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ABSTRACT KEYWORDS

Intracerebral grafting techniques of fetal
neural cells have been used essentially with
two main types of lesion paradigms, namely
damage to long projection systems, in which
the source and the target are clearly separate,
and damage to neurons that are involved in
local circuits within a small (sub)region of the
brain. With the first lesion paradigm, grafts
placed homotopically (in the source) are not
appropriate because their fibers grow poorly
through the host parenchyma and fail to reach
their normal target. To be successful, the
grafts must be placed ectopically in the target
region of the damaged projection systems,
where generally they work as level-setting
systems. Conversely, with the second paradigm,
the grafts are supposed to compensate for a
local loss of neurons and must be placed
homotopically to induce functional effects that
are based on the reconstruction of a point-to-
point circuitry. By inserting a biological or
artificial bridging-substrate between the source
and the target of long projection systems, it
might be possible to combine the positive
effects of both homotopic and ectopic grafting
by achieving both target reinnervation and
normal control of the grafted neurons within
the source area. These issues are illustrated
and discussed in this review.
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INTRODUCTION

Over the last two decades, many clinical
trials using intracerebral transplants have been
conducted in human beings to alleviate
neurological disorders. Most trials were carried
out in patients with Parkinson’s disease (PD).
Some of these studies, especially those using
grafts of dopaminergie neurons from human
fetuses, showed that the transplanted neurons can
survive in a diseased brain and may improve
motor function in the patients (for example,
Hitchcock et al., 1988; Lindvall et al., 1988,
1989, 1990; Freed et al., 1990; Madrazo et al.,
1988, 1990; Spencer et al., 1992; Peschanski et
al., 1994; Defer et al., 1996). Alterations of
motor function are not the only symptoms
exhibited by PD patients. When compared with
healthy subjects, even nondemented and still
untreated PD patients show, for instance, an
impairment of some memory functions (for
example, Lavemhe et al., 1989; Dubois et al.,
1991), although when compared with patients
with Alzheimer’s disease, even demented PD
patients show some preserved memory functions.
Nevertheless, in the literature concerning
transplantation in PD patients, only a few studies
have assessed cognitive functions in addition to
evaluating motor capabilities. The lack of cognitive
assessment in PD patients with transplants is
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surprising if one considers that a relation between
motor and cognitive impairments has been
repeatedly found in such patients (for example,
Mayeux and Stem, 1983; Growdon et al., 1990).

Furthermore, the number of studies assessing
the neuropsychological outcome of transplanta-
tion surgery in PD patients is scant. These
studies have aimed neither at improving our
understanding of memory and other cognitive
deficits associated with PD nor at enhancing
functional recovery from such deficits. As far as
cognitive functions are concerned, such studies
merely noted that the surgical procedure did not
induce permanent neuropsychological deficits
(Leroy et al., 1996) and failed to arrest cognitive
dysfunction permanently (Sass et al., 1995; Defer
et al., 1996). Generally, these studies considered
as implausible that normal cognitive function can
be restored by dopaminergic-rich tissue trans-
plantation because the cognitive impairments
associated with PD do not appear to originate
solely from dopamine deficiency. If one is
interested in the impact of neural transplantation
on memory dysfunction, then one must quit
human clinical studies and switch to animal models.

In animals with various memory deficits,
intracerebral transplantation studies have been
conducted to restore normal or close-to-normal
memory function. Such deficits may be observed
in aged animals, but have generally been
produced experimentally by different methods of
damaging the brain, mainly by mechanical
(aspiration or transection), electrolytic, excito-
toxic, or immunotoxic lesions of forebrain
cholinergic projection systems. Memory deficits
have also been produced by (a) lesions of the
granule cells of the dentate gyrus; (b) transient,
ischemia-producing focal damage, especially to
the CA1 pyramidal cells of the dorsal hippo-
campus; or (c)chronic alcohol consumption,
thereby producing signs of noradrenergic and
cholinergic deafferentation in the hippocampus
and neocortex (for reviews see Dunnett, 1991;
Sinden et al., 1995). Now, the interpretation of
lesion data raises some well-known problems

that are linked to, for instance,
a) secondary degeneration in areas that are

remote from the primary lesioned area,
b) degeneration of fibers of passage that run

through the lesion area, or
c) reactive plastic processes that may underlie

restorative or deleterious effects.
To circumvent this difficulty, it may be helpful

to use several different approaches and to confront
the findings. Intracerebral transplantation is one
such approach, allowing the investigator to control
certain factors involved and, possibly, to reach
causal conclusions.

