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Abstract—Long-Evans female rats sustained electrolytic lesions of the fimbria and the dorsal fornix and,
two weeks latcr, received intrahippocampal suspension grafts of fetal tissue. The grafts were prepared from
regions including either the medial septum and the diagonal band of Broca (septal grafts), or the
mesencephalic raphe (raphe grafis), or from both these regions together (co-grafts). All rats were submitted
to a series of behavioural tests (home cage and open-field locomotion, spontaneous alternation, radial-arm
maze and Morris water maze performance) run over two periods after grafting (one to nine weeks and
20-35 weeks). Two weeks after completion of behavioural testing, histological (acetylcholinesterase and
Cresyl Violet staining) andjor neurochemical (cheline acetyltransferase activity, high-affinity synaptoso-
mal uptake of choline and serotonin, noradrenaline, serotonin and S-hydroxyindolacctic acid concen-
trations) verifications were performed on the hippocampus.

Compared to sham-operated rats, lesion-only rats exhibited hyperactivity which was transient in a
familiar environment (home cage) and lasting in an unfamiliar one (open field), decreased rates of
spontaneous T-maze alternation, and impaired memory performance in both the radial-arm maze and the
Morris water maze. These rats also showed decreased cholinergic and serotonergic markers with a
maximal depletion in the septal two-thirds of the hippocampus. Noradrenaline concentration tended fo
be increased in the dorsal third of the hippocampus, but was not modified in the other two-thirds.

While septal grafts specifically increased the cholinergic markers and raphe grafts the serotonergic ones,
neither of these grafts produced a lasting effect on any behavioural variable. Conversely, the co-grafts,
which increased both the cholinergic and serotonergic markers in the septal two-thirds of the hippo-
campus, completely normalized the Morris water maze probe trial performance, but failed to affect any
of the other behavioural variables.

Our present results confirm that grafts of fetal neurons injected into the denervated hippocampus may
induce a neurochemical recovery that depends on the anatomical origin of the grafted cells, and that
co-grafting two fetal brain regions allows the combination of their individual neurochemical properties.
Furthermore, our results show that these neurochemical effects of the co-grafts may be involved in the
recovery of behavioural function observed in the water maze. However, somewhat paradoxically, those
effects appear inefficient for inducing any recovery in other behavioural tasks, even in the radial-arm maze,
which is assumed to measure similar spatial functions. Finally, it is suggested that the co-grafts might be
more efficient in attenuating the spatial reference memory (Morris water maze) rather than the spatial
working memory (radial maze) deficits subsequent to fimbria-fornix lesions.

One major neurochemical feature of Alzheimer’s
disease (AD) consists of a dramatic degeneration of
the cholinergic cerebral neurons."!"*? Although the
extent of this cholinergic neuropathology is corre-
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lated with the degree of cognitive impairments pre-
sented by AD patients,"* neurochemical systems
other than cholinergic ones are also altered in thesc
patients** (e.g. serotonergic, noradrenergic, GABA-
ergic).

To test some potential treatments of the cognitive
deficits related to AD, several pharmacological
models or surgical paradigms of this disease have
been developed in animals, particularly in rats. "
One of these surgical paradigms is based on depriving
the hippocampus of its cholinergic afferents by exten-
sive lesions of the so-called septohippocampal path-
ways (i.e. cingular bundle, dorsal fornix and fimbria).
Using this lesion paradigm, one experimental ap-
proach consists of performing intrahippocampal
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grafts rich in cholinergic neurons in order to replace
the missing hippocampal cholinergic affcrents. Thus,
studies have demonstrated that such grafts are abie to
attenuate (or even to fully compensate for) some of
the electrophysiological,” % neurochemical,*'¢-14%
histochemical™™ and behavioural®'*1%#4850 deficits
subsequent to the disruption of the septohippocam-
pal pathways.

However, in addition to the cholinergic hippocam-
pal afferents, septohippocampal lesions also disrupt

cerotoneroic fibras arisine fram tha madial rarha
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noradrenergic fibres arising from the locus coeruleus
and GABAergic fibres originating in the septal re-
gion.***7! In agreement with Nilsson er ai.,*® we have
recently reported that, by using a co-grafting ap-
proach, it was possible to compensate for more than
one of the neurochemical deficits observed in the
hippocampus after septohippocampal lesions; specifi-
cally, grafts rich in cholinergic neurons fostered
cholinergic recovery, grafts rich in serotonergic neur-
ons fostered serotonergic recovery, whereas co-grafts
of both these prcparat.ons produced cholinergic and
serotonergic recovery;’ in addition, this recovery was
closer to 100% than the recovery observed following
single graft implantation. Unfortunately, in our ex-
periment, neither of these grafts was able to attenuate
the lesion-induced deficits found in a radial-arm maze
(RAM) learning task.

Most studies assessing the structural and/or func-
tional effects of intrahippocampal grafts rich in
cholinergic neurons were carried out in rats given
extensive (aspiration or knife-cut) damage to the
septohippocampal pathways. As a potential animal
model of AD, such extensive lesions present at least
one major deviation from the overall neurochemical
alterations found in AD patients. Apart from their
effects on other neurotransmitter systems (see above),
these lesions induce an almost complete cholinergic
depletion in the hippocampus, whereas the cholin-
ergic degeneration found in the brain of AD patients
remains incomplete ¥47% Furthermore, aspiration of
the fimbria—fornix, which cannot be carried out with-
out producing severe damage to the overlying cortical
structures and the corpus callosum, can also produce
sensorimotor disturbances (Cassel et al., unpublished
observations). Therefore, partial lesion paradigms
consisting, for instance, of damaging more specifi-
cally the fimbria and the dorsal fornix, but without
altering the overlying structures, might be more ap-
propriate both for modelling AD in animals and

assessing the functional effects of various putative
orafte

r‘lrn(m

therapeutic treatments

trophic factors). However, as regards the utlllzation
of intracerebral grafts, such partial deafferentation
paradigms might be helpful only if they
functional deficits which are not subject to spon-
tancous recovery over long post-operative periods.

Recently, we found that bilateral lesions of the
infracallosal component of the septohippocampal
pathways (fimbria and dorsal fornix) induce be-
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havioural and neurochemical deficits which, even
after scveral months, do not result in recovery.® Rats
given such lesions showed a clear-cut decrease in
hippocampal markers of cholinergic and serotonergic
function, and exhibited increased locomotion activity
in an open field, reduced spontaneous alternation, as
well as impaired RAM learning performance.
Given the above, in the present study, we used
infracallosal septohippocampal lesions to assess the
functional effects of intrahippocampal cell suspension
grafts rich in either cholinergic or serotonergic neur-
ons as compared to those of co-grafts of both these
preparations. The different types of cell suspensions
were injected into the dorsal hippocampus of three-
month-old Long-Evans female rats which, two weeks
prior to grafting, were submitted to an electrolytic
lesion of the fimbria and the dorsal fornix. The grafts
rich in cholinergic neurons were prepared from the
ventral forebrain region, which includes the septum
and the diagonal band of Broca. The grafts rich in
serotonergic neurons were prepared from the region
of the fetal brain 111\«}uui|15 the medial Tapuc The
behavioural effects of both the lesions and the grafts
werc asscssed over two periods (one to nine and
20-35 weeks after grafting). We measured home cage
activity, open field locomotion, spontaneous altcrna-
tion in a T-maze, RAM performance and Morris
water maze (MWM) learning. All these tasks were
chosen because of their classically described sensi-
tivity to hippocampal lesions or denervations ™%
Two weeks after completion of behavioural testing,
most rats were killed (at least seven per group)
and their uippocampi were pracesseu for the follow-
ing neurochemical determinations: high-affinity
synaptosomal uptake of [*H]choline (HACU) and
[*H]serotonin (HASU), choline acetyltransferase ac-
tivity (ChAT), as well as hippocampal serotonin
(5-HT), 5-hydroxyindolacetic acid (5-HIAA) and
noradrenaline (NA) concentrations. The remaining
rats were processed for morphological and histo-
chemical determinations using Cresyl Violet and

acetylcholinesterase (AChE) staining, respectively.

EXPERIMENTAL PROCEDURES
Subjects

Long-Evans female rats (n = 58), obtained {rom R. Jan-
vier (France), were used in this study. They were housed in
Makrolon cages (59 x 38 x 20 cm) in groups of five or six,
except during behavioural testing during which they were
isolated in smaller cages (42 x 26 x 15 cm). Food and water
were available ad libitum, except during RAM testing. The
colony room and the testing rooms were maintained on a
12.00 light/12.00 dark cycle (lights on at 07.00) under
controlled temperature (23 + 1°C).

Quraar\

.....
All surgery was performed under aseptic conditions, using
pentobarbital anaesthesia (40 mg/kg, i.p.) 10min after an
atropine sulphate injection (4 mg/kg, i.p.).
Lesion surgery. At 91 (4 1) days of age, 47 rats received
a bilateral electrolytic lesion of the infracallosal septo-
hippocampal pathways (fimbria-fornix), which was made
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by passing a rectified current of | mA for 40s through
an epoxylite-coated stainless steel electrode (0.15mm in
diameter) which was uninsulated at the tip (c. 0.5 mmj.
The clectrode was lowered into the brain at five sites
according to the following coordinates: from lambda,® A
52mm, L+08mm, V—33mm; A 5.5mm, L 0.0mm,
V-35mm; A 58mm, L& 18mm, V—38mm. The in-
cisor bar was placed 3.0 mm below the interaural line. The
control group (Group Sham; » = 11) consisted of rats which
received scalp incision and removal of the bone overlying
the dorsal parietal cortex.

