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Summary. The ability of intrahippocampal grafts of 
fetal septal-diagonal band tissue, rich in developing 
cholinergic neurons, to ameliorate cognitive impair- 
ments induced by bilateral fimbria-fornix transec- 
tions in rats was examined in three experiments using 
the Morris water-maze to test different aspects of 
spatial memory. Experiment 1. Rats with fimbria- 
fornix lesions received either septal cell suspension 
grafts or solid septal grafts; normal rats and rats with 
lesions alone were used as controls. Sixteen weeks 
after surgery, the rats' spatial learning and memory 
were tested in the water-maze using a place test, 
designed to investigate place navigation perfor- 
mance, in which rats learned to escape from the 
water by swimming to a platform hidden beneath the 
water's surface. After 5 days of training, the rats 
were given a spatial probe test in which the platform 
was removed from the tank to test spatial reference 
memory. Experiment 2. The same rats used in Exp. 1 
were tested in a delayed-match-to-sample, working 
memory version of the water-maze task. The plat- 
form was located in one of two possible locations 
during each trial, which was composed of 2 swims. If 
the rat remembered the location of the platform on 
the 2nd swim of a trial, it should find the platform 
more quickly on that swim, and thereby demonstrate 
working memory. Experiment 3. Prior to receiving 
fimbria-fornix lesions, normal rats were trained in a 
modification of the water-maze task using alternating 
cue navigation and place navigation trials (i.e., with 
visible or non-visible escape platforms). The reten- 
tion and reacquisition of the place task and the 
spatial probe test were examined in repeated tests up 
to 6 months after the lesion and intrahippocampal 
grafting of septal cell suspensions. The effects of 
central muscarinic cholinergic receptor blockade with 
atropine were also tested. Normal rats performed 
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well in both the place and spatial probe tests. In 
contrast, rats with fimbria-fornix lesions only were 
unable to acquire or retain spatial information in any 
test. Instead, these rats adopted a random, non- 
spatial search strategy, whereby their latencies to 
find the platform decreased in the place navigation 
tasks. Sixty to 80% of the rats with septal suspension 
or solid grafts had recovered place navigation, i.e., 
the ability to locate the platform site in the tank, in 
Exp. 1 and 3, and they showed a significantly 
improved performance in the working memory test in 
Exp. 2. Atropine abolished the recovered place navi- 
gation in the grafted rats, whereas normal rats were 
impaired to a lesser extent. In contrast, atropine had 
no effect on the non-spatial strategy adopted by rats 
with fimbria-fornix lesions only. The results show 
that: (1) fimbria-fornix lesions disrupt spatial learn- 
ing and memory in both naive and pretrained rats; 
(2) with extended training the fimbria-fornix lesioned 
rats develop an efficient non-spatial strategy, which 
enables them to reduce their escape latency to levels 
close to those of intact controls; (3) intrahippocampal 
septal grafts can restore the ability of the lesioned 
rats to use spatial cues in the localization of the 
platform site; and (4) the behavioural recovery 
produced by grafts is dependent upon an atropine 
sensitive mechanism. 
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Introduction 

Lesions of the septo-hippocampal system in rats, 
including transection of the fimbria-fornix (FF) path- 
ways which carry afferents to and efferents from 
the hippocampal formation, produce permanent 
behavioural impairments in many tasks, particularly 
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those requiring spatial memory (Morris 1983; 
O'Keefe and Nadel 1978; Olton et al. 1979; Rawlins 
1985), 

Previous studies have demonstrated that intrahip- 
pocampal grafts of fetal septal-diagonal band tissue, 
rich in developing cholinergic neurons, can partly 
restore learning and memory in rats with medial 
septal or FF lesions (Low et al. 1982; Dunnett et al. 
1982; Daniloff et al. 1985; Pallage et al. 1986). These 
studies used T-maze and 8-arm radial maze tasks that 
are sensitive to septo-hippocampal damage (Olton 
1983). 

In the present study we investigated in three 
experiments the behavioural effects of intrahip- 
pocampal septal grafts in further detail using refer- 
ence and working memory versions of the Morris 
water-maze task (Morris 1981, 1984). The Morris 
water-maze has been widely used to assess the 
functional effects of hippocampal system lesions. 
This task requires navigation, and is particularly 
useful for analyzing the role of the hippocampus in 
spatial learning and memory (see Morris 1983 for a 
review). The standard reference memory procedure 
of this task (used in two of the present experiments) 
tests the ability of a rat to swim to a platform hidden 
just beneath the surface of the water in a swimming 
pool; the rat can then climb onto and rest upon the 
platform. Normal rats use a spatial strategy to find the 
platform in the pool. During a place test, when the 
platform is present in the tank, they swim directly 
from the starting point to the platform. During a 
spatialprobe test, when the platform is removed from 
the pool, they spend more time swimming in the 
training quadrant, the part of the pool that had 
contained the platform during the place test, than in 
the other quadrants (Morris 1981, 1984). Rats with 
hippocampal system lesions are severely impaired in 
locating the platform site, and use a non-spatial 
strategy to find the platform. Thus, during the place 
test, they swim indirectly to the platform, and during 
the spatial probe test, they spend equivalent amounts 
of time in all quadrants, rather than swimming mostly 
in the training quadrant (Morris et al. 1982; Suther- 
land et al. 1982a; Morris 1983). Performance in this 
task is also sensitive to central cholinergic receptor 
blockade (Sutherland et al. 1982b; Whishaw 1985; 
Whishaw et al. 1985). In addition to this reference 
memory task, a modified delayed-match-to-sample 
version of the water-maze task was designed to test 
spatial working memory in the second experiment of 
the present study. 

Two types of grafts were studied: septal cell 
suspensions injected directly into the hippocampus, 
and solid pieces of septal tissue placed into the cavity 
made by the FF lesion. Because suspension grafts, 

unlike solid grafts, cannot act as a bridge to allow 
fibers to grow across the FF lesion into the dener- 
vated hippocampus from the host septum (cf. Buz- 
saki et al. 1986), any recovery should be due to the 
effects of the graft on the hippocampus, rather than 
to reinnervation from the host septum. 

Several lines of evidence suggest that cholinergic 
activity is required for the recovery produced by the 
septal grafts. Such grafts, rich in developing choliner- 
gic neurons, when implanted in or adjacent to the 
hippocampal formation in adult recipient rats can 
restore several of the morphological and functional 
deficits produced by FF lesions (for a review, see 
Gage et al. 1987). The septal grafts can re-establish a 
fairly normal cholinergic innervation of the initially 
denervated hippocampus (Bj6rklund and Stenevi 
1977; Bj6rklund et al. 1983a) and can form abundant 
functional cholinergic synapses with dentate granule 
cells and hippocampal pyramidal neurons of the host 
(Segal et al. 1985, 1987; Clarke et al. 1986; Anderson 
et al. 1986). Moreover, biochemical measures of 
acetylcholine synthesis in vitro have indicated that 
the grafted cholinergic neurons are spontaneously 
active at a near normal rate (Bj6rklund et al. 1983c). 
Together, these data suggest that fetal septal neurons 
can innervate the hippocampus of rats with FF 
lesions, and form new, functional cholinergic 
synapses with neurons in the host. 