ASSESSMENT OF THE CHOLINERGIC
HYPOTHESIS OF COGNITIVE

DYSFUNCTION BY INTRACEREBRAL
TRANSPLANTS AND PHARMACOLOGY

Most intracerebral transplantation studies that
have been carried out in animals with the goal of
improving recovery of cognitive functions were
based on the cholinergic hypothesis of memory
dysfunction (for example, Bartus et al., 1982, 1983,
1985; Collerton, 1986). Nearly all such studies were
concerned with functional recovery after damage to
one or to both ofthe two main cholinergic forebrain
projection systems, namely the septo-hippocampal
and the basalo-cortical systems.

The very first studies to address the question
of transplant effects on cognitive functions were
those by Dunnett, Low and colleagues in 1982
(Dunnett et al., 1982b; Low et al., 1982). Somewhat
paradoxically, in terms of the histochemical and
neurochemical effects of the grafts, the results of
these studies were encouraging, but in terms of
behavioral recovery in lesioned rats, the results
were somewhat disappointing. The lesion paradigm
consisted of bilateral aspiration of the fimbria-
fomix, a technique transecting virtually all dorsal
hippocampal afferents and efferents, as well as
commissural fibers.

The studies mentioned above assessed the
behavioral effects of fimbria-fornix lesions and
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grafts of septal tissue (rich in cholinergic
neurons) in a rewarded alternation task that is
known to be sensitive to disruption of the
hippoeampal formation. Whereas the control rats
were able to learn this task rapidly, the
performance of rats with lesions remained at
chance level. But nevertheless, the lesioned rats
with cholinergie-rich septal transplants (intracavitary
solid grafts or intrahippoeampal suspension
grafts), but not those with noradrenergic-rich and
cholinergic-poor locus coeruleus transplants,
showed a progressive improvement of their
performances over the 8 weeks of testing. Like
all other groups of rats with lesions, those with
cholinergic-rich septal transplants failed to
perform above chance level (50%) during the
initial test sessions, but eventually acquired the task
to a >90% performance level by the 8th week. At
this stage, those with cholinergie-rich septal
transplants no longer differed from control rats in
their asymptotic performance. Behavioral recovery
appeared to be specific to the learning task used
because the grafts did not attenuate the lesion-
induced disturbances in spontaneous activity or
in spontaneous alternation. Recovery appeared to
depend also upon cholinergic hippocampal
reinnervation because (a) recovery correlated
significantly with acetyl-cholinesterase (AChE)-
positive fiber ingrowth from the grafts into the
denervated host hippoeampus, and (b) the locus
coeruleus grafts did not reverse the lesion-
induced impairments.

In a second study, Low and collaborators
(1982) investigated the radial-maze performance
of rats having virtually the same lesions as those
in the first study, but with intracavitary solid

fetal grafts from the septal region alone. Perhaps
because of the greater difficulty of the radial-
maze task, the rats with acetylcholine (ACh)-rich
grafts showed no amelioration oftheir performances
in this task, except when they were treated with

the AChE inhibitor, physostigrnine. One may
assume that this pharmacological treatment allowed
the host brain to use more efficiently the low

quantities of ACh released by the grafted

neurons, due to the prolonged synaptic availability
of the neurotransmitter. Using a Morris water-
maze task, Segal and collaborators (1989) reported
similar findings in rats with electrolytic lesions
of the medial septum or knife-cut lesions of the
fimbria-fomix pathways, followed by intra-
hippoeampal grafts ofminced septal tissue. Graft-
induced improvement of performance was found
only under physostigmine treatment.

Although some of these early investigations
provided somewhat disappointing results
suggesting that grafts alone (without additional
pharmacological treatment) may remain
inefficient, the studies clearly demonstrated the
potential efficacy of intracerebral transplants for
supporting the recovery of cognitive functions
after damage to the septo-hippoeampal pathways.
These and several later studies (for review, see
Cassel et al., 1997) also highlighted the critical
role played by eholinergic neurotransmission in
the expression of such functions, whether
involved in the processing of spatial information
or in the control of non-spatial perseverative
tendencies (for example, Dunnett et al., 1989).