Transplant surgery. Cells to be grafted were prepared
from the brains of Long-Evans fetuses. Two weeks after
lesion surgery, a first subgroup of lesioned rats (Group
Septum; n = 10) received bilateral intrahippocampal grafts
of a cell suspension prepared from the region including the
septal-diagonal band of Broca, a region which is rich in
cholinergic neurons (crown-rump length, CRL: 14 mm;
embryonic day, E15). A second subgroup of lesioned rats
{Group Raphe; n = 12) received grafts of a cell suspension
prepared from the region including the medial raphe, which
is rich in serotonergic neurons (CRL: 12mm; E13). In a
third subgroup, the lesioned rats (Group Raphe + Septum;
n = 13) received co-grafts of a cell suspension in which
septal and raphe tissue had been mixed prior to the dis-
sociation (CRL; 12 and 14 mm; E13 and E15). The fourth
subgroup {Group Lesion; n = 11) consisted of lesioned rats
which did not receive grafts.

The grafts were performed as described in detail by Cassel
et al.’ Briefly, after extraction of the fetal brains, the ventral
forebrain region containing the septal area or the regiod
including the mesencephalic raphe was dissected out under
a stereoscopic magnifier using sterile instruments and glass-
ware. The dissection procedure of the fetal ventral forebrain
was similar to that described by Bjérklund ez al.,® excision
of the region including the fetal mesencephalic raphe was
done as described by Seiger® and Steinbusch e al%® Re-
spectively to their anatomical origin, tissue fragments were
collected in 0.6% glucose-saline, incubated for 20 min at
37°C in the same solution with 0.1% trypsin (Sigma, Grade
11), washed three times with 5 ml of fresh glucose—saline and
brought to a final volume of about 10 gl per septal tissue
piece and 20 ul per raphe tissue piece. These blocks were
then dissociated using a fire-polished Pasteur pipette until
a milky suspension was obtained. Injections {2 ul/site,
I plj/min) of the resulting suspensions were performed
stereotaxically, through a Hamilton syringe, into each dor-
sal hippocampus at the following coordinates: from
lambda,” A 40mm, L+ [.6mm, V 3.lmm; A 24mm,
L +3.2mm, V33 mm. The incisor bar was placed 3.0 mm
below the interaural line. The syringe was left in situ for
2 min after each injection. Cell suspensions were used within
a maximum of 3 h after preparation. The number of cells
injected was counted in a haemocytometer (Thoma
chamber; for details see Ref. 8) and non-viable cells were
identified with 0.05% Trypan Blue. Counts of viable cells
per ul were 47,000 for the ventral forebrain suspension,
38,750 for the mesencephalic raphe suspension and 70,000
for the suspension used for the co-grafts. In all cases, the
suspensions contained about 10% damaged, non-viable
cells.

Behavioural tests

For the first post-surgical peried of testing, behavioural
testing began one week after transplant surgery and contin-
ued for eight weeks. The tests were run in the following
order: home cage activity (over three days), open-ficld
activity (over three days), spontaneous alternation (over
five days) and RAM (over a period of four weeks: pre-
training + 40 uninterrupted trials). After a 12-week inter-
ruption of testing, the rats were tested again (second period)
according to the same protocol, except for RAM testing,
which was modified as follows: (i) only 16 trials were run

under conditions identical to those of the first period of
testing; (ii) after these 16 trials, the rats were tested with the
introduction of a | min delay between their fourth and fifth
choices (24 trials). When RAM testing was completed, all
rats were tested for their learning and retention perform-
ances in the MWM task.

Home cage activity. The spontaneous activity of the rats
was recorded for 22 h in the home cages, starting at 11.00.
A first period of observation lasted for 3 h (habitvation to
the experimental conditions). A second period of obser-
vation, which began at 14.00, lasted for 19h (nocturnal
period: 19.00-07.00). Each cage was traversed by two
infrared light beams targeted on two photocells, 4.5cm
above floor level and 28 cm apart. The number of crossings
was monitored continuously by a microcomputer. Rats were
tested one week before lesion surgery, one week after lesion
surgery and one, 12 and 20 weeks after transplant surgery.

Open-field activity. The open field consisted of an un-
painted wooden square enclosure with 43.5cm high walls
and a 65 x 65 cm floor divided into 25 equal squares. Each
rat was placed in a corner square, facing the corner, and
observed for 10 min. In the testing room, the only illumina-
tion was provided by a 40 W white light placed centrally,
1.80 m above the field. The experimenter was unaware of the
surgical treatments of the rats and recorded the number of
squares crossed. The rats were tested for two wecks and
again during the 21st week after transplant surgery.

Spontaneous alternation. The apparatus was a grey Per-
spex T-maze (10 cm high x 10 cm wide), with a transparent
Perspex roof and a 40 W white lamp located 105 cm above
the choice point. The 45-cm-long stem and 21-cm-long side
arms ended in 20-cm-long interchangeable start box/goal
boxes. Guillotine doors could be placed adjacent to each
start/goal box to confine the rat in the start box or at the
extremity of the chosen arm. During testing, the rat was
placed in the start box for 10 s before the guillotine door was
opened; once the rat had reached the end of the chosen arm,
it was retained in the goal box for 30's before another trial
was run; two trials were run each day. The goal box, with
the rat inside, was interchanged with the start box. The rats
were tested during the second week and again during the
21st week after transplant surgery.

Radial-arm maze. Apparatus. RAM training and testing
were run using two identical grey wooden RAMs placed in
an experimental room with several different visual cues
{pictures on the walls, a chair, computer, desk, etc.). The
octogonal central platform was 40cm in diameter. Arms
radiating from the platform were 56cm long and [0cm
wide, with a concave food well located 3 cm from the end
of each arm. A 3-cm-high border was fixed to the arms and
30 x 20 cm walls were fixed to each arm sentence. Access to
each arm was controlled by transparent Perspex guillotine
doors. Each maze, elevated 68 cm above floor level, was
illuminated by a 40 W white light located about 180cm
above the centre of each maze. In each maze, 16 infrared
photocells recorded entries and movements of the rat (two
photocells per arm, one at 12 cm from the arm entrance and
the other 10 cm from the end of the arm, with the infrared
beam 4 cm above floor level). Sequences of photocell beam
interruptions were monitored with a microcomputer. Errors
were defined as re-entries into already visited arms within a
given trial.

Training procedure. The body weight of all rats was
reduced (over 10 days) and subsequently maintained at
about 80% of the frec-feeding value. Water was available ad
libitum. All rats were habituated to eat food pellets in the
maze on five consecutive days prior to testing. On the first
day, only one arm was accessible and its food well was filled
with eight calibrated food pellets (45 mg, Campden, U.K.).
On the second day, two adjacent arms were accessible with
four pellets placed in each food well. For the three following
days, three adjacent arms were accessible with two pellets
placed in each food well. On each day of training, the rat
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was returned into its home cage either when all food pellets
had been eaten or after 15 min regardless of how many
pellets had been consumed. By the fifth day, all rats ate the
six pellets in less than 15 min,

Testing procedure. Following training, all rats were tested
twice a day (five days per week) for 40 trials during the first
period of testing (from the sixth to the ninth weeks after
surgery). The daily trials were separated by at least 120 min.
At the start of a trial, a rat was placed on the central
platform with all guillotine doors open; the trial was finished
when all arms had been visited.

For the second period of testing, training began 26 weeks
after surgery, starting with three arms open. It lasted for
three days. After an initial series of 16 trials (two per day),
which were run according to the same procedure as for the
first period, testing was continued for 24 days according to
an interrupted procedure (analogous to the delayed-non-
match-to-sample task). For both the uninterrupted and the
interrupted testing procedures, errors were also defined as
re-entries into already visited arms in a given trial.

The interrupted procedure (which increases the temporal
constraints of the task) was used to prevent some rats from
using efficient egocentric choice strategies (e.g. always clock-
wise or always counter-clockwise repetition of choice direc-
tions such as 45° or 135°). Such strategies closely resemble
sequential routines. They do not require the use of extra-
maze cues in performing the task and minimize the
mnemonic load of the task. This procedure allowed us to
investigate whether rats from the different treatment groups
which had developed egocentric choice strategies were also
able to use extramaze cues to complete the task. Under this
testing condition, the rats were tested only once a day. A rat
was placed on the central platform with four of the eight
guillotine doors lowered (according to one of four pre-deter-
mined patterns which were used alternately in randomized
order; i.e. open arms: 2,4, 6, 8, 4,5,6,7;,2,3,7,8. 1,4,
5, 6). When the four open arms had been visited, the rat was
taken from the apparatus to its home cage, where it
remained for 1 min before being reintroduced into the centre
of the maze (all doors now open) to complete the trial.
Under such testing conditions, the persistent use of egocen-
tric choice strategies results in an increased number of
errors. In utilizing this procedure, our goal was not primar-
ily to check whether lesioned rats used egocentric strategies
more frequently than the sham-operated ones, but was to
impose a testing protoco! in which the rats which preferen-
tially use egocentric strategies have to switch to an allocen-
tric strategy in order to keep a good level of performance.
However, considering the last eight uninterrupted trials of
the second testing period, we have also checked whether
there was a difference among our five experimental groups
in the number of rats which consistently used efficient
egocentric strategies. A rat was considered to preferentially
perform the task according to an egocentric strategy when
(i) it repeated an angle of 45° or 135° at least six times out
of the first seven angular choices of a given trial, (i) it always
did so in the same direction (either clockwise or counter-
clockwise) and (iii) such a choice pattern was observed in at
least six trials out of the last eight trials of the interrupted
testing procedure of the second testing period.

Morris water maze. Apparatus. The MWM consisted of 2
circular pool (diameter 160c¢m; height 60cm) filled with
water to a height of 30cm. The water (25°C) was made
opaque with powdered milk. The pool was located in an
experimental room with many extramaze cues (e.g. chair,
computer, desk, animal cages, lights, etc.). The pool was
divided into four quadrants of equal surface and four
starting points were defined as north, south, east and west.
A circular platform (diameter 11cm) was placed at a
constant position in the middle of one quadrant of the pool.
All movements of the rats were recorded by a camera and
analysed by a computer which calculated the distance swum
{em) and the latency (s) to reach the platform.