To study the role of the cholinergic system in 
septal graft function, Experiment 3 also examined 
the effects of atropine, a cholinergic muscarinic 
receptor antagonist, on the graft-induced be- 
havioural recovery in the water-maze. If this recov- 
ery was dependent on a cholinergic mechanism, then 
atropine should abolish the graft effect. If, however, 
the behavioural recovery induced by septal grafts was 
independent of cholinergic mechanisms, then 
atropine should have no effect. 

Four questions were thus addressed in the pre- 
sent study. (1) Can septal grafts restore place naviga- 
tion in the water-maze in rats with FF lesions? (2) Is 
the restoration due to the recovery of normal spatial 
learning and memory mechanisms, including working 
memory? (3) Does pre-training of the rats influence 
the amnesic effect of subsequent FF lesions or the 
recovery produced by grafts? (4) Is the graft-induced 
behavioural recovery affected by cholinergic receptor 
blockade? 

General methods 

Subjects 

Young adult female Sprague-Dawley rats (ALAB, Stockholm, 
Sweden) weighing about 200 g at the time of surgery served as 
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Fig. 1. General design of the three experiments showing the order of surgery and tests and the intervals between them 

subjects. They were housed in groups with ad lib access to food 
and water throughout the experiments. 

Surgery 

All surgery was conducted in a Kopf stereotaxic apparatus. 
Bilateral aspiration lesions of the FF were made in rats anaes- 
thetized with methyl hexital (Brietal, Lilly; 40 mg/kg i.p.). Some of 
the rats with FF lesions were given septal grafts within 4 weeks of 
receiving the lesion. A mixture of ketamine (Parke-Davis, 10 mg/ 
kg) and xylazine (Rompun, Hoechst, 5 mg/kg), given i.p. or i.m., 
was used as anaesthetic in the transplantation surgery. 

Rats serving as normal controls were not treated surgically. 
Bilateral FF lesions were made by aspiration (Stenevi et el. 1976). 
A whole was drilled in the skull posterior to bregma on either side 
of the midline. The cortex, corpus callosum, and underlying 
fimbria-fornix were removed by aspiration until the dorsal aspect 
of the thalamus was visible. The lesion transected the septo- 
hippocampal fibers in the fimbriae, the dorsal fornices, and the 
supracallosal striae. 

The cell suspensions were prepared as described previously 
(Bj6rklund et el. 1983b). The developing septal-diagonal band 
area was dissected from the basal forebrain of E14.E16 donor rat 
fetuses (crown-rump length, CRL = 12-16 mm) of the same strain 
as the graft recipients. Tissue from 10-15 fetuses was collected in 
sterile 0.6% glucose-saline at room temperature, incubated in 
crude trypsin (Sigma type II: 0.1% in the glucose-saline medium) 
for 20 min at 37 ~ C, washed 4-5 times with fresh glucose-saline, 
and mechanically dissociated in about 100 ~1 of this medium to 
form a milky suspension. Three 2 ~tl aliquots of the suspension 
were injected stereotaxically into the hippocampus bilaterally at 
the following coordinates (in ram): (1) A = 4.5 anterior to the 
interaural line, L = _+3.3 from midline, V = 2.8 ventral to dura; 
(2) A = +3.0, L = _+3.5, V = 3.5; (3) A = +3.0, L = +4.8, V = 
5.7. The incisor bar was set at the same dorso-ventral plane as the 
interaural line. Each injection was performed over 4 min. 

The solid septal grafts, 1-2 mm 3, were dissected as described 
above from E16.E17 donor rat fetuses (CRL = 16-20 mm). They 
were kept in saline until being implanted into the FF cavities 
produced by the FF lesion one week earlier. Tissue from one fetus 

was placed on each side on the dorsal thalamus, in contact with the 
exposed hippocampal surface. The remainder of the cavity was 
filled with saline:soaked gelfoam before the wound was closed 
(Bj6rklund and Stenevi 1977). 

Apparatus: the Morris water-maze 

A cylindrical tank (120 cm in diameter, 45 cm deep) was filled to a 
depth of 30 cm with room temperature water made opaque by the 
addition of powdered milk (Morris 1981, 1984). A transparent 
plastic platform (10.5 x 10.5 cm), mounted on a plastic column, 
was placed into the tank so that the platform was 1-2 cm below the 
water's surface. The platform and column were anchored to the 
floor of the tank with a lead weight, allowing the platform to be 
moved by the experimenter. A removable cover for the platform 
(3 cm thick) was made of wood and sheet metal, and had a vertical 
rod (5 cm tall) in its middle. When placed on the platform, the 
cover extended about 1-2 cm above the water. Four starting 
points, 90 ~ apart, were marked on the edge of the tank. The pool 
was located in a corner of a room containing many extra-maze cues 
(i.e., windows, posters, video and computer equipment, etc.). A 
digitized TV system connected to an ABC 800 microcomputer 
recorded the rat's position and movements in the tank. 

Acetylcholinesterase histochemistry 

At the end of the experiment, all surviving rats with grafts or FF 
lesions were perfused via the ascending aorta with 150 ml of ice 
cold 4% phosphate buffered paraformaldehyde. The brains were 
fixed in the same solution for 2 h, and then placed in phosphate 
buffer at 4 ~ C. Before sectioning, the brains were transferred to a 
10% sucrose solution for a minimum of 12 h. Sections 15 ~tm thick 
were cut on a cryostat from the rostral end of the lesion cavity to 
the entorhinal cortex. Every third (in grafted brains) or sixth (in 
lesioned braing) section was stained for acetylcholinesterase 
(ACHE), using prometazine (10 -4 M) to inhibit non-specific ester- 
ases (Holmstedt 1957) and silver nitrate to intensify the reaction 
product (Geneser-Jensen and Blackstad 1971). 
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Experiment 1 

This experiment was designed to test whether septal 
grafts could restore the acquisition of spatial memory 
in rats with bilateral FF lesions. The behavioural 
effects of two types of grafts were examined: septal 
cell suspensions injected directly into the hippocam- 
pus, and solid septal tissue pieces placed in the cavity 
left by the FF lesion. Sixteen weeks following 
surgery, rats were tested in the Morris water-maze 
with place and spatial probe tests (Fig. 1). 

Procedure 

The experiment comprised: Normals (n = 6), FF lesions only 
(n = 7), FF lesions with suspension grafts (n = 10), and FF lesions 
with solid grafts (n = 15). The cell suspensions were injected 
during the same surgical session in which the FF lesions were 
made; the solid grafts were placed in the cavity one week following 
the FF lesions. 

Place test. The platform was placed in a constant position in the 
middle of the training quadrant of the tank so that it was 1-2 cm 
below the surface of the water. Rats were given 2 blocks of 4 trials 

on each day for 4 consecutive days, and 1 block of 4 trials the fifth 
day. The four start positions were used in a pseudo-random, 
counterbalanced fashion so that each location was used once in 
each block of 4 trials. For each trial, the rat was placed in the water 
facing the wall at the designated start position. The rat was given 
60 s to find the platform and climb onto it, and was then allowed to 
rest for 10-15 s. The rat was then removed from the platform and 
placed at the next predetermined starting point. If the rat did not 
find the platform within 60 s, the experimenter picked up and 
placed the rat on the platform for 10-15 s. The path from the 
starting location to the platform was recorded by the computer. 
Two measurements were obtained: latency, the amount of time (in 
seconds), and distance, the length of the path (in meters), from the 
starting point to the platform. 

