibited both a persisting impair-
ment in responses contralateral to the lesion and a
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strong bias to respond to the ipsilateral side. The
grafted rats initially showed similar impairments, but
with 3-week additional training they reached normal
levels of performance. The results provide evidence to
indicate that striatal grafts restore such a complex sen-
sorimotor function in rats with striatal lesions. Fur-
thermore, since the 6-month postgrafting period was
presumably su�cient for establishment of anatomic
graft±host connections, the study suggest that the
grafted animals require additional training to make the
anatomically integrated grafts to exert functional
e�ects on this task.

Whereas striatal lesions discussed so far are placed
in the dorsal aspect of the striatum, Reading and Dun-
nett (1995) made excitotoxic lesions in the ventral
striatum including the nucleus accumbens, and exam-
ined the e�ect of grafting striatal tissue on the lesion-
induced impairments in conditioned behaviors. Lesions
of the ventral striatum produce remarkable disinhibi-
tion e�ects on both conditioned and unconditioned
behaviors. Using the di�erential reinforcement of low
rates responding test, the authors demonstrated that
rats with bilateral lesions of the ventral striatum are
unable to acquire performance unless the animals inhi-
bit a previously rewarded response. Striatal grafts bi-
laterally placed in the lesioned striata were found to
improve the de®cits. The sensitivity of the performance
are modulated with alterations in dopaminergic ac-
tivity, and are abolished with the striatal lesions. The
grafts implanted in the lesioned areas restored the sen-
sitivity to dopaminergic activity, suggesting the occur-
rence of functional dopaminergic innervation of the
grafts.

6.5. Motor and cognitive dysfunctions in non-human
primate models

Excitotoxic striatal lesions in rats have served as
highly useful models for examining the capacity of
embryonic tissue grafts to repair damaged neural cir-
cuitry and to reverse lesion-induced functional de®cits.
Although data obtained from experiments using the
rat model of HD provide informative background for
possible application of fetal tissue transplantation in
HD, they are not su�cient to draw de®nite con-
clusions as to whether fetal tissue grafting may pro-
duce bene®cial e�ects on HD symptoms. The rat HD
model do not mimic the HD movement disorders,
including choreic movement. Furthermore, the e�ects
of tissue grafting on neuropsychological de®cits seen in
HD cannot fully be pursued using the rat model.

What makes the primate model more relevant to
HD is its motor behavioral response to dopaminergic
drugs. Thus, in rats with unilateral excitotoxic striatal
lesions, apomorphine induces turning behavior but any
dyskinetic features. On the other hand, in baboons

with similar lesions of the unilateral caudate-putamen
apomorphine provokes dyskinetic movements includ-
ing chorea-like and dystonic movements (Hantraye et
al., 1990). Monkeys with unilateral lesions also exhib-
ited chorea-like movements in response to levodopa
(Kanazawa et al., 1986). The mechanisms for the drug-
induced dyskinetic movements seen in the primate
model remain unknown. The functional basal ganglia
circuitry model could be applied to explain the mech-
anisms for the hyperkinetic movement disorders (Fig.
1). The lesions cause denervation of the lateral segment
of the GP (the GP in the rodent), leading to disinhibi-
tion of this structure by the loss of striatum-derived
GABAergic neurotransmission. This results in a
decrease in pallidothalamic inhibition, which could in
turn lower thresholds of the movement activity. Under
these conditions, the drug-induced activation of the
dopaminergic system drive the motor-related circuitry
toward hyperkinetic movements. Whatever the under-
lying mechanisms, the ®ndings are highly relevant to
the HD motor symptom since dopaminergic drugs ex-
acerbate the HD motor symptom, and they can elicit
choreic movement in presymptomatic stage of this dis-
ease (Paulson, 1976).

Hantraye et al. (1992) studied the e�ect of xeno-
grafts of rat striatal cells on apomorphine-induced dys-
kinetic movements seen baboons with unilateral
excitotoxic striatal lesions. The authors implanted cell
suspensions of ED 14-16 rat striatal tissue in the
lesioned striatum of immunosuppressed animals. The
grafts signi®cantly ameliorated the abnormal move-
ments, including orofacial dyskinesia, dystonia, dyski-
nesia of extremities and dystonia, 7 weeks after
implantation. By contrast, the drug-induced turning
behavior was not a�ected by the grafts. These e�ects
on the motor behaviors were not seen in animals with
xenografts of brainstem cells. The reduction of the
abnormal movements was reversed with the discon-
tinuation of immunosuppression. The ®ndings clearly
indicate that the behavioral recovery requires a con-
tinuous presence of surviving striatal grafts in the
degenerated brain. Nonetheless, there was no corre-
lation between the graft size and the extent of beha-
vioral recovery.