Pre-training procedure. Pre-training lasted over four days.
For the first three days, the platform was | cm above the
water surface. On days 1 and 2, each rat was placed on the
platform for 30s. On day 3, each rat was given four trials
which were made with four different starting positions, 90°
apart, according to a randomized order (e.g. E, S, W, N; W,
E, 8, N; etc.). For each trial, the rat was released in the
water, facing the wall, at the designated starting point. It
was given a maximum of 120s to reach the platform. When
it had climbed onto the platform, the rat was allowed to
remain there for 20 s before being removed and placed at the
next pre-determined starting point. If the rat did not find the
platform, it was picked up and placed on the platform for
20s by the experimenter. On day 4 of pre-training, the top
of the platform was lowered to the level of the water surface.

Testing procedure. On day § and thereafter, the platform
was submerged 1 cm under the surface of the water. Each
rat was tested for four days with four consecutive trials per
day. Immediately after the third trial of the fourth day, the
platform was removed and each rat was given a probe trial
in which it was allowed to swim for 60s. The computer
calculated the distance as well as the time spent in the
quadrant where the platform had been located. Testing
began 32 weeks after transplant surgery.

Neurochemical determinations

Tissue preparation. Approximately two weeks after com-
pletion of behavioural testing, some of the rats from each
group {seven from each control group and eight from each
group of grafted rats) were chosen randomly and used for
neurochemical determinations. All remaining rats were nsed
for histological and histochemical verifications {see below).

The rats were decapitated and their brains were quickly
removed. First, the brain was sectioned transversally at the
level of the septal pole of the hippocampus, thereby separ-
ating a rostral and a caudal portion of the brain. The rostral
portion was collected in 0.1 M phosphate-buffered 1.6%
paraformaldehyde and kept at 4°C until it was sectioned for
determination of the lesion extent. From the caudal portion,
both hippocampi were dissected free and cut into three
pieces of approximately equal size, thereby separating a
dorsal (septal pole), a “middle” (intermediate) and a ventral
{temporal pole) region. According to their septotemporal
level of origin, the left and the right regions were collected
together into 3ml of 0.32M sucrose (in 2.5mM HEPES,
pH 7.4) where they were homogenized in a Potter/Elvehjem
glass/Teflon homogenizer (eight strokes at 500 rpm}. From
this crude homogenate, a 20 p] sample was used for determi-
nation of protein content, another 100 u1 sample was used
for measurements of ChAT activity and a further 100 ul
aliqguot was mixed with 100! 0.2 N HCIO, (containing
250 mg Na,SO, and 200 mg disodium EDTA per litre) and
stored at —20°C for high-performance liquid chromatog-
raphy determinations. The remaining homogenate was cen-
trifuged for 10 min at 1000 g; the supernatant was carefully
removed by pipetting and centrifuged for 10 min at 17,000 g.

Determination of synaptesomal uptake. The pellet of this
second centrifugation was carefully resuspended in 700 u! of
Krebs-Henseleit buffer (KHB) containing 60 4M pargyline.
From this suspension, 375ul} were further diluted into
1125 3] KHB. The resulting suspension (aliquots of 250 u1)
was incubated for Smin at 30°C in the presence of 50 nM
of either Hlcholine or PH}S-HT (samples in triplicates). In
a scries of preliminary experiments we found that, under
these conditions, the synaptosomal uptake was linear be-
tween 2 and 8 min for PHjcholine and between 2 and § min
for PH]5-HT. In order 1o correct for unspecific binding or
uptake, parallel samples {duplicates) were run in the pres-
ence of 1 M (each) of hemicholinium-3 ([*H]choline up-
take) or fluvoxamine ([*HJ5-HT uptake). The incubation
was stopped by addition of 4ml of ice-cold KHB
(+ pargyline), followed by rapid filtration through cellulose
nitrate filters (0.65 um pore size; Sartorius) and further
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washing of the filters [three times with 4ml KHB
(+pargyline)). The filters were dissolved in 2mi of
ethyleneglycol monoethylether and radioactivity was as-
sessed by liquid scintillation counting after addition of 10 mi
of toluene scintillator.

Determination of choline acetyltransferase activity. ChAT
activity was determined as described by Fonnum® with
several modifications. In brief, 100 u1 of the crude homogen-
ate of hippocampal slices (see above) were diluted with
100 #! of a medium containing 269 mM NaCl, 90mM
NaH,PO,, 0.45% Triton X-100, 0.9 mM EDTA, 09mM
Na,FDTA and 179 uM physostigmine. Ten microfitres of
this mixture (all samples in triplicates) were added with 5 ul
of choline bromide (32 mM). The incubation was started
by the addition of S5ul of ["Clacetyl-coenzyme-A
(50 nCi/assay; 0.242 mM final concentration). After 20 min
at 37°C, the tip of the incubation tube was cut with a razor
blade and put into a mixture of Sml sodium phosphate
buffer {10 mM, pH 7.4) with 2 m! of sodium tetraphenyibo-
rate in acetonitrile (5 mg/ml). From this mixture, the newly
formed ['“Clacetylcholine was extracted by careful shaking
with 10 ml of toluene scintillator. Following separation of
the aqueous phase from the organic phase, the samples were
directly counted by liquid scintillation counting. In order to
correct for non-specific effects, for each hippocampal region,
two samples were run at 0°C.

Determination of serotonin, 5-hydroxyindolacetic acid and
noradrenaline concemtrations. The concentration of these
products was evaluated by high-performance liquid chroma-
tography with electrochemical detection (detector model
M20, pump model 300c, Gynkotek). Each sample (see
above) was centrifuged and the supernatant (aproximately
90 ul) filtrated through 0.22 pm filters (Millipore). Twenty
microlitres of the filtrated supernatant were injected into a
C18 reversed-phase column (ODSII, S pm). The separation
of the different compounds was obtained using a citrate~
acetate buffer (pH 4.1, 39.8 mM sodium acetate, 17.3mM
citric acid monohydrate, 86.7 M disodium EDTA) con-
taining 80 mil/l methanol, 6.5ml/l ethanol and 518 mg/l
sodium octane sulphonate. Electrochemical detection
(Gynkotek) was performed at 0.6 V using a calomel refer-
ence electrode. Sensitivity of the detection was 2.5 pg for NA
and 5-HIAA, and 7.4 pg for 5-HT.

Protein content. Protein content was assessed in both the
crude homogenate (used for determination of ChAT ac-
tivity, 5-HT, 5-HIAA and NA concentrations) and in the
suspension of synaptosomes, according to the method de-
scribed by Lowry er gl ¥

Histological /histochemical verifications

All rats which were not used for neurochemical determi-
nations were anaesthetized with an overdose of pentobarbi-
tal (100 mg/kg, i.p.) and transcardially perfused with 50 ml
of 0.9% saline followed by 60ml! of 0.1 M phosphate-
buffered 4% paraformaldehyde (4°C). After extraction, the
brains were post-fixed for about 4 h and transferred into a
0.1 M phosphate-buffered 20% sucrose solution for 36-40 h.
The brains were then quickly frozen and cut into 30-pm-
thick coronal sections using a cryostat {— 20°C). From the
posterior septum to the posterior region of the hippo-
campus, each fifth section was collected onto gelatine-coated
slides. The sections were dried at room temperature for 36 h
and stained either with Cresyl Violet® or for AChE accord-
ing to a method similar to that of Koelle:® ethopropazine
(0.3 mM) was used to block non-specific cholinesterases and
acetylthiocholine iodide (4 mM) was used as the substrate.

Statistical analysis

All data were analysed by an analysis of variance™
(ANOVA) followed, where appropriate, by 2 x 2 compari-
sons based on Duncan’s multiple range test.” Neurochemi-
cal data were analysed separately for each hippocampal
region (dorsal, “middle” and ventral). Since variances in

home cage activity, open-field scores and RAM perform-
ances did not show homogeneity, a square root transform-
ation of these data was made prior to running the
ANOVA"

For comparing the proportion of rats which, in the five
experimental groups, showed a persistent use of egocentric
strategies in the radial maze, we used a Chi-Square
test.”? The computation of the correlation coefficients be-
tween behavioural and neurochemical variables was per-
formed according to the method described by Tallarida and
Murray.”

RESULTS

Behavioural assessment

Home cage activity. Day period (Fig. 1A). Average
pre-operative scores did not differ significantly
among the five groups. Following the lesion and
transplantation surgeries (one week, and one, 12 and
20 weeks, respectively), there was no significant over-
all Group effect, F{4/52)=23, P=006 (5x5
“Group” Factor x “Test Period” Factor ANOVA),
but a significant Test Period effect, F(4/208) =313,
P <0001, as well as a significant Group x Test
Period interaction, F(16/208)=1.9, P =0.02. The
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Test Period effect, as well as the interaction between
factors “Group™ and *Test Period”, were due to both
an increase in activity shortly after lesion surgery
(£ < 0.05 in all cases) and a subsequent decrease in
all lesioned rats, as opposed to the more stable
activity noted in sham-operated rats. Neither type of
graft provided any significant effect on the lesion-
induced hyperactivity.

Night period (Fig. 1B). Average pre-operative
scores did not differ significantly among the five
groups. A 5x 5 (Factor “Group” x Factor “Test
Period”™) ANOVA revealed significant Group,
F(4/52) =50, P =0.001, and Test Period effects,
F(4/208) = 51.7, P < 0.001, as well as a significant
Group x Test Period interaction, £(16/208) =338,
P < 0.001. The Group effect consisted of increased
activity in all lesioned rats, whether grafted or not
(P < 0.05 in all cases). No significant difference was
observed between grafted and lesion-only rats, what-
ever type of graft was considered. The significant Test
Period effect, as well as the significant Group x Test
Period interaction, reflect a decline, over time, of the
lesion-induced hyperactivity.