Spatial probe test. Immediately following the last place test (on the 
fifth day) described above, the platform was removed. The rat was 
placed at one of the starting points, allowed to swim for 120 s, and 
then removed from the tank. The rat's swim path was recorded by 
the experimenter. In addition, four annuli were defined as a 
circular area in the middle of each of the four quadrants of the 
tank. The center of the annulus was located where the center of 
the platform would have been if a platform had been placed in the 
quadrant. The area of the annulus was twice that of the platform. 
The number of times the rat passed through each annulus during 
the trial was counted. The heading angle was the angle of the rat's 
swimming direction relative to the platform's location as the rat 
left the starting point. The heading angle ranged from 0 (swimming 
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Fig. 3A, B. Experiment 1. A Relative distribution of annulus crossings in the different quadrants, as indicated in the inset, in the spatial 
probe trial when the platform was removed from the pool and the rat was allowed to swim for 2 rain. Each annulus marks an area twice the 
actual size of the platform and is located in the middle of each quadrant. Asterisks denote higher number of crossings in the training 
quadrant compared to all other quadrants, p < 0.01. B Scores given each rat, as indicated in the inset, based on the heading angle taken 
from the start position by the rat when placed in the tank in the last spatial probe trial. Star indicates significant difference from the normal 
group, and asterisks a difference from the FF-lesioned group, one-tailed, p < 0.05 

directly towards the platform) to 4 (swimming 75-90 ~ away from 
the direct path to the platform; see inset in Fig. 3B). 

Results 

Place test. The escape latency and swim distance of 
all four groups of rats is illustrated in Fig. 2. Normal 
rats learned the task rapidly, reached asymptotic 
performance within 4 days of testing, and at the end 
of testing reached the platform in a mean of 4.7 s. 
Rats with FF lesions alone showed overall slower 
acquisition of the task, but the performance of the 
individual rats differed markedly. Thus, by the end of 
the test week their escape latencies varied from 7 to 
60 s, with a mean of 24.9 s. Rats with grafts per- 
formed at a level intermediate between normal rats 
and those with FF lesions alone. At the end of 
testing, rats with suspension grafts reached the plat- 
form after a mean of 12.9 s, and those with solid 
grafts after a mean of 17.5 s. 

Although each group showed significant acquisi- 
tion of the task when examined individually (re- 
peated measures ANOVA: distance and escape 
latency, p < 0.05), the groups differed (distance, 

F(3, 34) = 6.4, p < 0.01; latency, F(3, 34) = 4.83, 
p < 0.01), and the groups acquired the task at 
different rates (group x day interaction: distance, 
F(12, 82) = 2.04, p < 0.05; latency, F(12, 82) 
= 2.11, p < 0.05). During the last two days of 
testing, the FF lesioned rats differed significantly 
from the normal controls, whereas the two grafted 
groups did not differ from either the normal controls 
or the FF lesioned rats (Distance: F(3, 34) = 4.4, 
p < 0.01; latency: F(3, 34) --- 3.22, p < 0.05, fol- 
lowed by Tukey's HSD: p < 0.05). 

Spatial probe test. Figure 3 illustrates the ability of 
the rats to locate the platform site in the final spatial 
probe trial. Normal rats had a pronounced bias for 
the original platform site (T in Fig. 3A), and most of 
them swam directly towards the platform site 
(Fig. 3B). As illustrated in Fig. 4, upper panel, 
normal rats swam primarily in the training quadrant. 
All rats with FF lesions were markedly impaired on 
these measures. They did not swim preferentially 
over the platform site annulus relative to the other 
annuli (Fig. 3A), and only 1 of the 7 rats with FF 
lesions swam directly towards the platform in the 
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illustrating the different kinds of search behaviour 

spatial probe trial (Fig. 3B; Mann-Whitney U: 
p < 0.05 one tailed for comparison with normal rats). 
Three of the rats with FF lesions had developed an 
active but seemingly random search behaviour, 
which made them swim at a distance from the edge 
and cover all four quadrants of the tank. The other 
four showed a more stereotyped, thigmotaxic 
behaviour, swimming predominantly along the edge 

of the pool (compare the two FF lesioned rats 
illustrated in Fig. 4). 

Rats with either suspension or solid septal grafts 
showed significantly improved performance in the 
spatial probe test compared to rats given FF lesions 
alone (Fig. 4). The grafted rats crossed over the 
platform annulus more often relative to the three 
non-platform annuli (Fig. 3A) (Suspension grafted 
group: F(3, 7) -- 9.13, p < 0.01; Solid grafted group: 
F(3, 12) = 9.45, p < 0.01), and they performed 
significantly better than rats with lesions alone in 
their ability to swim directly towards the platform 
(Fig. 3B) (one-tailed Mann-Whitney U, p < 0.05 for 
both groups). Eight of the 10 rats in the suspension 
graft group and 9 of the 15 rats in the solid graft 
group but none in the FF lesioned group showed a 
clear place preference in the spatial probe test. Five 
of the rats with suspension grafts and 3 of the rats 
with solid grafts had scores within the normal range 
in the spatial probe test. 

In the final microscopic analysis (see below) 3 of 
the non-recovered rats in the solid graft group had 
extensive unintended pathology (hydrocephalus and 
thalamic-septal damage) and 1 recovered rat had 
some minor sparing of the lateral fimbria on one side. 
However, even when these 4 rats were excluded from 
the statistical analysis, the graft-induced effects on 
the spatial probe measures remained significant in 
the solid graft group. 

Comments 

Normal rats learned to find the hidden platform 
quickly and directly by using a spatial strategy. In the 
spatial probe test, they swam directly towards the 
former platform site from one of the arbitrarily 
chosen starting points at the edge of the tank, and 
focussed their swim over the former platform site. As 
shown previously (Morris 1981, 1984) this reflects the 
ability of normal rats to learn and remember the 
location of the platform, and use extra-maze cues to 
navigate to the platform. 

The primary deficit induced by the FF lesion was 
the inability of the lesioned rats to locate the 
platform site in the spatial probe test: None of the 
rats with FF lesions alone showed a clear spatial bias 
in the search for the platform. In the place test, the 
FF lesioned rats showed as a group impaired acquisi- 
tion, but the individual rats differed markedly. Thus, 
some of the lesioned rats adopted a non-spatial, 
seemingly random search strategy, and the best 
performing rat had an escape latency by the end of 
the test week that was within the normal range. As 
further emphasized by the results obtained in Exp. 3, 



below, this shows that the FF lesioned rats can 
develop an efficient non-spatial strategy which allows 
them to reduce their escape latency in the water- 
maze task. Thus, thigmotaxic behaviour was charac- 
teristic only of some of the FF lesioned rats, and with 
extended training most of the lesioned rats will adopt 
the non-spatial type of search behaviour (see below). 
Because of this, escape latency is not a reliable or 
stable measure of the deficit induced by FF lesions in 
the analysis of place navigation in the water-maze 
task. 