By showing that atropine abolished the
recovered water-maze place navigation in rats
with septal suspension or solid grafts, Nilsson
and coworkers (1987) corroborated that graft-
induced recovery is dependent upon eholinergic
replacement (see also Segal et al., 1989; Hodges
et al., 1990; Li et al., 1992). Furthermore,
experiments were conducted in marmosets,
whose brain is structurally more closely related
to the human than to the rat brain. The
marmosets underwent either surgical transection
of the fomix or excitotoxic lesions ofthe nucleus
basalis magnocellularis (NBM). In
discrimination learning, as assessed by the
relatively complex tasks designed for the
Wisconsin General Test Apparatus, only the
ACh-rich grafts were shown to attenuate the
lesion-induced deficits (for example, Ridley et

al., 1994).
In collaboration with the groups of Harlow

(UK), Lund (Sweden), and with our group,
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Dunnett (Dunnett et al., 1985) then investigated
the function of the other main cholinergic
forebrain projection system, namely the basalo-
cortical system. In this study, rats sustained
unilateral excitotoxie lesions of the NBM. Their
learning, retention, and sensorimotor performances
were compared with those of intact control rats
and with those of rats with lesions given ectopic
(cortically-placed) suspension grafts, either of
cholinergic-rich embryonic ventral forebrain
cells or of control cells taken from the embryonic
hippocampus, which is virtually devoid of
cholinergic neurons. NBM lesions led to acquisition
and retention impairments in a multiple-trial
passive avoidance task and in a water-maze task,
as well as to locomotor hyperactivity, which is
attributable to a reduction in within-trial habituation.
Before being tested for retention of passive
avoidance, each animal was given repeated
training trials until it reached a uniform
acquisition criterion of not entering that
compartment within 300 seconds. Five days after
reaching this criterion, the animal was tested for
retention. Ventral forebrain grafts, but not control
hippocampal grafts, attenuated the deficits of
passive avoidance retention and of water-maze-
accuracy almost to the level of that in intact
control rats, but had no effect on the acquisition
impairments in either task nor on the habituation
deficit in locomotor activity.

Altogether, the results of the marmoset study
and those of several others (for review, see
Dunnett, 1990, 1991; Sinden et al., 1995; Cassel
et al., 1997) support the hypothesis of Bartus and
collaborators (Bartus et al., 1982, 1983, 1985)
that basal forebrain cholinergie systems contribute
to certain memory processes, although one should
keep in mind that different populations of
cholinergie neurons do not show the same potential
for survival, growth, and reinnervation atter
transplantation (Lewis & Cotman, 1983; Gibbs et al.,
1986; Heuschling et al., 1988; Nilsson et al., 1988;
Clarke et al., 1990) suggesting that "neuronal
properties beyond the transmitter are essential for
the optimal performance of implanted neurons in

intracerebral grafting experiments" (Nilsson et al.,
1988; p. 204).

Neither the so-called septo-hippocampal nor
the basalo-eortieal pathways are exclusively
cholinergie, however, these pathways contain
noradrenergic, serotonergic, GABAergie, gluta-
matergic, and other fibers. Similarly, the grafts
used in the previously mentioned studies were
not exclusively eholinergic, but rather either rich
in eholinergie neurons or virtually devoid of such
neurons. Because another category of neurons
may have co-varied with the cholinergic neurons
and may actually have been at the origin of the
reported effects, the idea that regional ACh is
causally required for normal memory function
remained to be proven.

Using gene transfer technology, Winkler and
eoworkers (1995) recently demonstrated that
ACh is causally implicated in the reported effects
and causally required for learning and memory.
In that study, rats with bilateral excitotoxic
lesions of the NBM received transplants of either
primary fibroblasts that were genetically modified
to express either Drosophila choline aeetyl-
transferase (dChAT fibroblasts) or control
fibroblasts. The fibroblasts were grafted into the
frontal and parietal cortices, which are the main
target areas of the eholinergic projections
stemming from the NBM. The dChAT fibro-
blasts showed high levels of ChAT activity,
producing and releasing ACh, whereas the
control fibroblasts neither expressed ChAT nor
synthesized ACh. Whereas NBM lesions induced
a permanent and selective impairment of learning
and memory, as assessed by spatial navigation in
the Morris water maze, grafts that enhanced
neocortieal ACh levels also improved learning
and memory performances in that task. One may
thus assume not only that ACh is necessary for
learning and memory but also that its
replacement within the neoeortex is sufficient to
attenuate learning and memory deficits after
damage to the NBM.

All data presented thus far conf’Lrm the
cholinergie hypothesis of cognitive (dys)funetion,
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particularly as long as spatial memory is concerned.
Nevertheless, this conclusion needs qualification.