Open-field locomotion. For the first post-surgical
period of testing (two weeks after transplantation
surgery; Fig. 2A), the ANOVA of the number of
squares crossed (Factor “Group” x Factor “Block™)
showed a significant overall Group effect,
F{4/52) = 6.8, P <0001, a significant Block effect,
F(4/208) = 254, P <0.001, but no significant
Group x Block interaction. The Group effect was
due to increased locomotion in all rats with lesions,
as compared to sham-operated rats (P < 0.05 in all
cases). Neither type of graft produced any significant
effect on the lesion-induced hyperlocomotion. Re-
gardless of the surgical treatment, the Block effect
was due to a decline in activity during the 10 min of
observation. The lack of interaction indicates that the
activity decline between the first and last blocks did
not differ significantly among the groups.

For the second post-surgical period of testing (21
weeks after transplantation surgery; Fig. 2B), there
was again a significant overall Group effect,
F(4/52) = 3.2, P = 0.019, which was due to a signifi-
cantly increased locomotion in rats with raphe grafts,
as compared to either sham-operated, lesion-only or
rats with septal grafts (P < 0.05 in all cases). There
was no other significant difference among the
groups. There was also a significant Block effect,
F(4/208y =11.1, P <0001, but no significant
Group x Block interaction. We propose the same
interpretation for both this Block effect and the lack
of interaction as for the first period of testing.

Spontaneous alternation. For the first post-surgical
period of testing (two weeks after transplantation
surgery; Table 1), the ANOVA showed a significant
Group effect, F(4/52)=4.5, P =0003: the mean
alternation scores were significantly lower in all le-
sioned rats, whether grafted or not, as compared to
Sham rats (P < 0.05 in all cases).
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Fig. 2. Average open-field ambulation scores (square roots)
found two weeks (A) and 20 weeks (B) after transplant
surgery. Group abbreviations as in Fig. 1.

For the second post-surgical period of testing (21
weeks after transplantation surgery; Table 1), the
ANOVA showed a significant Group effect,
F(4/52)=35, P=0012. The mean alternation
scores were significantly lower in lesion-only rats and
in rats with only septal grafts or co-grafts, as com-
pared to Sham rats (£ <0.05 in all cases). Con-
versely, rats with raphe grafts showed an average
alternation rate which did not differ significantly
either from that of Sham rats (P < 0.05) or from that
of lesion-only rats.

Radial-arm maze performance. Procedure with no
interruption. Analyses were run on maze perform-
ances averaged over four-trial blocks.

For the first period of testing (six to nine weeks
after transplantation surgery; Fig. 3A), the ANOVA
of the number of errors (Factor “Group” x Factor
“Block™) showed significant Group, F(4/52) = 10.8,
P <0.001, and Block, F(5/468) =409, P <0.001,
effects, as well as a significant Group x Block iater-
action, F(36/468)= 1.7, P =0.01. The Group effect
was due to a number of errors which was significantly
increased in all rats with lesions, whether grafted or
not, as compared to sham-operated rats (£ <0.05 in
all cases). In addition, the overall number of errors of
rats with septal grafts was significantly lower than
that of lesion-only rats (P < 0.05).
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Table 1. Average (S.E.M.) spontaneous alternation rates (%) foun'd during bqth
post-grafting testing periods in sham-operated, lesion-only rats and lesioned rats with
a raphe, a septal or a mixture of raphe and septal grafts

Surgical treatment

Period of testing Sham  Lesion Raphe Septum Raphe + Septum
2 weeks post-grafting 65.5 41.8* 42,5% 35.0* 46.9*
(5.7 (5.0 4.3) 4.5) 6.5
21 weeks post-grafting 78.2 53.6* 67.5 51.0* ST.7*
(3.3 (6.0) {6.3) (6.4) 6.2

*Significant difference compared to Sham rats (Duncan’s test; P < 0.05).

For the second period of testing (26-32 weeks after
transplantation surgery; Fig. 3B), there were still
significant overall Group, F(4/52)=35.7, P <0.001,
and Block, F(3/156) = 6.5, P < 0.001, effects, but no
significant interaction between these two factors.
Compared to that found in Sham rats, the overall
number of errors was significantly increased in all
groups of rats with lesions, whether grafted or not
{P < 0.05 in all cases). Neither type of graft provided
any significant effect on the lesion-induced impair-
ment. In the last eight trials of this test, we found that
two sham-operated rats (out of 11}, three lesion-only
rats (out of 11), three rats with raphe grafts (out of
12), five rats with septal grafts (out of 10) and four
rats with co-grafts (out of 13) showed a preference for
performing the maze with egocentric strategies. Stat-
istical analysis of these data did not reveal a signifi-
cant difference among the five groups (y*=2.33,
4 d.f., ns).

Procedure with interruption. Data are shown in
Fig. 3C. The ANOVA of the number of errors
{Factor “Group” x Factor “Block”) showed signifi-
cant Group, F(4/52) =130, P <0.001, and Block,
F(5/260)y = 29.5, P <0.001, effects, but no significant
Group x Block interaction. Compared to that found
in sham-operated rats, the number of errors was
significantly increased in all rats with lesions, whether
grafted or not (P < 0.05 in all cases), and neither type
of graft provided any significant effect on the lesion-
induced impairment. The Block effect was due to an
improvement of the scores, over time, which was
significant in all groups of rats,

Morris water maze. Acquisition (Fig. 4A and B).
The ANOVA of the escape mean distances as well
as that of the escape mean latencies (Factor
“Group” x Factor “Day”) revealed significant over-
all Group [Distance: F{4/52)=35, P=001;
Latency: F(4/52) =48, P =0.002] and Day [Dis-
tance:  F(3/156)=10.0, P <0.001; Latency:
F(3/156) = 11.2, P <0.001] effects, but no significant
Group x Day interaction. The Group effect was due
to the poor performances of the rats with single grafts
(group S and group R} which showed increased
distances and latencies to find the platform, as com-
pared to the sham-operated rats (P <0.05 in all
cases). The lesion-only and the co-grafted rats were

not as impaired as single-grafted rats, and performed
at a level which did not differ from that found in
Sham rats. The Day effect was due to an overall
improvement of the performances over time. This
was observed in the Sham group but also in all other
groups, an observation which may also explain the
lack of a significant Group x Day interaction.

Probe trial (Table 2). During the probe trial, the
rats showed average swimming speeds which did not
differ significantly across the five groups (Table 2).
Concerning the distance and the time spent in the
quadrant where the platform was located during the
acquisition phase of the test, the ANOVA revealed a
significant Group effect [Distance: F(4/52)=8.3,
P < 0.001; Time: F(4/52) = 7.6, P < 0.001]. Perform-
ances of rats with only lesions, with raphe grafts or
with septal grafts did not differ significantly and were
all significantly lower than those of sham-operated
rats (P < 0.05). In rats with co-grafts, the perform-
ances were significantly better than in lesion-only rats
(P < 0.05) and did not differ significantly from those
of sham-operated rats. An illustration of a swimpath
from one typical rat in each of the five groups is
shown in Fig. 5. A comparison of the number of
crossings of the former platform position showed that
both Sham and Septum + Raphe rats swam more
often over this position than the rats in the three
other groups, but this difference was not significant,
F(4/52) = 1.7. Unfortunately, this finding does not
allow us to make any clear conclusion concerning a
between-group difference in the ability of the rats to
precisely localize the platform position.

Summary of the behavioural data. Rats with infra-
callosal lesions showed increased locomotor activity
in both a familiar (home cage) and an unfamiliar
(open field; only for the first testing period) environ-
ment, impaired performance in spontaneous alterna-
tion and RAM tasks, as well as in the probe trial of
the MWM task. The use of an interrupted RAM
procedure further impaired performances of all rats
with lesions without significantly affecting those of
sham-operated control rats. Raphe grafts were found
to improve recovery of only spontaneous alternation,
but also to hamper recovery of normal ambulation
scores in the open-field test. Septal grafts were found
to improve only RAM performance, but only during
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testing performed during the 26th and 27th weeks after transplant surgery. (C) Interrupted testing
performed between 27 and 30 weeks after transplant surgery. Group abbreviations as in Fig. 1.

the first period of testing. Rats with co-grafts of
raphe and septal origin were the only ones to show
normalized performance in the MWM probe trial,
although they showed no normalization of perform-
ance in any other test.

Histological verification

Extent of the lesions. Infracallosal lesions were
comparable to the lesions that we performed in a
previous experiment.®® A typical example of such a
lesion is presented in Fig. 6A. Briefly, these lesions
damaged the dorsal fornix and the major part of the
fimbria. In some rats, however, a thin ventral part of
the latter was almost intact. These lesions also slightly
encroached onto the most dorsal portion of the

lateral septum, the medial part of the corpus callosum
and, in about half of the rats, onto the most anterior
pole of the hippocampus.