The grafted animals showed a significant recov- 
ery of place navigation in the spatial probe test. The 
recovery induced by the septal grafts appeared to be 
due to a specific effect on the ability to use extra- 
maze cues to locate the platform site in the tank, and 
thus to acquire a spatial strategy in the search for the 
hidden platform. Many of the grafted rats, like the 
normal rats but unlike rats with FF lesions only, were 
able to swim directly towards the platform from the 
starting point, and the best behaviourally recovered 
rats focussed their search over the platform site in the 
spatial probe test to the same extent as the intact 
animals. The graft effect was thus not due simply to 
inhibition of the thigmotaxic behaviour (i.e., swim- 
ming along the perimeter  of the tank) seen in some of 
the FF lesioned rats. 

It might be argued that the grafted rats could 
perform well in the place test using an abnormal 
strategy. However,  the restoration or place naviga- 
tion in the spatial probe test provides evidence that 
spatial memory,  an ability associated with normal 
hippocampal function and not displayed by rats with 
FF lesions, was at least partly restored by the septal 
grafts. 

Experiment 2 

In Experiment 1, the escape platform was always 
located in one place. Thus, rats could use the same 
information to solve the task on every trial, a 
reference memory procedure (Honig 1978; Olton et 
al. 1979). In contrast, working memory procedures 
require the use of information embedded in the 
temporal context of a single trial. A delayed-match- 
to-sample (DMTS) task is an example of a working 
memory procedure.  A trial begins when a sample 
stimulus is presented to a subject and then with- 
drawn. After a delay, the sample stimulus and 
another stimulus are presented. The subject's task is 
to indicate which of these was the sample stimulus at 
the beginning of that trial. For the next trial, a 
different sample stimulus may be presented, so that 
the subject must remember  which one was presented 
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during the current trial to perform correctly. Because 
the information required to solve the task changes 
from trial to trial, DMTS procedures involve working 
memory. 

Hippocampal lesions are known to impair the 
ability of rats to perform a DMTS working memory 
procedure in the water-maze (Morris 1983; Whishaw 
1985). Even if grafts restore normal spatial reference 
memory, i.e., the ability to represent a spatial 
location, they may not restore working memory,  
which is a process requiring the rapid storage and 
retrieval of information in a temporal context. 
Experiment 2 addressed this point: To what extent 
do grafts enable normal spatial working memory? 

Procedure 

The same groups of rats used in Exp. 1 were used as subjects in 
Exp. 2. Testing started 4 weeks after the end of that experiment 
(Fig. 1). The critical difference between this and the procedure 
described in Exp. 1 is that here the submerged platform was 
placed in one of two locations that varied between trials in a 
DMTS procedure (see inset in Fig. 5). For each trial, the platform 
was placed in one of these predetermined locations. Each trial was 
composed of 2 swims. The platform remained in the same location 
during both swims. For the first swim, the rat was placed in the 
tank facing one of two starting points (determined by a pseudo- 
random order) and allowed to swim to the hidden platform. For 
the second swim, the same rat was placed in the tank facing one of 
the two starting points (again determined by a pseudo-random 
order) and allowed to search for the platform again. In either 
swim, if a rat did not find the platform after 60 s, it was placed 
onto the platform by the experimenter for 15-30 s. After the 
second swim, the rat was placed in a warm cage. Groups of 4-7 rats 
were tested at a time. After each rat had been given one trial, the 
next trial begun. Four trials per day were given 5 days per week for 
2 weeks. Working memory was quantified as difference scores in 
swim distance or escape latency between swim 1 and swim 2. 

Results 

Both groups of rats with septal grafts performed 
better than rats with lesions only in the working 
memory test, as did normal rats (1-way A N O V A  by 
groups: mean difference between swims, F(3, 34) = 
4.13, p < 0.02; Planned comparisons: Suspension 
grafted vs FF lesioned only, F(1,34) = 6.48, p < 0.02; 
Solid grafted vs FF lesioned only, F (1, 34) = 7.47, 
p < 0.01; Normal vs FF lesioned only, F(1, 34) = 
11.02, p < 0.005). 

Normal rats consistently escaped more quickly to 
the platform, and swam less distance on swim 2 than 
on swim 1 (repeated measures A N O V A  on two 
factors: escape latency: F(1, 5) = 22.9, p < 0.01; 
swim distance: F(1, 5) = 216.5, p < 0.001). This 
pattern was evident on each day of testing (Fig. 5). 

Rats with FF lesions had impaired performance. 
They did not escape more quickly, nor did they swim 
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Fig. 5. Experiment 2. The inset outlines the working memory procedure diagrammatically. For each trial (composed of two swims), the 
escape platform was placed in one of the locations shown as diamonds. In swim i the rat had to explore the pool to determine the platform's 
location. In swim 2, if the rat remembered the platform's location from swim 1, it could swim to the platform more directly. After a 
10-15 rain intertrial interval, another trial was given. The platform's location (the solid diamond) on any given trial could not be predicted 
from the previous trial. The graphs illustrate escape latencies in seconds (s) during the 10 day working memory test for normal, FF- 
lesioned, suspension grafted, and solid grafted rats. Normals and rats with either suspension or solid septal grafts showed significantly lower 
escape latencies in swim 2 compared to swim 1 (i.e., displaying working memory, see text) 

less distance on the second swim (escape latency: 
F(1,6)  = 1.59, p =0 .25 ;  swim distance: F(1 ,6)  = 1.6, 
p = 0.25). 

Rats with suspension grafts pe r fo rmed  like nor-  
mal rats, consistently escaping more  quickly and 
swimming shor ter  distances on the second swim of  a 
trial (escape latency: F(1, 9) = 18.9, p < 0.005; swim 
distance: F(1, 9) = 5.7, p < 0.05). This effect was 
evident f rom the first day of  testing. Rats given solid 
grafts were similar (escape latency F(1, 14) = 10.4, 
p < 0.01; swim distance: F(1, 14) = 5.7, p < 0.05). 

Comments 

This exper iment  used a working m e m o r y  p rocedure  
that required rats to r e m e m b e r  informat ion  f rom a 
single experience to pe r fo rm correctly.  If  the rat 
r emembered  the locat ion of  the p la t form f rom the 
first swim of a trial, it could escape f rom the water  
more  quickly and directly in the second swim. 
Because the p la t form was m o v e d  f rom trial to trial, 
information f rom previous trials could not  be used to 
determine the p la t form's  location. Thus,  only by 
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using working memory (and acquiring information 
quickly) could be rat escape more efficiently in swim 
2 than in swim 1. 

Normal rats demonstrated working memory by 
consistently swimming more quickly and directly to 
the platform on the second swim than on the first. In 
contrast, rats with FF lesions were severely impaired 
in working memory.  This result is consistent with 
previous findings that rats with hippocampal damage 
perform poorly in working memory procedures in the 
water-maze (Morris 1983) and in other types of tests 
(Olton et al. 1979). 