Kendall et al. (1998) made lesions of the unilateral
putamen of marmosets, and tested the e�ect of striatal
allografts on the lesion-induced de®cits in skilled fore-
limb use. The putaminal lesions profoundly impaired
the ability of the contralateral hand to reach and
retrieve pieces of food. The grafts signi®cantly reversed
the de®cits in skilled paw use to almost normal levels.
The e�ects were seen within 2 to 3 months after graft-
ing, and maintained up to 9 months postgrafting. Post-
mortem examinations of all grafted animals revealed
surviving grafts that were composed of a mixture of
striatal-like P-zones and NP-zones, as seen in rat stria-
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tal allografts. Further morphological studies demon-
strated the presence of host dopaminergic and cortical
inputs into the grafts, particularly in areas associated
with P-zones. In contrast to ®ndings in the rat model
(Nakao et al., 1996a, 1996b; Nakao and Brundin,
1997; Fricker et al., 1997b), neither the extent of the
lesions nor the percentage of P-zones within the grafts
showed any signi®cant correlation with the degree of
functional de®cit or recovery.

Pal® et al. (1998) employed a primate model of HD
with chronic 3-NP-induced bilateral striatal lesions
(Brouillet et al., 1995; Pal® et al., 1996) in order to
study the ability of fetal striatal allografts to improve
frontal-type cognitive de®cits and motor symptoms.
After receiving systemic administration of 3-NP twice
daily for a maximum of eight months, lesioned mon-
keys showed dystonia and dyskinesia of both the face
and the extremities. Cognitive or motor behaviors of
the 3-NP lesion monkeys were assessed by using the
object retrieval detour task (Diamond et al., 1989;
Jentsch et al., 1997) or by rating the extent of apomor-
phine-induced dystonia (Brouillet et al., 1995; Pal® et
al., 1996), respectively. In monkeys with bilateral im-
plantations of striatal cell allografts, a complete recov-
ery of cognitive functions was seen 2 months after
grafting, and persisted until at least 5 months post-
grafting. The grafts also signi®cantly mitigated the
drug-induced dystonia. This study ®rst demonstrate
that striatal grafts reverse lesion-induced cognitive
functions in the non-human primate model. In ad-
dition to the work of Kendall et al. (1998), the study
provide a strong rationale for clinical trials of fetal tis-
sue transplantation in HD patients.

6.6. Correlation between behavioral and morphological
parameters

Fetal neural tissue can survive intracerebral trans-
plantation, and provide behavioral recovery in animal
models of a variety of neurodegenerative diseases
(Dunnett and BjoÈ rklund, 1994). Fetal tissue grafts can
produce functional e�ects on recipient animals via sev-
eral mechanisms, including neurotrophic activity, dif-
fuse secretion of neurochemicals, and integration into
a neural circuit (see Section 1). Whatever the mechan-
isms for the graft function, it is clearly important to
know whether the graft-derived functional e�ect is
in¯uenced by the amount of surviving neurons in the
graft. Although it should be emphasized that beha-
vioral abnormalities observed in animal models of neu-
rodegenerative disorders are not a perfect homologue
of neurological de®cits seen in the corresponding
human disease, this issue needs to be fully clari®ed in
animal experiments, particularly when the neural graft-
ing technique is considered a possible clinical therapy.

Despite a large number of reports demonstrating the

behavioral e�ects of striatal grafts, relatively few stu-
dies have addressed the relationship between graft
morphology and graft-induced functional e�ects.
Deckel et al. (1986a) found that a higher density of
Nissl-stained neurons in striatal transplants is associ-
ated with improved behaviors in T-maze and spon-
taneous locomotor hyperactivity tests. Whereas
relatively small striatal grafts reverse the lesion-induced
spontaneous locomotor abnormalities but not the
hyperactivity upon amphetamine or apomorphine chal-
lenges, larger grafts produced by multiple implant
deposits ameliorate both spontaneous and drug-
induced locomotor hyperactivity (Deckel et al., 1986b,
1988a, 1988b; Sanberg et al., 1986). Nonetheless, the
grafts producing the behavioral e�ects possess very lit-
tle striatum-like tissue, labeled with AChE and D1 and
D2 dopamine receptors (Deckel et al., 1986b; Sanberg
et al., 1986; Norman et al., 1989). This suggests that
graft e�ects on spontaneous and drug-induced loco-
motor abnormalities may be independent of the
amount of tissue expressing striatal characteristics (i.e.
P-zones), and instead NP-zones may play a role in the
recovery of these behavioral de®cits. Whereas the
mechanism of the graft e�ects on simple motor dis-
turbances mentioned above remains to be fully eluci-
dated, it could be envisaged that the recovery of more
complex tasks, such as paw-reaching ability (Dunnett
et al., 1988; Montoya et al., 1990), require the recon-
struction of damaged neural circuits involving striatal
neurons. As discussed above, it has been established
that the extent of recovery of the lesion-induced paw-
reaching de®cits is related to the amount of striatal-
like P-zones, but not the NP-zone volume nor the
entire graft size (Nakao et al., 1996a, 1996b; Fricker et
al., 1997b). Regarding the graft e�ect on cognitive dys-
functions, Isacson et al. (1986) demonstrated a signi®-
cant correlation between graft size and performance in
T-maze test. However, the authors did not specify the
size of P- and NP-zones.