Hippocampal distribution of acetylcholinesterase re-
action products and Cresyl Violet-stained material
(Fig. 6). Compared to that found in Sham rats (Fig.
6B), there was a substantial reduction of the hippo-
campal AChE-staining in lesion-only rats (Fig. 6C).
Some residual AChE staining could, however, be
observed in the dentate gyrus and in both the subicu-
lum and the medial part of region CAl. As found in
previous experiments,*®° all grafts (raphe, septal and
co-grafts) consisted of rather well delineated small
cell aggregates which developed partly outside the
hippocampus and partly within the dentate gyrus
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and/or Ammon’s horn (through the cannula track).
When located in the dentate gyrus, the grafts often
produced topographically limited granule cell de-
generation (for detailed discussion of this morpho-
logical aspect, see Ref. 10). Neither the variability in
the location of the grafts within the host structure nor
the injection-induced granule cell degencration
showed any obvious relationship with the level of
behavioural performance. Concerning the neuro-

Shom Lesion
Septum

chemical data, it was not possible to address the
question of a relationship between cither the graft
location or the graft-induced morphological effects in
the host structure {e.g. granule cell degeneration) and
the various neurochemical markers, since the brains
of the rats used for neurochemical determinations
could not be used for morphological verifications,
Septal, raphe and co-grafts were all found to be
densely AChE-positive, but only grafts of septal

Raphe

Rophe + Septum

Fig. 5. Representative examples of swimpaths taken by a rat from each of the five experimental groups

during the [ min probe trial. The filled circles indicate the locus where the platform was located during

the acquisition trials. Only sham-operated and co-grafted rats exhibited a search pattern which was
focused on the former location of the platform.
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Table 2. One-minute probe trial in the Morris water maze test: swimming speed computed

over the whole duration of the probe trial, distance swum and time spent in the quadrant

(Q2) where the platform was located during the acquisition trials and number of swimmings
across the platform position

Surgical treatment

Behavioural variable Sham Lesion Raphe Septum Raphe + Septum
Swimming speed (m/min) 15.4 14.7 14.3 14.8 14.1
0.4) 0.6) (0.5) (0.6) 0.7
Distance m Q2 {cm) 913.9 567.6*  588.3*  630.4* 856.9
o (86) 30 {46) (56) 47
Time in Q2 (s) 36.0 22.0% 23.7* 25.2% 353
(3.5 (1.1 (1.9) (2.6) 2.9
Platform crossings (#) 38 2.6 32 35 44
0.5 {0.4) (0.6) 0.5 0.4

Values are means; S.E.M. indicated in parentheses.
*Significant difference compared to Sham rats (Duncan’s test; P < 0.05).

origin or co-grafts provided the denervated hippo-
campus with a dense organotypic AChE-positive
reinnervation (Fig. 6E and F, respectively). Although
the hippocampal AChE positivity found in rats with
raphe grafts was increased as compared to that
observed in lesion-only rats (Fig. 6D), it was neither
as dense nor as widely distributed as that found in the
hippocampus of sham-operated rats or of rats with
either septal or co-grafts.

Neurochemical determinations

Data for choline acetyltransferase activity. Data are
shown in Table 3. ANOVA showed a significant
Group effect in the three hippocampal regions
[F(4/33) = 15.0, 16.2, 10.2 for the dorsal, “middle”
and ventral regions, respectively; P <0.001 in all
cases). In lesion-only rats, the average ChAT activity
was significantly reduced (dorsal —68%; “middle”
— 56%; ventral —38%) as compared to that observed
in sham-operated rats (P <0.05 in all cases). In
raphe-grafted rats, whatever hippocampal region was
considered, the ChAT activity was significantly lower
than in sham-operated rats (P < 0.05 in all cases) and
did not differ significantly from that of lesion-only
rats. In septal and co-grafted rats, the ChAT activity
found in both the dorsal and “middle” hippocampal
regions was significantly higher than that found in
either lesion-only and raphe-grafted rats (P < 0.05 in
all cases). Additionally, in the “middle” hippocampal
region, rats with septal grafts showed a ChAT activity
which was significantly lower than in sham-operated
rats (P <0.05). Also, in the ventral hippocampal
region, the ChAT activity observed in septal and
co-grafted rats was significantly lower than in sham-
operated rats.

Data for high-affinity choline uptake. Data are
shown in Table 3. ANOVA showed a significant
Group effect in the three hippocampal regions
[F(4/33)=11.7, 10.5, 2.6 for the dorsal, “middic”
and ventral regions, respectively; P < 0.05]. In lesion-
only rats, the average HACU was significantly re-
duced (dorsal ~77%; “middle” —65%; ventral
—36%) as compared to that observed in sham-

operated rats. In raphe-grafted rats, the HACU
observed in both the dorsal and the “middle” hippo-
campal regions was significantly lower than that of
sham-operated rats (P < 0.05 in all cases) and, what-
ever hippocampal region was considered, it did not
differ significantly from that of lesion-only rats. Rats
with septal grafts showed, in the dorsal and the
“middle™ regions, a HACU value which was signifi-
cantly higher than that found in lesion-only and
raphe-grafted rats (P < 0.05, in all cases). Addition-
ally, we noted that this value differed significantly
from that of sham-operated rats in the “middie”
hippocampal region. Concerning co-grafted rats,
their average HACU value was significantly higher
than that found in both lesion-only and raphe-grafted
rats in the dorsal hippocampal region (P < 0.05 in all
cases). In both the “middle” and the ventral regions,
co-grafted rats showed a HACU which differed
significantly from that of sham-operated rats
{P <0.05 in all cases).

Data for high-affinity serotonin uptake. Data are
shown in Table 3, ANOVA showed a significant
Group effect in the three hippocampal regions
[F(4/33) = 10.8, 5.7, 6.6 for the dorsal, “middle” and
ventral regions, respectively; P < 0.001]. In lesion-
only rats, the average HASU was significantly re-
duced (dorsal —65%; “middle” —32%; ventral
—34%) as compared 1o that observed in sham-oper-
ated rats (P < 0.05in all cases). In raphe-grafted rats,
in the dorsal region of the hippocampus, the average
HASU was significantly higher than that found in
lesion-only rats and did not differ significantly from
that of sham-operated rats (P < 0.05 in all cases).
However, this effect was not observed in the other
two hippocampal regions. In co-grafted rats, in both
the dorsal and the “middle’” hippocampal regions, the
average HASU was significantly higher than in either
lesion-only, raphe-grafted or septal-grafted rats
(P <0.05, in all cases). In the dorsal hippocampus,
it also significantly exceeded that found in sham-
operated rats (P < 0.05). This was not the case in the
ventral hippocampus, where no significant difference
was observed among the values of the four lesion
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groups, whether grafted or not. Whichever hippo-
campal region was considered, there was no signifi-
cant difference between the average values found
in rats with septal grafts and those found in sham-
operated rats.

Data I‘nr seratonin concentration. Data are

1w in
GLORIN CORCENTGUON, /ala a i

cha
SIEJ VAL

Table 3‘ ANOVA of the [5-HT] values showed a
significant Group effect in both the dorsal and

NSC 63;1-B

P QAUograpa auuwxug the extent of & repte"enta‘u"

Frrnalew Frvmiw Tantnm mum o ~msnsend aandi

¢ fimbria-fornix lesion on a coronal section

the “middle” hippocampal regions [F(4/33) =

P <0.001; F(4/33) =29, P =0.03, respectively], but
not in the ventral one. The lesions had significantly
decreased [5-HT} in both the dorsal and the “middle”
hippocampal regions (P < 0.05 in all cases). In those
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the dorsal hippocampus, co-grafts resulted in a sig-
nificantly increased [S-HT] as compared to that found
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Table 3. Avcrage}lev&ls (S.E.M.) of neurochemical markers found in the three hippocampal regions
of control rats, lesion-only rats and lesioned rats with a raphe, a septal or a mixture of raphe and septal
grafts

Surgical treatment

Septum Raphe + Septum

Neurochemical marker Sham  Lesion  Raphe
ChAT Dorsal 0.7 0.2% 0.25*% 0.85%% 0.9t%
(nM/min/mg prot.) (0.03)  (0.06) (0.03) 0.07) 0.15)
“Middle” 0.8 0.3 0.3* 0.6 1% 0.6511
0.03) (004 {0.03) {005 {0.07)
Ventral 0.9 0.6* 0.5* 0.7*¢ 0.7*
0.04) (0.04) (0.03) (0.04) (0.08)
HACU Dorsal 0.7 0.2* 0.25* 0.8t 0711
{(pM/min/mg prot.) ©.1) 0.04) 0.05) o.n 0.09)
“Middle” 0.8 0.3* 0.35* 0.5%1 0.4*
(0.09) (0.04) (0.05) 0.07) (0.04)
Ventral 0.9 0.6* 0.7 0.7 0.6*
(0.09y  (0.09) {0.08) (0.08) (0.06)
HASU Dorsal 0.8 0.3* 0.8 0.3* 1.9%%1%
(pM/min/mg prot.) 0.08) (0.02) 0.2) {0.07) 0.4
“Middle” 1.0 0.4* 0.5* 0.45* 11118
0.05)  (0.03) 0.1) (0.04) 0.3)
Ventral 1.35 0.9% 0.9 0.9* 0.9*
0.07) {004 0.07) 0.1 007
[5-HT] Dorsal 2.4 0.8% 2.1 1.1 6.5%11%
(ng/mg prot.) 0.4) (0.5) (0.6) 0.4) (1.6)
“Middle” 2.1 1.15* 2.0 18 341
0.2) 04 {0.3) (0.2) 0.9}
Ventral 3.3 1.9 3.0 29 2.7
0.3) 0.5) 0.4) (0.35) (0.4)
{5-HIAA] Dorsal 3.9 32 44 33 6.7*11§
{ng/mg prot.) 0.4) 0.2) 0.5) (0.4) (1.3)
“Middle™ 36 2.9* 3.7 34 5.0t
(0.2) (0.2) 0.3) {0.5) (1.0)
Ventral 4.3 37 4.2 1.4 22
(0.3) 0.2) 0.4) (0.5) 0.75)
[NA] Dorsal 2.4 39 32 1.5%1 24
{ng/mg prot.) 0.15)  {0.9) 0.5) (0.2) 0.3)
“Middle™ 2.7 3.0 3.1 2.1 2.9
0.2) 0.4) (0.55) 0.2) 0.2y
Ventral 38 39 4.0 36 4.0
©0.2) 0.7y 0.3) 0.3) (0.55)

*Significant difference compared to Sham rats (Duncan’s test; P <0.05); tsignificant difference
compared to Lesion-only rats (P < 0.05); {significant difference compared to Raphe-grafted rats
(P < 0.05); §significant difference compared to Septum-grafted rats (P <0.05).

in the four other groups (P < 0.05 in all cases). In the
“middle” region, the [5-HT} of co-grafted rats was
still higher than in the other four groups, but only the
difference with lesion-only rats was significant
(P < 0.05). Whichever hippocampal region was con-
sidered, there was no significant effect of septal grafts
on [S-HT}

Data for S-hydroxyindelacetic acid. Data are shown
in Table 3. ANOVA of the [5-HIAA] values showed
a significant Group effect in both the dorsal and
the ventral hippocampal regions [F(4/33)=3.9,
P =0.01; F(4/33) = 3.1, P =0.02, respectively]. but
not in the “middle” one. In the dorsal hippocampus,
this effect was due to significantly increased [5-HIAA]
in co-grafted rats as compared to the values found in
the other four groups (P < 0.05 in all cases). In the
ventral hippocampus, the [S-HIAA] was found to be
significantly higher in co-grafted rats as compared to

cither lesion-only or sham-operated rats (P < 0.05 in
all cases).