Rats with septal grafts, like normal rats but 
unlike those with FF lesions, performed well in the 
working memory task. Thus septal grafts enabled 
some rats with FF lesions to use spatial information 
acquired in only one trial. Taken together,  these 
results provide converging evidence that the septal 
grafts, can improve spatial learning and memory,  
including place navigation and working memory.  

Experiment 3 

Experiments 1 and 2 tested acquisition of spatial 
memory in experimentally naive rats. Experiment 3 
tested: (1) Whether  FF lesions impaired the retention 
of previously acquired spatial memory;  (2) Whether  
septal grafts could enable rats to reacquire spatial 
memory lost as a result of the FF lesion; (3) Whether  
the presence of local cues (i.e., a visible platform on 
alternating trials) could improve the performance of 
FF lesioned rats with or without septal suspension 
grafts; and (4) Whether  cholinergic receptor block- 
ade by atropine t reatment  would impair the graft= 
induced behavioural recovery in the water-maze. 

Procedure 

As illustrated in Fig. 1, 23 rats were trained before surgery 
(Test 1). One week later, 17 of the rats were given bilateral FF 
lesions and tested again 2 weeks later (Test 2). One week after 
Test 2, 6 of the lesioned rats received bilateral septal suspension 
grafts to the hippocampus. Thirteen and 23 weeks later the rats 
were tested again (Tests 3 and 4), followed shortly by an atropine 
challenge (Test 5). By the end of Test 4, 6 normal, 6 rats with FF 
lesions only, and 5 rats with both FF lesions and grafts survived. 
One FF lesioned and one grafted rat died during the atropine test. 

The water-maze place test was used as described in Exp. 1, 
with the modification that the rats were now trained using non- 
visible and visible escape platforms on alternating trials. On each 
day, the platform was visible on trials 1, 3, 5, and 7 and not visible 
on trials 2, 4, 6, and 8. The platform was made visible with the 
platform cover described in the Apparatus section above. A 1 min 
spatial probe test, as described in Exp. 1, was administered at the 
end of each of the 4 test periods. 

The atropine test was given to all rats during Test 5, performed 
2 weeks after Test 4 (Fig. 1). On each day, each rat was given 2 

blocks of 4 trials with the alternating visible and non-visible 
platform procedure. After these 8 trials, a 9th spatial probe trial 
was given that lasted 2 rain. On the first day the rats were tested 
without drug treatment. On the second day each rat was injected 
with atropine sulfate (Sigma; 50 mg/kg, i.p) 20-60 min before the 
start of the test. On the third day each rat was given equimolar 
amounts of atropine methylbromide (Sigma; 28.4 mg/kg, i.p.), to 
control for effects of peripheral cholinergic blockade. 

Results 

Place test. Before surgery (Test 1) all rats acquired 
both the visible (V) and the non-visible (NV) plat- 
form tasks (repeated measures A N O V A  on two 
factors: F(1, 22) = 150.9, p < 0.001), reaching 
asymptotic performance after 4 days of testing 
(Fig. 6). These results were similar to those obtained 
in Exp. 1. The rats acquired the V task significantly 
faster than the NV task (F(1,22) = 16.69, p < 0.01). 

Normal rats performed well on Test 2, showing 
good retention of the task over the 3 week interval in 
both V and NV trials. The performances in the V and 
NV trials were no longer different. Rats with FF 
lesions performed poorly on both V and NV tasks on 
Test 2 compared with their pre-lesion performance 
on Test 1 (paired t-tests on V and NV: days 4 and 5 in 
Test 1 vs day 1 in Test 2, p < 0.01). They performed 
poorly throughout Test 2, with much longer escape 
latencies on both V and NV tasks compared to 
normal rats (F(1, 16) = 53.14, p < 0.001), although 
the deficit was more severe on NV than on the V 
tasks (F(1, 11) = 65.37, p < 0.001). However,  the 
performance of the FF lesioned rats improved during 
Test 2 (F(1, 11) = 11.49, p < 0.01). Thus, in the NV 
trials, 6 of the 12 lesioned rats had reduced their 
escape latency to less than 20 s by the end of Test 2. 

In Test 3, all groups improved performance on 
both V and NV tasks (F(4, 56) = 3.78; F(4, 56) = 
4.31, respectively, p < 0,01) and rats in all groups 
escaped more quickly on V than NV trials (p < 
0.05). Now, however, groups differed only on NV 
trials (F(2, 14) = 7.53, p < 0.01) because of the 
superior performance of normal rats (Fig. 6B). 

In Tests 4 and 5, the groups no longer differed 
significantly, on either the V or the NV trials. As 
seen from the scatter-plots in Fig. 8A, 4 of the 5 FF 
lesioned rats and 3 of the 4 grafted rats had reduced 
their escape latencies to within the normal range in 
Test 5 (2-8 s), which demonstrates that both the 
grafted and the non-grafted rats with FF lesions had 
developed an efficient search behaviour by the end of 
the experiment. 

Spat ialprobe test. Normal rats performed similarly to 
those in Exp. 1. Between 50 and 75% of all annulus 
crossings were located over the former platform site 



204 

sec. 
60- 

40 

> -  
(D 
Z 
L~ 30- 
I - -  
< 
._! 

I i i  
G. 

< 20- 
U3 
LIJ 

lO- 

- A  

VISIBLE PLATFORM 

! I I I I I I I I I I I l I I 

1 2 3 4 5 t 6 7 8 9 10 I ll 12 13 14 15 
TEST 1 TEST 2 TEST 3 

FF LESION GRAFTING 

sec 

�9 = norma{  - 6 0  
A ~ i f - l e s i o n  

= i f - l e s i o n + g r a f t  

-40 

-30 

-20 

-10 

* J * ~ , /  /. 

t I I I I 0 

16 17 18 19 20 Days of 
TEST 4 testing 

sec. 
60- 

40 

> -  
(._) 
Z 
LU 30- 
< 
d 

Ld 
EL 

< 20- o 
u )  
LLJ 

10- 

NON-VISIBLE PLATFORM 

n=6 

�9 = norma~ 
A = i f - l es i on  

= i f - l es ion  +graf t  

sec. 