The relationship between the amount of viable
grafted neurons and the behavioral e�ect has been
most systematically addressed in studies of transplan-
tation of dopamine neurons in an animal model of PD
disease. Nigral dopamine transplants can induce a
complete compensation of amphetamine-induced ro-
tation in a rat model of PD disease. A positive corre-
lation has been established between the number of
surviving dopamine neurons in nigral grafts into the
dopamine-depleted striatum and the extent of improve-
ment in the amphetamine-induced turning behavior
(Brundin et al., 1988a, 1988b; Sauer and Brundin,
1991; Sauer et al., 1992; Nakao et al., 1994b, 1995). In
a unilateral rat PD model, 10±14% (around 2000 sur-
viving cells) of the normal number of dopamine neur-
ons innervating the striatum (Sauer and Brundin,
1991; Sauer et al., 1992; Nakao et al., 1994b) and 4±
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5% of normal dopamine levels (Schmidt et al., 1983)
need to be restored by mesencephalic tissue grafts for
full compensation for amphetamine-induced rotation
to occur. A similar analysis was made (Nakao et al.,
1996a, 1996b), indicating that the replacement of ap-
proximately 50% of the DARPP-32-positive cells
(striatal projection neurons) lost in the lesion could re-
store the impaired paw reaching ability to almost nor-
mal levels. However, this ®nding should probably not
be generalized to other striatal lesion paradigms, since
the degree of impairment of the skilled paw function is
dependent not only size (Nakao and Brundin, 1997)
but also on the location (Pisa, 1988; Fricker et al.,
1996) of the preceding lesion.

It is well accepted that striatal transplants exhibit
anatomical connections with the host brain by receiv-
ing dopaminergic, cortical and thalamic a�erents, and
by sending e�erent projections to the globus pallidus,
and to a lesser extent the substantia nigra (see Section
4). It remains to be explored to what extent re-estab-
lished synaptic connections with the host brain con-
tribute to the behavioral e�ects of striatal grafts. In a
study by Klassen and Lund (1990), retinal grafts to
the superior colliculus mediated a pupillary light re¯ex
of recipient animals. Several parameters related to the
re¯ex were positively correlated with the extent of the
graft-derived innervation of the host brain. It has also
been shown in a rat model of Parkinson's disease that
the extent of the e�ect of dopamine neuron grafts on
amphetamine-induced rotation is largely dependent on
that of the graft-derived reinnervation of the striatum
(BjoÈ rklund et al., 1980; Snyder-Keller et al., 1989;
Yurek et al., 1996; Nakao et al., 1995). In studies of
striatal tissue transplants, it would be of interest to
determine whether the extent of graft-derived func-
tional recovery is correlated with morphological par-
ameters re¯ecting the extent of anatomical
connectivity.

7. Clinical perspectives

The compelling evidence to indicate the remarkable
capacity of fetal striatal grafts to reconstruct neural
circuitry with the ensuing recovery of motor and cog-
nitive de®cits in the animal model of HD highly war-
rants clinical trials of grafting human fetal tissue in
HD patients. Fetal tissue transplantation has already
been carried out in a number of patients with Parkin-
son's disease. Some bene®cial e�ects on motor symp-
toms of this disease have been reported from several
groups (Lindvall, 1994; Olanow et al., 1996). The
scienti®c background and the technical aspects of such
clinical trials are, of course, based on a large number
of animal experiments, including xenografts of human
fetal tissue in a rat model of Parkinson's disease.

Human-to-rat xenograft studies have indeed provided
important information for the development of the cur-
rently employed clinical programme (Brundin et al.,
1986, 1988a, 1988b).