THE ROLE OF SOME NONCHOLINERGIC
NEUROTRANSMITTER SYSTEMS IN

MEMORY DYSFUNCTION

Because noradrenergic and central
cholinergic neurons are plausibly dependent for
their development, maintenance, and regrowth
upon the same neurotrophin, namely nerve
growth factor (NGF) (for example, Hefti et al.,
1985; Hefti & Will, 1987), cholinergic changes
in the forebrain are accompanied by correlative
changes in the noradrenergic system (for
example, Milner & Loy, 1980; Loy & Moore,
1977; Madison & Davis, 1983; Gasser & Dravid,
1987). Cholinergic deafferentation of the
hippocampus or the fronto-parietal cortex
induces noradrenergic sprouting. In the
hippocampus, sympathetic (noradrenergic) fibers
invade the dentate gyrus and the CA3-CA4
region, inducing an increase of noradrenaline
(NA) concentration in these areas (Madison &
Davis, 1983), reaching >200% of normal at three
months after lesion surgery. In addition, we have
shown that cholinergic-rich grafts, implanted in
the dorsal hippocampus, not only increase ChAT
activity in this structure but also prevent the
lasting increase of hippocampal NA
concentration that is induced by septo-
hippocampal damage (Cassel et al., 1992a).
Therefore, NA could actually be the important
factor for explaining the observed effects of both
lesions and transplants.

An experiment conducted by our group (Bratt
et al., 1995), however, led to the conclusion that
the sympathetic sprouting induced by fimbria-
fomix lesions has no effect on the behavioral
deficits induced by such lesions: Indeed, the
deficits were the same whether the animals
sustained or did not sustain superior cervical
ganglionectomy at the same time as the fimbria-
fomix lesions. This conclusion might need some

qualification, however, as sympathetic sprouting
was shown to alter
a) retention in a passive avoidance task

(Ayyagari et al., 1991);
b) maintenance behavior (Harrell et al., 1987); and
e) (but only in male rats) reaequisition in a radial-

maze task (Harrell & Parsons, 1988).
In the latter task, sympathetic sprouting had
beneficial effects in female rats. It is noteworthy
that these deficits were found at rather short post-
operative delays (from a few days to a few weeks).

If the delivery of ACh into the denervated
area is essential and, under some conditions,
even sufficient for attenuating learning and
memory deficits that are induced by damage to
basal forebrain-cholinergic nuclei, the literature
also shows that this neurotransmitter alone seems
insufficient for allowing or producing complete
recovery of these functions in animals with
cholinergic dysfunction (for example, Dunnett,
1991). For this reason, our group, as well as
others, have tried to develop complementary
therapeutic strategies, for instance by

a) enriching the postoperative housing
conditions of grafted animals (Kelche et al.,
1988, 1995);

b) combining intracerebral graining with the
administration of trophic factors (Kelche et
al., 1996; Roeser et al., 1997); or

c) co-grafting several categories of fetal
neurons, replacing some or all of those that
have been damaged by the lesion (Jeltsch et
al., 1994).

Our assumption was that, for inducing complete
recovery after fmabria-fomix disruption, co-graining
fetal cholinergic neurons along with other kinds
of fetal neurons may be more efficient than
grafting either cellular category alone.

It is actually not surprising that recovery after
cholinergic transplantation into the rostrally
deafferented hippocampus is only partial because
typically, the fimbria-fomix or septal lesions
deafferent the hippocampus of several other
subcortical connections besides the cholinergic
ones. As a matter of fact, this explanation has
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recently received some support from the study by
Leanza and coworkers (1998), who showed that
in rats with selective cholinergic immunolesions,
fetal cholinergic grafts (but not control grafts of
cerebellar tissue) completely reversed the
acquisition deficit in the water-maze place
navigation task and thus fostered recovery to an
extent greatly exceeding that previously seen in
animals with non-selective lesions. In a short-
term memory task, however, the lesion-induced
impairment was only partially and inconsistently
affected by the cholinergic grafts.

When grafted alone into the hippoeampus,
transplants rich in noradrenergic or serotonergic
neurons have no influence on the cognitive
performances of the animals (Dunnett et al.,
1982a; Nilsson et al., 1990; but see Richter-
Levin et al., 1993). By contrast, co-grafts of
cholinergic-rich and serotonergic-rich tissues
were shown to be more effective than
cholinergic-rich grafts alone (Jeltsch et al., 1994;
Nilsson et al., 1990). Indeed, accumulating
evidence has suggested that serotonin (5-HT)
may modulate cholinergic function in several
regions of the mammalian brain and that such
serotonergic/cholinergic interactions may
influence some aspects of cognition (for
example, Richter-Levin & Segal, 1989; Cassel &
Jeltsch, 1995; Steckler & Sahgal, 1995). For
increasing the therapeutic efficacy of
intracerebral transplantation and for studying
further ACh/5-HT interactions by using
intracerebral transplants, we carried out a series
of experiments on co-grafting cholinergic-rich
and serotonergic-rich neuronal populations.