Data for noradrenaline concentration. Data are
shown in Table 3. ANOVA of the [NA] values
showed a significant Group effect in the dorsal hippo-
campal region {F(4/33) = 3.7, P =0.013], but not in
the two other ones. This effect was due to significantly
higher [NA] in both lesion-only and raphe-grafted
rats as compared to septal-grafted rats (P <0.05).

Summary of the neurochemical data. These data are
summarized in Table 4. Fimbria-fornix lesions in-
duced a cholinergic and a serotonergic denervation of
essentially the septal two-thirds of the hippocampus
(ie. dorsal and ‘“middle” regions). Raphe grafts
atienuated the serotonergic deficit, septal grafts
attenuated the cholinergic one, while co-grafts com-
bined the neurochemical properties of both single
grafts. Concerning the hippocampal [NA), neither the
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Table 4. Lesion- and grafi-induced neurochemical effects observed in the three
hippocampal regions of lesion-only rats and lesioned rats with a raphe, a septal
or a mixture of raphe and septal grafts

Surgical treatment

Neurochemical marker Lesion Raphe Septal  Raphe + Septal
HACU Dorsal 23 34 104*¢ 97*+
“Middle” 35 45" 69* 540
Ventral 64 72" 80 67"
ChAT Dorsal 32 j5m 120*+ 132*%
“Middle” 44 44 77* 81*t
Ventral 62 54 71 70m
HASU Dorsal 35 97*% 42 245%}
“Middle” 37 54 46™ 117*
Ventral 66 64 68" 67"
[5-HT) Dorsal 36 86*+ 55m 1601
“Middle” 62 97m 91™ 119*%
Ventral 65 94 93 897
[5-HIAA] Dorsal 83 112~ 85 171*}
“Middle” 82 103" 97m 140
Ventral 86 97m 77" 131*
[NA] Dorsal 161 134™ 62* 99™
“Middle” 113 116" 79" 108"
Ventral 104 106" 96™ 105"

*Significant graft-induced effect (compared to lesion-only rats); tgraft-induced
normalization (no significant difference as compared to values found in
sham-operated rats and significant effect as compared to lesion-only rats);
Isignificant graft-induced overcompensation (compared to sham-operated
rats); ™no significant effect of the graft (compared to lesion-only rats).

lesions nor the three types of grafts were found to
induce noteworthy effects in the hippocampus,
although an increased [NA] was observed where
cholinergic denervation was most pronounced.

Neurochemical and behavioural correlations

To run these analyses, the neurochemical and
behavioural data from Sham rats were not included,
since consideration of these data would have
resulted in an irrelevant inflation of the correlation
coefficients. Among the different meaningful
correlations that have been computed between
all aforementioned variables (neurochemical-
neurochemical, neurochemical-behavioural, be-
havioural-behavioural), we found a significant corre-
lation between MWM probe trial performance with
(i) HACU in the dorsal hippocampus (r = 0.38,
P <0.05, 29 d.f), (if) ChAT activity in all hippocam-
pal regions (r = 0.40, 0.50 and 0.48, in the dorsal,
“middle” and ventral regions, respectively, P < 0.05,
29d.f) and (iii)) HASU (r =0.58 and 0.61, in the
dorsal and ‘“middle” regions, P <0.05, 29d.f.).
Whichever hippocampal region was considered, none
of the neurochemical variables was significantly cor-
related with any of the other behavioural variables
considered, namely home-cage or open-field activity,
spontaneous alternation rates or RAM performance
(uninterrupted and interrupted procedures). Among
the different behavioural variables, it is particularly
interesting that therc was no significant correlation
between the uninterrupted RAM performance (errors
in the last four-trial block of the second test period)

and either the distance or the latency in the MWM
probe trial (r =0.21 and 0.24, respectively, d.f. = 29,
ns). Also, the correlation between the interrupted
RAM performance and the MWM variables (latency,
distance) was not significant (r =0.21 and 0.19, re-
spectively, d.f. = 29).

DISCUSSION

In a previous experiment, we grafted septal or
raphe tissue into the hippocampus of rats which had
sustained aspiration lesions of the septohippocampal
pathways and we found such grafts to foster a
neurochemical recovery that depended upon the neu-
roanatomical origin of the grafted tissues.!® Also, the
technique of co-grafting both these tissues allowed
the combination of neurochemical properties of each
single graft. More recently,”® we observed that elec-
trolytic lesions restricted to the infracallosal (i.e.
fimbria and dorsal fornix) component of the septo-
hippocampal pathways not only resulted in lasting
cholinergic and serotonergic hippocampal depletions,
but also induced long-lasting behavioural impair-
ments similar to those reported after more extensive
septohippocampal damage (knife-cut or aspiration).
The rats given such lesions displayed increased loco-
motor activity, reduced spontaneous alternation rates
in a T-maze and dramatically impaired spatial work-
ing memory performance in an RAM test.

Our present findings in lesion-only rats completely
confirm those reported by Jeltsch ez al%® In addition,
they show that an attenuation of only the serotoner-
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gic deficit by raphe grafts or of the cholinergic one by
septal grafts does not permit behavioural recovery in
the test battery that we have used, with the exception
of raphe grafts enhancing recovery of spontaneous
alternation in a T-maze, and reducing recovery of
normal ambulation scores in an open-field test. How-
ever, and this is particularly noteworthy, when both
the cholinergic and serotonergic deficits are compen-
sated for or attenuated simultaneously by co-grafts of
septal and raphe cells, a complete recovery is ob-
served in the MWM probe trial. On all other be-
havioural variables assessed so far, the co-grafts
remained ineffective.

Neurochemical and behavioural effects of the lesions

In a previous experiment,”® we reported that elec-
trolytic lesions of only the fimbria and the dorsal
fornix induced cholinergic and serotonergic hippo-
campal denervations, as well as behavioural deficits
which lasted over six months. In our present exper-
iment, we found all these deficits to still be detectable
after a 10-month post-operative period. This finding
suggests that neither the neurochemical nor the be-
havioural deficits subsequent to lesions restricted to
the fimbria and the dorsal fornix are subject to
complete spontaneous recovery. Unfortunately, the
experimental design used in the present study does
not allow us to determine whether the neurochemical
deficits may have been somewhat attenuated over
time, as was reported previously after more partial
lesions of the septohippocampal pathways or of the
septum, 25712454

Since the lesion-induced neurochemical effects were
found to be most dramatic in the septal pole of the
hippocampus, one may assume that the fibres cours-
ing through the fimbria and the dorsal fornix, which
were lesioned, preferentially project onto the dorsal
half of the hippocampus. Interestingly, after aspira-
tive lesions of the septohippocampal pathways (i.e.
fimbria, dorsal fornix, overlying corpus callosum,
cingular bundle), it appears that both the cholinergic
and serotonergic depletions are much more pro-
nounced in the “middle” and ventral hippocampal
regions than in the case of lesions restricted to only
the fimbria and the dorsal fornix. However, in the
dorsal region of the hippocampus, the neurochemical
consequences of both these lesion types are of similar
magnitude (compare our present results with those
reported by Cassel ef al.'?). Thus, whereas electrolytic
fimbria—fornix lesions induce cholinergic and sero-
tonergic hippocampal denervations with a decreasing
severity along the septotemporal axis of the hippo-
campus (see Table 3), aspirative lesions of these
pathways produce neurochemical depletions which
are of comparable magnitude along this axis (HACU,
ChAT, HASU, [5-HT]: between about —70% and
—80%, as reported by Cassel et al."%).

Despite this clear difference in the amplitude of the
neurochemical effects found after electrolytic lesions
as compared to aspirative ones, it is noteworthy that

the behavioural consequences of both lesion para-
digms are quite similar. This suggests that denervat-
ing mainly the dorsal half of the hippocampus might
be sufficient to account for the vast majority of
behavioural deficits which are classically reported
after more extensive hippocampal denervations.
These deficits include, among other perturbations,
locomotor hyperactivity, reduced alternation rates
and impaired mnesic performance assessed in either
the RAM or the MWM.'"7% [y that regard, one
may recall a recent study by Moser er al..** who
showed that the dorsal hippocampus plays a more
important role for spatial learning than the ventral
one, a functional distinction which had already been
raised more than 20 years ago, also for aspects other
than only spatial learning.”*#”"® Therefore, our pre-
sent set of neurochemical and behavioural data might
also be regarded as providing further evidence for the
view that the hippocampal region more critically
involved in (at least) spatial learning processes is the
dorsal region. If so, it can be speculated that the
septohippocampal fibres projecting onto the dorsal
hippocampus constitute one component of the dorsal
hippocampal network involved in the neurobiological
processes which may underlie spatial learning.