-60 

4O 

-30 

-20 

-10 

I I I I I I | I I O 

0 i 2 3 ~, ~ I ~ ~ 8 9 1~ I 1'1 1'2 13 ;4 1~ ;G 17 18 1~ 2b Days of 
B TEST I TEST 2 TEST 3 TEST 4 testing 

FF LESION GRAFTING 

Fig. 6A, B. Experiment3. Mean escape latencies in seconds (s) for each group in the successive tests using visible (cue navigation) (A), and 
non-visible (place navigation) (B) platforms on alternating trials. See Fig. 1 for details on surgery and intervals between tests 



L e f t ~ O p p o s i  te 

T_raini ng'~[___~ Right 
quadrant 

Test 1 

FF 
LESION 

,.- Test 2 

GRAFTING 

,- Test 3 ~- Test 4+5 

205 

NORMAL 

FF-LESION 

FF- LESION 
+GRAFT 

100- 
u'1 (D 
z 
U3 
u'1 
o 

50 

3 
Z 
Z <~ 

0 L 
(~ L R 0 

(n =I0) 

I 
f f - l es lon  

I 

[. 
(~ L R O 

(n=6) 
C) L R O (~) L R 0 

(n=6) (n=6) 

u~ I00- 
(-9 
Z 

u~ 
O cr 
o 50 
u3 
2 
z 
z <f 

o< 0 
C) L R O 

(n=12) 

I 
grafting 

(~L R O C) L R O 
(n=6) (n=6) 

~100- cb 
z 
u-) 
u3 
o 

50, l.r) 

z 
z < 

~ 0  
(i) L R 0 @ L R O 

(n=5) (n =5) 

Fig. 7. Experiment 3. Analysis of the spatial probe trial in the different tests, where Tes t  4 and the first tes t  day in the drug tes t  (No drug 
day, Tes t  5) have been analyzed together (note spatial probe trial was performed for 1 min in this experiment). Bars give the relative 
distribution (means + s . e .m. )  of annulus crossings over the four quadrants in the spatial probe trials in the different tests, as indicated in the 
inset at the top of the figure. Asterisks denote differences from the FF-lesioned group p < 0.05. N o t e  tha t  in Tes t  1, data was obtained 
from only 10 of the  23 tested rats 

(upper panel in Figs. 7 and 9). The FF lesion totally 
abolished the previously acquired place navigational 
ability (Test 2), and the lesioned rats remained 
impaired on the spatial probe measures, despite 
extended training, also in the subsequent tests. Thus, 
they distributed their swim equally over all four 
quadrants of the pool throughout tests 2-5 (middle 
panel in Fig. 7). An efficient non-spatial search 
behaviour seemed to develop gradually in the FF 

lesioned rats, as illustrated in Fig. 9 (middle panel): 
The majority of the rats displayed the thigmotaxic 
swimming pattern by the end of Test 2, whereas by 
the end of Test 3 all but one of the rats displayed the 
non-spatial more random search behaviour. The 
efficiency of this search behaviour is illustrated in 
Fig. 8B by the number of total annulus crossings 
(i.e., crossings over all four annuli) in the FF- 
lesioned group in Test 5. 
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Rats with graft crossed over the platform site 
more often than rats with lesions alone in Tests 4 and 
5, and they restricted their swimming more narrowly 
to the training quadrant (Fig. 7, lower panel; Fig. 9, 
lower middle panel). In fact, the recovered grafted 
rats focussed their swim to the platform quadrant to 
the same extent as the normal controls. This spatial 
bias seemed to develop gradually, appearing in 2 of 
the 5 rats in Test 3, and in 4 of the 5 rats in Tests 4 
and 5. The rats with grafts never swam in the random 
pattern that was typical of rats with lesions alone. 
The apparent blockade of a random swimming pat- 
tern by the grafts is further shown in the behaviour of 
the only grafted rat that never developed a spatial 
search strategy: it rarely crossed any annulus in Tests 
4 and 5. 

These observations were verified statistically. 
Normal rats swam more often over the annulus 
containing the former platform site than over other 
sites in Test 1 (Fig. 7: F(2, 7) = 49.96, p < 0.01). 
This performance persisted throughout the experi- 
ment. Rats with FF lesions did not display this spatial 
bias, as reflected in an interaction between group and 
annulus position in Test 2 (F(3, 48) = 12.23, p < 

0.01) and in Tests 4 and 5 (F(6, 42) = 3.15, p < 
0.025). The rats with FF lesions also swam over the 
platform site fewer times than normal rats (Test 4 
and 5: F(2, 14) = 3.78, p < 0.05); Tukey's HSD, p < 
0.05). Rats with septal grafts made relatively more 
crossings over the former platform site than did those 
with FF lesions only (Test 4 and 5: F(2, 14) = 5.9, 
p < 0.025; Tukey's HSD, p < 0.05) (Fig. 7). 
Whereas rats with FF lesions made significantly 
fewer crossings over the platform site than normal 
rats in Tests 4 and 5 (see above), rats with grafts did 
not differ from either group. 

Atropine test 

Atropine sulphate and atropine methylbromide were 
given to all rats on the days immediately following 
the no-drug day in Test 5 (Fig. 8). Because many rats 
did not find the platform within the maximum 60 s; 
and because of the large variance in performance, a 
non-parametric test (Wilcoxon Signed Rank Test) 
was used in all of the following measures except for 
swim speed. 
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Fig. 8A-C. Experiment 3. Data from the drug test (Test 5), 
performed two weeks after Test 4, when rats received either no 
drug (lst day, left, open bars), injection of atropine sulphate 
(50 mg/kg i.p.; 2nd day, middle, stippled bars), or equimolar 
amounts of atropine methylbromide (28.4 mg/kg, i.p.; 3rd day, 
right, hatched bars), Asterisks designate a difference from "No 
drug" trial, p < 0.05. A Escape latencies for the groups on cue 
(visible platform) and place (non-visible platform) navigation 
trials. Circled dots represent rats that were chosen for illustration 
in Fig. 9. B Percent of crossings in the previous training quadrant 
and number of total annulus crossings over all four quadrants in 
the spatial probe trial, performed as a last ninth trial on each day. 
C Swim speed as a measure of motor performance in the different 
groups under different drugs, expressed in decimeter per second 
(dm/s) 

Place test: escape latency (Fig. 8A). Normal rats 
exhibited increased escape latencies under atropine 
on NV trials only (p < 0.05), whereas rats with FF 
lesions showed increased escape latencies under 

atropine on both V and NV trials (p < 0.05). 
Atropine impaired the performance of the grafted 
rats also, but this effect did not reach significance. 
None of these effects were seen after peripheral 
cholinergic blockade induced by atropine methyl- 
bromide. 

Spatial probe test (Fig. 8B). Normal rats were not 
significantly impaired by atropine in the spatial probe 
test as measured by the percent of crossings located 
over the platform annulus relative to the other three 
annuli. However, atropine did reduce the total 
number of annulus crossings (i.e., crossings over all 
four annuli) in normal rats (p < 0.05). Rats with FF 
lesions alone were unaffected by atropine on either 
measure. By contrast, rats with grafts were severely 
impaired in both the percent of crossings over the 
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platform annulus and the total number of annulus 
crossings (p < 0.05). None of these effects was seen 
after atropine methylbromide. 

Inspection of the actual swim paths (Fig. 9, right 
hand panels) showed that normal rats tended to swim 
in wider circles under the influence of atropine, thus 
making less focussed searches for the platform. This 

effect was even more pronounced in the grafted rats. 
In contrast, rats with FF lesions swam in a simular 
random fashion before, during, and after atropine 
treatment. The increased escape latencies seen under 
atropine in the FF lesioned rats could be attributed to 
a less efficient search over all four quadrants of the 
pool. 
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Swim speed (Fig. 8C). Swim speeds were monitored 
as a general measure of the rats' motor performance. 
These were unaffected by either FF lesions or grafts. 
Atropine and atropine methylbromide administra- 
tion tended to reduce swim speeds, but not signifi- 
cantly (repeated measures ANOVA; groups: F(2, 
12) - 1.49, p > 0.26; drugs: F(2, 11) = 3.31, p = 
0.075; group x drug interaction: F(4, 22) = 1.42, 
p > 0.26). 