Our neurochemical data showed that after
extensive denervation of the hippocampus by
aspirative lesions of the fimbria-fomix and
overlying structures, intrahippocampal grafts of
fetal neurons fostered a neurotransmitter-specific
recovery that depended on the anatomical origin
of the grafted cells. Indeed, we have shown that
grafts rich in serotonergic neurons compensated
or even overcompensated for the 5-HT deficit
(for example, 5-HT uptake by hippocampal

synaptosomes reached 324% of the values found
in sham-operated rats), and grafts rich in choliner-
gic neurons attenuated the cholinergic deficit,
whereas combining both 5-HT-rich and ACh-rich
transplants produced recovery, close to normal,
from both deficits (Cassel et al., 1992b, 1993).

In the Morris water maze and without any
additional pharmacological treatment, rats with
electrolytic f’mabria-fomix lesions remained impaired
when they received only septal or raphe gratis
(Jeltsch et al., 1994). With combined cholinergic-
rich and serotonin-rich grafts, however, the rats
showed virtually complete recovery in the probe
trial ofthis task, whether one considers the distance
swum or the time spent by the co-grafted rats in
the training quadrant (where the platform was
located during the acquisition trials). This result
is all the more noteworthy because the co-grafts
contained only about one-half the number of
cells of each category, when compared with the
corresponding single grafts.

In the radial-maze task, the same co-grained mrs,
as well as those receiving separate grafts, showed
no significant improvement of performance. This
observation suggests that the two behavioral tasks,
aimed at measuring spatial memory and
orientation capacities, do not assess exactly the
same functions (see Hodges, 1996). For instance,
in a radial maze, animals may solve the task
without calling on any cognitive mapping
capacity: They may use proximal sensory cues or
orientation strategies that are based on regular
sequences of angular turns. In contrast, in the
water maze, the possibility of using proximal cues
and orientation strategies remains utterly limited.
Thus, even cholinergic/serotonergic-rich co-grafts
cause only partial recovery from lesion-induced
navigation deficits. As the radial-maze task
placed emphasis on spatial working memory and
the water-maze task used by Jeltsch et al. (1994)
placed emphasis on reference memory, one may
also speculate that cholinergic and serotonergic
innervation of the hippocampus preferentially
ameliorates spatial reference memory. Recently,
we have obtained some results in favor of such a
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possibility (Balse et al., 1999). An altemative but
not necessarily exclusive hypothesis may be based
on a recent article by Leanza et al., 1998), who
showed that complete reinnervation of cortical
and hippocampal territories, selectively deprived
of their cholinergic innervation, contributes toward
normalizing or to improving only some aspects
of cognitive deficits, particularly those that are
related to reference memory. Conversely, short-
term memory capabilities are only inconsistently
affected. The authors attribute this limited
capacity of the grafts to insufficient integration
into the host circuitry because of their ectopic
placement (septal cells in the hippocampus).
Although our study (Balse et al., 1999) differed
in several methodological respects from that of
Leanza and coworkers (1998), it cannot be ruled out
that a comparable explanation may apply to the fact
that our grafts affected mainly long-term memory.

Nevertheless, when taken together, the results
mentioned previously support the idea that the
cholinergic neurotransmission system has an
essential, though not exclusive, part in the
expression of cognitive functions, such as spatial
memory. As shown by Dunnett and coworkers
(Dunnett et al., 1985) in their study on step-
through passive avoidance, this conclusion may
also apply to other non spatial forms of memory.

The cholinergic, as well as the serotonergic,
terminals within the hippocampus and cortex are
located far from their cell bodies, and the graft-
derived axons may be considered unable to reach
their target areas if the grafts are homotopically
implanted. For both reasons, all previous studies
have used heterotopic transplantation as suspension
gratis in the target parenchyma or, more rarely, as
solid grafts implanted into a lesion cavity in
direct contact with the target structure (for review,
see Cassel, et al., 1997). Because such ectopic
grafts were able to cause behavioral recovery, it
appears unnecessary for the neurotransmitter
activity of the grafted neurons to be regulated as
finely as it may be in the septo-hippocampal or
the basalo-cortical systems of an intact brain.