That such “locally” denervating lesions result in
lasting neurochemical and behavioural impairments
is also an interesting observation in relation to exper-
iments aimed at assessing the functional effects of
intrahippocampal cell suspension grafts of fetal neu-
ral tissues. Indeed, over the last 20 years, in most
studies which used such grafting approaches, the
grafts had been implanted into only the dorsal hippo-
campus of rats which sustained an extensive aspira-
tive lesion of the septohippocampal pathways.
Whether rich in cholinergic, serotonergic or other
types of neurons, such dorsally implanted grafts
fostered neurochemical effects which were maximal in
the vicinity of the grafted neurons and declined
progressively as the distance from the graft increased.
Accordingly, in the most ventral part of the hippo-
campus, the graft-induced neurochemical effects were
generally weak or even non-cxistent.>'®’® Thus, with
electrolytic fimbria—fornix lesions, one has at least
this advantage of having a lesion paradigm inducing
lasting behavioural effects with a maximal denerva-
tion precisely restricted to the region in which the
grafts are classically implanted.

A last point deserving discussion in relation to the
lesion-induced neurochemical effects is the finding
that in lesion-only rats (but also in the raphe-grafted
ones), [NA] tended to be increased as compared to
that measured in sham-operated rats, but only in the
dorsal region of the hippocampus. In both other
regions, [NA] was similar to that found in virtually
intact rats. Since we found that, two to three weeks
post-surgery, infracallosal lesions reduced [NA] by
about 60% in the dorsal third of the hippocampus
(unpublished observations), we may interpret this
slightly about normal increase of [NA] as resulting
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mainly from sympathetic fibre ingrowth, a well
known phenomenon which is elicited by cholinergic
denervation of the hippocampus.'? In both other
hippocampal regions, infracallosal lesions only
weakly reduced [NA], when assessed shortly after
surgery (also two to three weeks). In that concern, the
near-normal levels of {NA] found in our present
experiment in the “middle” and veniral hippocampal
regions may probably be regarded as indicating that,
in these regions, the lesions had no or only a weak
effect on this noradrenergic marker.

Neurochemical effects of the grafts

The grafts that we performed were rich in either
serotonergic or cholinergic neurons, or in both of
these neurochemical categories of cells. In a previous
experiment in which the same three types of in-
trahippocampal grafts were used, but in rats given an
aspirative and thus an extensive lesion of the septo-
hippocampal pathways, we found the grafts to induce
neurochemical effects which depended on the neu-
roanatomical origin of the grafted tissue.'’ As com-
pared to the study by Cassel et al.,"" our present series
of neurochemical data confirms the points stressed
hereafter. First, while mesencephalic raphe grafts
produced serotonergic effects and septal grafis
cholinergic effects, co-grafts of cells from both these
nuclei were observed to produce serotonergic as well
as cholinergic effects. Second, the single graft-induced
effects can be considered as rather specific, since
raphe grafts did not alter the cholinergic markers
and, reciprocally, septal grafts did not alter the
serotonergic ones. Further evidence for the neuro-
chemical specificity of the single grafts has been
obtained more recently by determining the hippo-
campal concentration of GABA, glutamate, glu-
tamine, aspartate, taurine, serine, alanine and glycine
in the rats of the present experiment. Neither of these
amino acid concentrations (which are only weakly or
not affected by septohippocampal lesions; see Ref.
41), was modified by either raphe, septal or co-grafts
(unpublished observations). Third, whichever type of
graft is considered, the graft-induced neurochemical
effects are expressed with a decreasing gradient along
the septotemporal axis of the hippocampus, these
effects being maximal in the dorsal region of the
hippocampus.

There are, however, three differences between our
present study and that of Cassel er al'® The first
difference concerns the serotonergic markers. In the
dorsal region of the hippocampus, Cassel et al.'® have
reported that, six months after transplant surgery,
single raphe grafts increased the levels of serotonergic
markers to about 250% and co-grafts to about 350%
of normal. In our present experiment in which the
post-grafting delay was longer, the serotomergic
markers were overcompensated only in the presence
of co-grafts and only to 160% for [5-HT] and 245%
for HASU. This discrepancy might be explained by
a different yield in the preparation of the cell suspen-

sions, which was actually lower in the present study
{i.c. raphe: 38,750 viable cells/ul; co-grafis: 76,000
cells/ul) than in the former one (i.e. raphe: 53,000
viable cells/ul; co-grafts: 80,000 viable cells/ul).

The second difference, which concerns mainly the
cholinergic markers, concerns the extent of the graft-
induced effects along the septotemporal axis of the
hippocampus. Cassel et al.”® have found septal and
co-grafts to induce significant cholinergic effects
(ChAT activity and HACU) down to the ventral
region of the hippocampus, whereas in the present
study these types of grafts exerted significant cholin-
ergic effects only in the “middle” region of the
hippocampus. This discrepancy in the extent of the
graft-induced effects along the septotemporal axis of
the hippocampus might be explained by the afore-
mentioned difference in the yield of the respective cell
preparations. Indeed, it is possible that the potential
for grafts to grow fibres over the whole hippocampus
closely depends upon the amount of viable cells
originally present in the cell suspension. Another
explanation would consider the degree of hippocam-
pal denervation along the septotemporal axis as a
factor which may influence the reinnervation poten-
tial of the grafted cells. Actually, previous studies
have shown that, in the hippocampus, both the
survival and the development of a graft, as well as
the graft-derived reinnervation, are optimal when the
denervation of this structure is maximal.’® In our
present study, the electrolytic fimbria—fornix lesions
produced a denervation of the ventral hippocampal
region which was far less pronounced than that
reported afier aspirative lesions by Cassel et al."
Therefore, one may speculate that the lack of graft-
induced cholinergic effects in the ventral hippocampal
region is due to the lower degree of denervation of
this region. In other words, the spared fibres may
have hindered the graft-derived cholinergic fibre in-
growth in both the “middle” and ventral hippocam-
pal regions,

The third difference concerns the noradrenergic
marker (i.e. hippocampal [NA]). In our previous
study, we found aspirative lesions of the septo-
hippocampal pathways to result in [NA] which was
dramatically increased over the whole hippocampus
(dorsal 183%; “middle” 213%; ventral 228% of
normal). This phenomenon, which was interpreted as
reflecting sympathetic sprouting, was inhibited in
both the dorsal and “middle” hippocampal regions
by grafts rich in cholinergic neurons (septal and
co-grafts), but not by single raphe grafts. In the
present study, in which the lesions alone or without
cholinergic-rich grafts tended to increase [NA]in the
dorsal region of the hippocampus (see first part of the
Discussion), such a graft-induced inhibition was ob-
served only with septal grafts; although the [NA]
found in the dorsal region of co-grafted rats was
lower than that found in lesion-only rats, this differ-
ence failed to reach significance. All these obser-
vations, however, should not be regarded as a
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contradiction of the findings by Cassel et al.'” The
first reason might be of statistical origin. Indeed, the
variability in [NA] found within lesion-only rats from
the present study was higher than in the other four
groups, but also than in lesion-only rats from our
previous work.>'® The second reason might be more
related to the respective lesion paradigms. The study
by Cassel et al.'® used rats with more pronounced (i)
lesion-induced cholinergic denervation of the hippo-
campus, (ii) reactional sympathetic sprouting and (iii)
septal and co-graft derived eflects on cholinergic
markers in the denervated hippocampus.
Nevertheless, altogether, the neurochemical results
of our present experiment clearly confirm that the
technique of co-grafting different categories of cer-
ebral tissue allows the promotion of recovery from
more than only one lesion-induced neurochemical
deficit in a given cerebral structure. These results also
demonstrate that most of the graft-induced neuro-
chemical effects found in our previous experiment!’
can also be obtained after lesions of only the infracal-
losal component of the septohippocampal pathways.

Graft-induced behavioural effects

There are several data suggesting that the septo-
hippocampal cholinergic system plays an important
role in the expression of cognitive functions.’** How-
ever, the relationship between the cholinergic inner-
vation of the hippocampus and cognitive capabilities
is not exclusive. As demonstrated recently, the phar-
macological interaction which may occur between the
cholinergic and other neurotransmitter systems (e.g.
noradrenergic, serotonergic, etc.) may also have some
cognitive implications.'>!52*%™ More precisely, there
are some data demonstrating that a pharmacological
interaction between the cholinergic and serotonergic
systems may be involved in cognitive pro-
cesses. ¥-3160617475 Eor instance, when a reduction of
the cholinergic transmission is combined with a re-
duction of the serotonergic one, the impairment
observed in some spatial tasks is larger than the sum
of the impairments observed after depleting either
of these systems alone.*”' Also, when rats given
5,7-dihydroxytryptamine lesions of the septo-
hippocampal pathways are tested under atropine
treatment in an MWM task, they show a clear-cut
deficit which is prevented by intrahippocampal grafts
rich in serotonergic neurons.®

Part of the behavioural data obtained in our
present experiment is in line with the aforementioned
view on the implication of a cholinergic by serotoner-
gic interaction in cognitive function. Actually, neither
the cholinergic reinnervation (in the presence of
septal grafts) nor the serotonergic one (in the pres-
ence of raphe grafts) was sufficient to promote lasting
behavioural recovery. This statement is valid for all
of the behavioural variables assessed. Conversely,
with concomitant cholinergic and serotonergic re-
innervations of the denervated hippocampus (in the

presence of co-grafts), there was a complete recovery
in the MWM probe trial: lesioned rats with co-grafts
were able to remember the location of the platform
as accurately as sham-operated rats.