Human fetal striatal tissue has also been grafted in
rats with excitotoxic striatal lesions. Wictorin et al.
(1990b) ®rst reported that human striatal tissue xeno-
grafts survive and extend numerous and long ®bers
into the brain of immunosuppressed rats. Nonetheless,
results of the following studies of human striatal xeno-
grafts have raised some problems that should be solved
for successful clinical trials. First, in xenografts of the
human LGE, unlike transplants of the corresponding
rat tissue, the proportion of graft tissue exhibiting
striatal characteristics (i.e. P-zones) are consistently
very low (<30%) (Grasbon-Frodl et al., 1996, Naimi
et al., 1996). The underlying reasons for such a low
yield of P-zones in human striatal grafts remain
unknown. Considering that the amount of P-zones
governs the extent of functional e�ects of striatal
grafts (Nakao et al., 1996a, 1996b; Fricker et al.,
1997b), a great e�ort should be made in order to
obtain higher proportion of P-zones. Second, despite
that the recipient rats were given immunosuppression
with Cyclosporin A, 30±60% of xenografts did not
survive (Grasbon-Frodl et al., 1996; Naimi et al.,
1996). This contrasts with human-to-rat xenografts of
mesencephalic tissue, which exhibit a survival rate of
around 90%. (Brundin et al., 1988a, 1988b; Frodl et
al., 1994). Third, some of human striatal tissue grafts
can exhibit overgrowth, compressing the surrounding
host brain structure (Grasbon-Frodl et al., 1996;
Naimi et al., 1996). This might be due to contami-
nation of cortical tissue in the dissected donor tissue,
and could probably be avoided with modi®ed dissec-
tion techniques.

Since HD is a progressive disease, it is possible that
the as yet unknown pathogenic mechanism may a�ect
grafted striatal neurons as well. Therefore, transplan-
tation experiments should be designed using animals
models that exhibit a progressive neuropathological
process similar to that of HD. Dunnett et al. (1998)
recently implanted embryonic striatal tissue in trans-
genic mice which carry an expanded repeat of approxi-
mately (CAG)150 in exon 1 of the HD gene and exhibit
a progressive neurological phenotype, including many
features of the neuropathology and the motor symp-
toms of HD (Mangiarini et al., 1996). Striatal neurons
grafted in the transgenic mice survived, and were well
integrated in the host brain. The grafts exhibited
AChE-rich P-zones interspersed by NP-zones. The
®ndings make it less likely that the disease process
impair the survival and development of grafted striatal
neurons.

Kopyov et al. (1998) recently described one year fol-
low-up of three cases of HD patients who had received
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human fetal tissue. The clinical assessment made using
the Uni®ed Huntington's Disease Rating Scale (Quinn
et al., 1996) revealed some improvements in the rating
score, particularly in the score of motor function, after
fetal tissue transplantation. No patients su�ered from
adverse side e�ects of the transplantation, nor did any
patients showed deterioration of HD symptoms after
the surgery. Magnetic resonance imaging performed
on the three patients showed no indication of the over-
growth of grafted tissue. The clinical experience clearly
indicates that fetal tissue grafting in HD patients is
feasible without unexpected complications. In parallel
with such clinical trials, the above discussed issues
should be worked out in order to develop safer and
more e�ective transplantation therapy in HD patients.

8. Concluding remarks

There is a vast body of evidence to indicate that
embryonic neural tissue grafted in damaged brain has
the potential of restoring the anatomic and functional
aspects of neuronal circuitry. The restorative capacity
of grafted embryonic neurons is most exempli®ed by
studies with striatal tissue transplantation in animal
models of HD. Since the striatum plays a major role
in establishing the functional organization of the basal
ganglia with reciprocal anatomical connections with
other brain structures, animals with striatal lesions
provide an excellent model system for testing the abil-
ity of grafted neurons to reconstruct the damaged
neural circuitry.

Data so far obtained from anatomical studies of
striatal grafts are summarized as follows. Striatal neur-
ons grafted into the lesioned striatum receive some of
the major striatal a�erents such as the nigrostriatal
dopaminergic inputs and the gluatmatergic a�erents
from the neocortex and thalamus. As for the major
targets of the striatal projections ®bers, the grafted
neurons send e�erents extensively to the GP, and to
lesser extent, to the EP. No or few if any graft-derived
®bers reach the substantia nigra. Consistent with these
anatomical data, the lesion-induced alterations in
metabolic and electrophysiological activities of the GP
are reversed by the intrastriatal grafts. Secondary to
the normalization of the GP activity, the STN activity
is also restored to normal levels. The two principal
striatal output pathways eventually reaching the thala-
mus has been proposed: ``the indirect pathway'' that
conveys information through the GP and the STN (the
indirect pathway); and ``the direct pathway'' through
either the EP or the SNr (Fig. 1, Albin et al., 1989;
DeLong, 1990). Based on the transplantation studies
discussed in this review, only the indirect pathway can
be both anatomically and functionally repaired with
the grafts (Fig. 1). The partial re-establishment of the

functional organization of the basal ganglia is most
likely to provide the recovery in motor and cognitive
behavioral de®cits. This is supported by the bene®cial
e�ects of the grafts on skilled forelimb use and delayed
alteration learning, since these types of behaviors are
believed to critically depend on the integrity of the
neuronal circuitry involving the striatum. The positive
correlation between the recovery of these behaviors
and the survival of grafted neurons further strengthen
this view. Further studies are needed to develop strat-
egies to achieve the restoration of the normal neural
network with transplantation paradigm. This could in
turn promise more successful clinical applications of
neural transplantation.
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