3, THE NECESSITY FOR CIRCUITRY
REPAIR ASSESSED BY ECTOPIC AND

HOMOTROPIC TRANSPLANTS

The assumption that homotopic grafts would
turn out to be ineffective for compensating the
loss of long-distance projection neurons has
actually received experimental support. Hodges
and her colleagues (1991) checked whether
grafts that are implanted in homotopic position
are as efficient as those implanted into target
areas for inducing functional recovery. The
investigators used rats with ibotenate lesions of
both NBM and medial septum that showed a long
lasting impairment in both reference and working
memory, as assessed in a radial-maze task. Cell
suspension grafts of cholinergic-rich fetal basal
forebrain tissue, whether located in the cortex, in
the hippocampus, or in both regions of the host
brain, substantially improved cognitive performance.
In contrast, no amelioration of cognitive deficits
was observed in rats with cholinergic-rich
transplants that were homotopically located in
the basal forebrain.

In addition, Hodges and her colleagues (1991)
added an important control situation to their
experiment to assess whether the rats actually
used distal cues for mastering the task. Like the
control animals, rats with behaviorally effective
grafts were disrupted in the place version of the
task when tested in dim light. In contrast,
lesioned rats, as well as rats with noncholinergic
grafts, were not affected by the modification of the
lighting conditions. So, as rats with heterotopic
cholinergic-rich grafts showed both a reduced
number of errors and recovery of stimulus
control, one may assume that these grafts
affected information processing, rather than
changes in motor or motivational processes.

Functional recovery may involve local, non-

specific synaptic or paracrine mechanisms within
target regions because the grafts were efficacious
only when placed in terminal areas, but not when
located homotopically, in the basal forebrain.
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This finding suggests that the grafting did not
achieve any functionally significant structural
repair to the host brain at that site. The last
conclusion, however, requires some qualification,
as homotopic implantation in the lesion area may
prove efficacious when the damaged neurons are
not long-distance projection neurons, but rather
neurons involved in local circuits, such as CA1
pyramidal neurons or dentate granule cells.
Indeed, the group of Gray (Hodges et al., 1994;
Netto et al., 1993a; 1993b; Nunn & Hodges,
1994) showed that rats with both CA1 lesions
induced by transitory global cerebral ischemia
and CA1 cells grafted homotopically into the
CA1 area manifested a virtually complete
behavioral recovery when tested for water-maze
learning/memory performance. The recovery was
observed not only in a learning task to orient in a
novel pool but also in a retention test of a
familiar pool, in a reversal learning of the
original platform position, and in a working
memory task. In contrast, neither CA3 grafts nor
dentate gyrus (DG) grafts produced any positive
effect on the spatial capability of the CA1-
lesioned rats. The effects of CA1 grafts in
restoring spatial abilities suggest that these grafts
may have assisted with repair to the damaged
host circuit rather than having acted through the
release of an appropriate neurotransmitter because
the DG grafts, although glutamatergie, were
ineffective for mending ischemia-induced deficits.
In a further set of experiments, in which the
granule cells of the DG were selectively
damaged by local injection of colchicine, the
same group compared the efficacy of DG and
CA1 grafts that were placed into the lesioned
dorsal hippocampus. At 8 weeks after trans-
plantation surgery, the rats with DG, but not
those with CA1, grafts showed an improvement
in the water-maze acquisition relative to
lesioned, non-grafted rats (Xavier et al. In:
Sinden et al., 1995, p. 29).

In other respects, in rats with fimbria-fomix
lesions, ectopic cholinergic-rich grafts do not

significantly attenuate lesion-induced, noncognitive

disturbances, such as locomotor hyper-activity
(for example, Dunnett et al., 1982b; but see
Cassel et al., 1992b). Fimbria-fomix lesions also
abolish rhythmic slow activity (RSA or theta) in
the hippoeampus, and no recovery is seen in
either control-lesioned rats or in rats with non-
septal suspension grafts (Buzsaki et al., 1987;
1992). Recovery of RSA was observed in rats
with solid septal grafts, however, and in some
rats with solid hippocampal grafts implanted into
the fimbria-fomix lesion cavity. As in normal
rats, RSA was present only during running and
absent during drinking and sitting still. In
contrast to the rats with solid grafts, those with
hippoeampal septal suspension grafts displayed
only short duration bursts of RSA, and those
mainly during immobility. The findings suggest
that at least some of the RSA pacemaker cells of
the host septum survive the fimbria-fomix
transection, and that solid grafts implanted into
the lesion cavity may be capable of relaying this
pacemaker activity to the host hippocampus.