Comments 

The results show that: (1) FF-lesions produce deficits 
in place navigation even when rats were given prior 
training; (2) rats with FF lesions develop with 
extended training an efficient non-spatial search 
strategy which allows them to reduce their escape 
latencies to within the normal range; (3) septal grafts 
can restore the ability of the FF lesioned rats to use 
spatial cues to locate the platform site; and (4) this 
restoration is dependent upon the integrity of 
cholinergic function. 

Although the retention of the already learned 
water-maze task was severely impaired by the FF 
lesion, the lesioned rats showed an apparent, gradual 
improvement after repeated training. Thus, by the 
end of the experiment (Test 5) (i.e., the fourth test 
week after the lesion, about 6 months after surgery) 
all but one of the FF-lesioned rats had escape 
latencies within the normal range (i.e., less than 8 s) 
in the NV task. However, as in Exp. 1, analysis of 
the swim paths in the spatial probe trials showed that 
none of the FF-lesioned rats used a place navigation 
strategy to locate the platform site in the pool, not 
even after extensive training. Instead, they distrib- 
uted their search over all four quadrants without any 
place preference. Thus, consistent with the observa- 
tions in Exp. 1, the present results show that rats 
with bilateral FF lesions are unable to retain or 
acquire any spatial memory in the water-maze task. 

Previous studies (Morris et al. 1982; Schenk and 
Morris 1985) have shown that cue-navigation in the 
water-maze task, using a visible platform, is unim- 
paired by hippocampal lesions. However, in the 
present study, the FF-lesioned rats were impaired on 
both visible and non-visible platform trials. This may 
be due to the procedure using alternating trials with 
visible and non-visible platforms. The rats were 
trained pre-operatively on both types of trials. This 
probably favored a spatial strategy for locating the 
platform even when the platform was visible (cf. 
Olton 1979), and the relevance of the cue may to 
some extent have been overshadowed by the more 
consistent spatial location of the platform (cf. Suther- 

land and Mackintosh 1971; Rescorla and Wagner 
1972). For the same reason, the alternation may have 
prevented the rats with FF lesions from learning to 
use the visible platform as a cue post-operatively. 
Thus, if the FF lesioned rats used the same random, 
non-spatial search strategy to locate the platform on 
both types of trials, they might be impaired initially 
in the cued trials as well. However, this account does 
not explain why the rats persisted in ignoring the 
visible platform after repeated trials, and future 
experiments may be needed to determine whether 
the particular trial sequence used here is unusually 
disruptive to cued navigation. 

The septal suspension grafts reinstated a signifi- 
cant place navigation ability and a spatial memory in 
the pretrained rats with FF lesions. This appeared as 
a reacquisition of the ability to locate the platform 
site in the spatial probe trials, and developed gradu- 
ally over repeated testing. Thus, by 2.5 months after 
grafting, only half of the grafted rats were clearly 
locating the platform site, whereas at 5 months all but 
one of the grafted rats were doing so. Interestingly, 
in the 2.5 month test (Test 3), those rats that did not 
display any significant place navigation had not 
developed the non-spatial type of search strategy 
evident in the FF-lesioned rats at that time. This 
suggests that the grafts had prevented the develop- 
ment of the alternative search strategy in the lesioned 
rats, which may be interpreted as an early sign of a 
graft-induced effect in rats which later developed 
recovery of place navigation. It is unclear, however, 
whether the graft-induced recovery in spatial mem- 
ory in the pretrained FF lesioned rats was due to a 
gradual restoration of previously acquired memory 
(i.e., a recall of information acquired before the 
lesion surgery) or to a recovered ability to learn new 
information. 

Microscopic analysis 

Experiments 1 and 2 

Twelve of the rats with solid grafts and 8 of the rats 
with suspension grafts survived throughout testing 
and were processed together with the lesioned con- 
trols for AChE histochemistry. In all grafted and 
non-grafted animals, except one solid grafted animal, 
the lesion had completely transected the fimbria- 
fornix and the supracallosal pathways on both sides, 
resulting in a virtually complete denervation of the 
dorsal two-thirds of the hippocampal formation, the 
posterior cingulate cortex, the medial parietal cortex 
and the retrosplenial cortex. In the incompletely 
lesioned rat a small portion of the lateral fimbria 
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(innervating the ventral hippocampus) was spared on 
one side. 

All animals had surviving grafts. In the suspen- 
sion graft group all rats had surviving grafts on both 
sides, and AChE-positive fibers extended throughout 
the host hippocampus to provide a partial to com- 
plete bilateral reinnervation of all hippocampal sub- 
fields, including the subiculum. In most rats, the 
cingulate, medial parietal and retrosplenial cortices 
remained denervated. In the rats with solid grafts, all 
grafts had fused with the septum rostrally and with 
one or both hippocampi caudally. Five of the rats had 
AChE-positive fibers throughout the dorsal 3-5 mm 
of the hippocampus bilaterally, whereas 7 animals 
had primarily or exclusively unilateral AChE-posi- 
tive graft-derived reinnervation. Three rats with solid 
grafts had extensive unintended pathology, including 
extensive bilateral hydrocephalus and in one case 
also substantial damage to the septum and the 
anterodorsal thalamus. These three rats were among 
the six solid graft rats which showed no clear 
recovery of place navigation in Exp. 1. The animals 
in the suspension graft group had consistently more 
extensive, bilateral graft-induced reinnervation, par- 
ticularly of the caudal and ventral aspects of the 
hippocampal formation than the rats with solid 
grafts. 

In both the suspension and solid graft groups, all 
behaviourally recovered rats had extensive hip- 
pocampal AChE-positive reinnervation on at least 
one side. However, there was no clear-cut difference 
in graft size or extent and patterning of the ACHE- 
positive fiber outgrowth between the non-recovered 
rats (without hydrocephalus) and the behaviourally 
recovered animals. Thus, in the solid graft group, 
rats with only unilateral AChE-positive reinnerva- 
tion of the hippocampal formation occurred in both 
subgroups, and one of the non-recovered rats had 
extensive bilateral AChE-positive reinnervation of 
all hippocampal subfields, including the dorsal part 
of the subiculum. 

Experiment 3 

AChE histochemistry showed surviving grafts on 
both sides in all rats in the grafted group that 

survived to the end of the experiment. All of these 
rats had extensive AChE-positive fiber ingrowth into 
the host hippocampal formation as shown in Fig. 11. 
This occurred on both sides of the brain in all rats 
except one, where the fiber ingrowth was less on one 
side due to a small graft. In all FF-lesioned rats the 
dorsal two thirds of the hippocampal formation, as 
well as the posterior cingulate, medial parietal and 
retrosplenial cortices, had a near complete loss of 
AChE-positive innervation on both sides, as shown 
in Fig. 10. Inspection of the lesion sites showed 
complete bilateral transection of the fimbriae, dorsal 
fornices, and supracallosal striae in all rats in the 
lesioned and grafted groups, and the size and extent 
of the lesions were comparable in the two groups. No 
obvious difference in graft size or extent of ACHE- 
fiber outgrowth was seen between the four be- 
haviourally recovered grafted rats and the single rat 
that did not show any clear recovery of place 
navigation in the spatial probe test. 