Concerning the fact that the MWM probe trial
performance was the only behavioural variable to be
enhanced by intrahippocampal co-grafts, several
comments can be made. First, if there is general
agreement on the fact that lesions of the septo-
hippocampal pathways result, among other be-
havioural perturbations, in locomotor hyperactivity
and reduced spontaneous alternation rates, one must
remember that after intrahippocampal grafts rich in
cholinergic neurons, both these variables were never
found to be consistently affected by.grafts providing
the denervated hippocampus with a cholinergic re-
innervation *6%!3 Pusee 19 Qur data suggest that this
might also be true, but only for the lesion-induced
hyperactivity, for grafts which provide the hippo-
campus with a new serotonergic innervation, all the
more because rats with raphe grafts were found to be
rather hyperactive during the second testing period as
compared to the lesioned ones. Therefore, it may be
speculated that the partial disruption of the cholin-
ergic and/or the serotonergic hippocampal afferents
probably does not account for the hyperactivity.
However, concerning the impaired alternation per-
formance observed in lesioned rats, one cannot com-
pletely exclude a participation of the serotonergic
denervation of the hippocampus. Indeed, during the
second period of testing, rats with raphe grafts
showed alternation performance which did not differ
significantly from those of sham-operated rats. How-
ever, since these performances did not differ from
those of lesion-only rats it is difficult to establish a
clear-cut relationship between serotonergic denerva-
tion of the hippocampus and impaired spontancous
alternation performance. The latter qualifying state-
ment is in line with another study in which** we found
that, following fimbria—fornix lesions similar to the
ones used here, there was no significant correlation
between spontaneous alternation rates (but also the
locomotor hyperactivity) and the degree of either
cholinergic or serotonergic hippocampal denerva-
tions. It is therefore tempting to speculate that a
disruption of other septohippocampal neurotransmit-
ter systems may be involved in these deficits. Accord-
ing to Sidel et al,% it seems that the central
GABAergic system may interact with the locomotor
hyperactivity which can be induced by systemic phar-
macological disruption of cholinergic transmission.
Otherwise, according to Isaacson et al.,* it seems that
the central noradrenergic system might also be in-
volved in both the lesion-induced hyperactivity and
the impaired spontaneous alternation performance.
Finally, one might also consider whether the disruption
of the hippocampal efferents which course through
the fimbria—fornix would not also have some
functional significance in both aforementioned
deficits. Further studies based on pharmacological
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manipulations or on more neurochemically-specific
lesion paradigms should contribute to clarify this
point.

The second comment concerns the RAM perform-
ances of lesioned rats which received grafts rich in
cholinergic neurons (septal or co-grafts). Only during
the first post-surgical period of testing did these
rats show RAM performances which were slightly
better than in lesion-only rats (see Fig. 3A), but
this difference did not reach significance. One must
point out here that some lasting improvement
of RAM performance may have been expected
in these rats. Actually, previous studies have
reported improvements in spatial learning abilities
after intrahippocampal septal grafts in rats which
sustained cholinergic denervation of the hippo-
campus.”1+182150542 Qevera] factors may account
for these contradictory results. Most studies which
reported beneficial effects on spatial learning after
graft-derived cholinergic reinnervation of the hippo-
campus used a reinforced alternation task'>'® or a
MWM task.2*% Only in a few studies was the
RAM task used to assess the graft-induced effects on
spatial learning.

In one of these studies in which the septo-
hippocampal pathways were aspirated, significant
beneficial effects of the grafts could only be obtained
when the rats were tested under physostigmine treat-
ment.® In another study,” which also used aspiration
of the septohippocampal pathways, a beneficial graft-
induced effect in RAM performance was found to
depend upon the time which had elapsed between
grafting and testing: observed at about five months
post-surgery, this effect could not be found at an
earlier (one month) or a later delay (10 months).
Finally, four other studies which reported beneficial
effects of septal grafts on RAM learning used differ-
ent treatments for inducing cholinergic damage; the
lesions were made either with AF64A%%4% or with
chronic ethanol treatment, which actually induced
more partial lesions.’' Here it should be noted that
several factors related to the experimental conditions
may influence the survival, development, integration
and functional expression of intracerebral grafts.!?
Therefore, one may speculate that the lack of a
significant septal graft-induced behavioural effect in
our present study, particularly as concerns RAM
learning, might be explained by differences (as com-
pared to the aforementioned studies) in the lesion
paradigms used, the age of the donor tissue,® the
delay between grafting and testing, the type of tissue
implanted into the denervated structure, or even the
type of tesi(s) used to evaluate the lesion- and graft-
induced effects. That the post-surgical delay may
have been onc of these factors is indirectly suggested
by the observation that rats with septal grafts showed
slightly improved RAM performance only during the
first testing period. Finally, it must also be pointed
out that a recent view on the functional effects of
graft-derived cholinergic innervation of the hippo-

campus considers this innervation as necessary, but
not as sufficient, to produce significant and lasting
cognitive effects.”” Our data in rats which received
grafts rich in cholinergic neurons, particularly in rats
with single septal grafts, might be considered as
further support to that view. Furthermore, one can-
not rule out the fact that even with a partial
fimbria—fornix lesion paradigm, the damage to the
corresponding hippocampal afferents may have been
too extensive and the engraftment too limited to
sustain functional recovery. However, in co-grafted
rats, such a statement would need some qualification
since performance in the MWM probe trial, another
variable accounting for spatial learning abilities, was
completely normalized.

The latter point introduces our third comment,
namely that the graft-induced effects may be task-
specific and that several tasks measuring spatial
learning performance (e.g. RAM or MWM tasks) are
not necessarily equipotent in their ability to measure
graft-induced effects in lesioned animals. Such a
statement is consistent with a report by Sinden et
al.,” who showed that basal forebrain grafts im-
planted into the cortex of rats given ibotenic acid-
induced lesions of the nucleus basalis failed to
ameliorate performance in a complex operant con-
ditioning task, but improved passive avoidance per-
formance. In parallel, Emerich et al*' have clearly
shown that the behavioural effects of intrahippocam-
pal grafts rich in cholinergic neurons after AF64A-
induced lesions of the cholinergic hippocampal
afferents may closely depend upon the difficulty of a
RAM learning task. Actually, whereas grafted rats
showed improved performance in a standard version
of the task (similar to our uninterrupted testing
protocol), these rats remained impaired on the more
difficult version, which imposed a delay of 1h be-
tween the selection of the fourth and the fifth arms.
It is also noteworthy that these authors found a
similar task-specific recovery of RAM performance in
rats which had sustained AF64A-induced lesions and
were subsequently treated with the ganglioside
AGF2.% Therefore, we may suggest that, for studies
assessing the behavioural effects, whether cognitive or
not, of intrahippocampal grafts, the investigation and
the interpretation of the graft-induced effects should
be based not only on one single behavioural test, but
on a battery of tests, all able to detect the lesion-
induced effects that the grafts should counteract. The
task specificity of our behavioural findings may also
be interpreted as showing that the co-grafts amelio-
rated spatial memory performances involving refer-
ence memory processes rather than those involving
working memory ones. Due to our respective testing
protocols, the RAM test requested an intact working
memory capability, whereas the MWM requested an
intact reference memory one. In future experiments,
it might be relevant to use an RAM testing protocol
allowing a parallel assessment of working memory
and reference memory errors (i.e. in baiting only a
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subset of arms, see Refs 30 and 37) and to compare
these RAM performances to those found in an
MWM iask. Furthermore, the differences between
the RAM and the MWM tasks may not only be
considered in terms of mnemonic processes required
to solve the problem (reference versus working mem-
ory); one may also wonder whether these tasks
actually measure the same spatial functions. This
question is of particular relevance regarding the
absence of a significant correlation between the unin-
terrunted RAM and the MW nerfarmancag in all

terrupted RAM and the MWM performances in all
lesioned rats (i.e. whether grafted or not). The RAM
and the MWM tasks may be solved by using com-
pletely different strategies. In the RAM task, rats may
use allocentric or egocentric (guidance) strategies (see
Experimental Procedures), whereas in the MWM,
only an allocentric strategy would be appropriate to
find the platform. Further differences may be, for
instance, in terms of complexity of the tasks (e.g.
eight versus one important locations), motivational
aspects (appetitive versus aversive), or even of re-
quired capacities 10 deal with spatial information in
a flexible manner® (egocentric strategies do not sup-
pose any flexibility). Further experiments are necess-
ary to address these possibilities more accurately.

PaTa S A Pat I RT-L Pal
CUNULUDIUY

In conclusion, our neurochemical data show that a
raphe or a septal cell suspension graft, when im-
planted into the partially denervated hippocampus,
may foster a neurotransmitter-specific recovery de-
pending upon the anatomical origin of the grafted
cells. These data also demonstrate that co-grafting a
mixture of both these cell suspensions is an appropri-
ate technique to combine, in one preparation, the
neurochemical properties of each single graft. From
these results show

a behavioural nmnt of view

that, whereas single grafts exerted only restricted or

short-term effects on the behavioural outcome of
fimbria—fornix lesions, only the co-grafts, which
provide the partially denervated hippocampus with
both a new serotonergic and a new cholinergic hippo-
campal reinnervation, may induce beneficial effects
on spatial memory and orientation. However, since
these effects were found to be task-specific, we may
also assume that the RAM and the MWM | two tasks
which both measure spatial learning and memory
abilities, do not share the same dcgrec of sensitivity
to graft-induced cffects, and/or do not measure ex-
actly the same spatial learning and memory ca-
pacities. For instance, it is possible that co-grafts
producing the types of neurochemical effects found in
our present experiment after fimbria—fornix lesions
arc morc cfficient in attenuating spatial reference
memory deficits (e.g. in the MWM test) than spatial
working memory ones (e.g. in the RAM test).

In any case, the neurochemical effects of co-grafts
which may be involved in the virtually complete
behavioural recovery observed in the MWM probe
trial may be insufficient to trigger recovery in another
spatial learning and memory task. This experiment,
therefore, suggests that the neurochemical specific-
ities of the donor tissue as well as the behavioural
task used to assess the functional consequences of the
grafts may constitute additional factors to be con-
sidered among the factors which may influence the
functional outcome of intracerebral grafting exper-
iments.*
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