Circuitry repair that may be achieved by
various means (for the septo-hippocampal
system, see for example, Kromer et al., 1981; for
review see Will et al., 1998) thus seems
necessary for the recovery of certain functions,
such as hippoeampal RSA, because the link
between the septum and the hippocampus is
required for the transfer of information from the
RSA pacemaker cells, located in the septum, to
the hippocampus. Circuitry repair, however, seems
unnecessary for certain other functions, the
recovery of which can be achieved solely by
restoring within a deafferented area a paracrine
level of various neurotransmitters, without any
necessity for rebuilding a point-to-point circuitry.
Thus, from a therapeutic viewpoint, alleviating
all kinds of symptoms after brain injury is

obviously a goal that may be reached, in some

cases, only by combining different strategies:
a) rebuilding the circuitry for correcting

certain deficits (such as locomotor hyper-
activity and suppression of hippocampal
RSA), and
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b) furnishing sufficient amounts of the
defective molecules in situ for ameliorating
other rather general (perhaps attentional)
functions.

This is precisely the goal that Dueonseille and
co-workers (Hofferer-Duconseille, 1997a; 1997b;
Duconseille et al., 1999) tried to reach by
combining, in a recent series of experiments,
polymeric hydrogel implantation with homotopic
fetal cell transplantation

According to Ramon Y. Cajal (1928):

Once development is completed, the
sources of growth and regeneration of
axons and dendrites are irrevocably lost.
In the adult brain, nervous pathways are

fixed and immutable; everything may die,
nothing may be regenerated.

By adopting such a view, the 1906 Nobel prize
laureate most likely contributed to the general
acceptance of the idea that axons are unable to
regrow after injury within the adult mammalian
central nervous system (CNS). Today, however,
we do know that this assertion needs serious
qualification because we now recognize that
even in the adult mammalian CNS, neurons have
an endogenous ability to regenerate after injury;
the expression of their intrinsic ability to do so
requires the appropriate micro-environmental
conditions (for example, Will et al., 1998).

Among the several possibilities that may
create such conditions (for example, Kromer &
Combrooks, 1987; Messersmith et al., 1991;
Neuberger et al., 1992), Duconseille and co-
workers (1998) chose to use unmodified or
amino-sugar-containing biocompatible polymeric
hydrogels furnished by Dr. Woerly (Organogel
Canada Lt6e). These polymers were assumed to
provide regrowing or growing neuronal fibres
with an artificial growth-promoting substrate
mimicking some aspects of the extraeellular
matrix found in the lower vertebrate CNS, the
mammalian developing CNS, or the peripheral
nervous system, three systems that show
spontaneous regeneration (for example, Will et

al., 1998). Hydrogels are hydrophilic, polymer-
based macromolecular networks that are swollen
in water. Their permeability to small molecules,
the micro-geometry of their porous network, and
the size of their pores are key characteristics
concerning their chances to allow damaged
neurons to regenerate their axons within the
three-dimensional organization of the hydrogel
(for example, Woerly et al., 1995; 1996; 1998).
Duconseille and coworkers (Duconseille et al.,
1998) used (2-hydroxypropyl)methacrylamide
(HPMA) hydrogels, which among all hydrogels
tested-according to Woerly and eoworkers
(1993) show the highest adhesion properties
with living cells. The first experiment evaluated
the potential of the hydrogel matrix to support
glial cell infiltration, angiogenesis, and axonal
regeneration when the gel is implanted into the
adult rat brain to close an--2.5 mm gap, created
by an aspirative lesion of the fimbria-fomix
pathways. Six months after lesion surgery, all the
hydrogels were found to be well integrated into
the brain, adhering to host brain tissue and
making up a stable bridge between the septum
and the hippoeampus. The hydrogels contained
blood vessels and were invaded by host cells,
including astrocytes. Fiber penetration was most
important in the N-acetylglucosamine-containing
hydrogels. Despite these features, the hippo-
campus failed to show any significant increase of
AChE-staining, as compared with that seen in the
lesion-only rats. The results of this experiment
confirmed the regeneration capacity of severed
septo-hippocampal neurons into a polymeric
substrate; the results also showed the limitation
of this process, which, at least as far as
cholinergie neurons are concerned, remained
limited to the hydrogel and failed to reinnervate
the hippocampus.

Because fetal neurons have a higher neuritic
growth potential than adult neurons do and
exhibit a high survival rate after intracerebral
implantation, intraseptal homotopic fetal cell
grafts were combined, in certain complementary
experiments, with an intracavitary hydrogel
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implantation (Hofferer-Duconseille, 1997; Will
et al., 1998; Duconseille et al., 1997a, 1997b,
1999). This approach was assumed to allow a
growth of axons across the "bridge" that is more
powerful than the growth of severed adult septal
axons that was seen in the previous experiment.
The double implantation (hydrogel + fetal cells)
induced a cholinergic reinnervation of the
anterior pole of the hippocampus, reaching a
distance farther than 300 tm from the polymer/
hippocampus interface. Double implantation also
induced a partial recovery of certain electro-
physiological characteristics of hippocampal
function: In rats with a double implantation,
Duconseille and coworkers (1999) observed a
partial restoration of the correlation between the
instantaneous velocity of the rat and the firing
rate of the hippocampal intemeurons, also named
"theta" cells; between the head direction of the
rat and the firing rate of place cells; and of the
rhythmic modulation of the cellular activity of
both kinds of cells. The double implantation,
however, had no effect on the lesion-induced
perturbations of some functional characteristics
of place cells. Finally and most important, double
implantation significantly attenuated lesion-
induced locomotor hyperactivity, but did not
alleviate lesion-induced reference and working
memory deficits as assessed in water-maze and
radial-maze tasks.

CONCLUSION

One knows that cholinergic-rich grafts or
both cholinergic- and serotonergic-rich co-grafts,
heterotopically implanted into the hippocampus,
may normalize mnemonic function, or at least
attenuate mnemonic dysfunction. Such grafts,
however, produce mnemonic improvements
without reducing locomotor hyperactivity and
restoring the rhythmic modulation of activity in
hippocampal neurons. It is therefore tempting to
confront the contrasting outcomes of such
heterotopic transplantations and of homotopic

grafts combined with an artificial "bridge"
implantation. In particular, one may assume that
a more extensive reinnervation of the hippo-
campus following regrowth through the polymer
(or another kind of) bridge could be achieved by
using appropriate growth promoting and guiding
factors and/or by antagonizing growth inhibiting
factors (for example, Will et al., 1998). If the
achieved reinnervation is similar to that observed
following heterotopic transplantation, it would be
tempting to assume that the double implantation
(homotopic fetal cell transplants + polymer
"bridge") could entail a combination of the
effects that are observed after heterotopic and
after homotopic + bridge grafts. The effects may
be simply additive, which would in any event
constitute a serious progress in comparison with
the separate outcomes of either heterotopic or
homotopic grafts; nonetheless, such effects may
even be interactive, one kind of graft potentiating
the effects of the other. The latter possibility
seems plausible because the reinstatement of
normal or close-to-normal RSA and of normal
locomotor activity may favor normal cognitive
performance (for example, Wetzel et al., 1977;
Mayeux & Stem, 1983; Growdon et al., 1990;
Vinogradova, 1995).

Apart from the advantage of intracerebral
grafts as a potent experimental tool in basic
neurobiological research, the clinical applica-
bility of intracerebral grafts for alleviating
memory disturbances in aged individuals or for
treating the dementia of patients with
Alzheimer’s disease remains, as stated by
Dunnett (1991) and by Lindvall (1991), quite
limited and premature, at least in a foreseeable
future. Indeed, the moderate forgetfulness that is
observed in aged individuals does not justify
intracerebral transplantation, which would
constitute too heavy a surgical intervention
applicable to too many people. In patients with
Alzheimer’s disease, the cognitive deficits are
too severe and the neuropathological changes too
widespread for considering a topical neuro-
surgical intervention as an adapted means for
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producing a wide-ranging structural and
functional repair. Therefore, a therapeutic approach
relying more specifically upon pharmacological
treatments should be more appropriate.

Nevertheless, some other dementiae exist,
originating apparently from a more restricted
degeneration of subeortical cholinergic neurons
and leaving their cortical targets relatively intact.
Such a case has been made for the dementia
observed in a subpopulation of patients with
Parkinson’s disease, which is characterized by a
high number of Lewy bodies colonizing their
basal forebrain nuclei (Candy et al., 1983;

Whitehouse et al, 1983; but also see Mayeux et
al., 1983). The treatment of this pathology by
intracerebral transplants might deserve particular
attention.
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