Discussion 

The results demonstrate that rats with bilateral FF 
lesions are unable to acquire place navigation and 
spatial memory in the water-maze task, whether or 
not they are pretrained on the task prior to the lesion 
surgery. The lesioned rats showed an apparent, 
gradual recovery which was due to the development 
of an alternative non-spatial search strategy. This 
suggests that the ability of the rats to acquire spatial 
learning and memory for place navigation in the 
water-maze is normally dependent on the integrity of 
the septo-hippocampal connections. In Exp. 1 and 3 
this spatial learning and memory deficit was signifi- 
cantly ameliorated by either solid septal grafts, 
placed within the FF lesion cavity, or by septal 
suspension grafts implanted into the denervated host 
hippocampus. In Exp. 2, a significant graft-induced 
recovery was seen also in a spatial working memory 
version of the water-maze test. Taken together, these 
observations suggest that the ability of the septal 
grafts to improve performance of FF lesioned rats in 
the water-maze is specifically due to an effect on the 
ability of the lesioned rats to use extra maze cues in 
the localization of the platform site. 

Figs. 10, 11. Photomicrographs of AChE-stained frontal sections through the hippocampus at three levels (A-C) 

Fig. 10A-C. Rat with FF lesion only, showing the characteristic lack of AChE-positive fibers throughout the dorsal hippocampus. Note the 
sparing and some sprouting of AChE-positive fibers in the ventral hippocampus (C) coming through a ventral route not affected by the FF 
lesion 

Fig. l lA-C.  Rat with both FF lesion and septal suspension grafts. Note the near complete and homotypic reinnervation of the hippocampus 
by AChE-positive fibers. White arrowheads indicate location of graft tissue. Scale bar = 1 mm 
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As in normal rats during early stages of training 
(Sutherland et al. 1982b; Whishaw 1985; Whishaw et 
al. 1985), the recovered water-maze performance in 
the grafted rats was sensitive to central cholinergic 
muscarinic receptor blockade. In Exp. 3, atropine 
impaired place navigation in the grafted rats and 
abolished their ability to locate the platform site in 
the spatial probe trial. This effect was more pro- 
nounced in the grafted rats than in the normal 
controls. In normal rats, Whishaw (1985) has 
reported that place navigation is sensitive to atropine 
only during early stages of training, and that the well- 
trained response is relatively insensitive to choliner- 
gic blockade. Whishaw interpreted this as a transition 
from atropine-sensitive to atropine-insensitive place 
learning. The higher sensitivity of the grafted rats to 
atropine in the present study may signify, therefore, 
that they had not yet fully acquired the task, and thus 
that they remained in the atropine-sensitive stage of 
learning, despite the fact that they had reached 
asymptotic performance. If this interpretation is 
correct, the pronounced atropine sensitivity of the 
grafted rats could mean that they remained impaired 
with respect to the ability to acquire the well-trained, 
atropine-resistant type of place learning. 

Another interpretation of the difference in 
atropine sensitivity between the normal controls and 
the grafted rats is that the grafted cholinergic system 
might be more vulnerable to muscarinic receptor 
blockade. This would be the case, for example, if 
cholinergic transmission in the graft-to-host connec- 
tions is less efficient, or marginally sufficient to 
maintain synaptic function. Such a mechanism may 
be valid also for the interpretation of the effect of 
atropine on escape latency in the extensively trained 
FF-lesioned control rats, since extensive damage to 
the cholinergic projection system could make the 
remaining parts of the system (e.g. the basalo- 
cortical projections) more sensitive to pharmacologi- 
cal interference. 

These observations are consistent with the idea 
that the graft-induced recovery of place navigation in 
the FF-lesioned animals is dependent on a choliner- 
gic mechanism. Other observations in rats with 
intrahippocampal septal grafts lend support to this 
interpretation. (i) Immunocytochemical studies, 
using antibodies to choline acetyltransferase, have 
shown that the grafted septal neurons re-establish 
abundant cholinergic synapses onto neurons in the 
host hippocampus, including dentate granule and 
pyramidal neurons (Clarke et al. 1986; Anderson et 
al. 1986). (ii) In electrophysiological studies using 
intracellular recordings in slice preparations which 
contained the grafts, Segal et al. (1985) have demon- 
strated normal synaptic responses of host CA1 

pyramidal cells to septal graft stimulation. These 
effects were antagonized by atropine and potentiated 
by physostigmine, and were thus most probably 
mediated by cholinergic synapses. (iii) In FF lesioned 
rats with solid septal grafts, Buzsaki et al. (1987) 
reported the recovery of behaviour-dependent rhyth- 
mic slow activity (or theta rhythm) in the parts of the 
hippocampus that were reinnervated by AChE-posi- 
tive fibers, but not outside this area. (iv) In a 
neurochemical study, Kelly et al. (1985) reported 
that solid septal grafts were capable of normalizing 
the regional glucose utilization rate in the FF dener- 
vated hippocampal formation, and that this effect 
was highly correlated with the degree of reinnerva- 
tion by AChE-positive fibers from the graft. (v) In a 
study by Dunnett et al. (1982), graft-induced recov- 
ery of a forced-choice alternation task in a T-maze 
was seen with septal solid or suspension grafts, 
providing a cholinergic reinnervation of the host 
hippocampal formation, but not with noradrenaline- 
rich grafts of the locus coeruleus region lacking 
cholinergic neurons. 

These various observations provide substantial 
support for the idea that grafts of fetal septal- 
diagonal band neurons can provide a new cholinergic 
afferent control system to the previously denervated 
host hippocampal formation, and that this new input 
is functional not only at the synaptic level, but also in 
the recovery of hippocampus-dependent spatial 
learning and memory in the otherwise permanently 
impaired lesioned rat. Since the septo-hippocampal 
cholinergic pathway normally seems to act as a 
modulatory system, which is capable of regulating 
the excitability of dentate granule cells and hip- 
pocampal pyramidal neurons (Krnjevid and Ropert 
1982; Nicoll 1985), the behavioural effects of the 
grafted cholinergic neurons could be mediated via 
the restoration of relatively non-specific, tonic 
cholinergic neurotransmission at the cholinergic 
receptor sites. 

The observations of Dunnett et al. (1982) on the 
recovery of forced-choice alternation in rats with FF 
lesions, and of Gage et al. (1984) on the recovery of 
place navigation in the water-maze in aged rats, 
indicate however, that cholinergic reinnervation by 
the septal grafts may be necessary but not sufficient 
for behavioural recovery to occur. This is consistent 
with the findings of the present study, showing that 
recovery of place navigation was quite variable also 
in animals with good bilateral, graft-derived, ACHE- 
positive reinnervation of the host hippocampus. 
Thus, in Exp. 1, 2 of the 10 rats with suspension 
grafts and 6 of the 15 rats with solid grafts showed no 
clear place preference in the spatial probe test. In 3 
of the rats with solid grafts this failure could be 
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accounted for by hydrocephalus and unintended 
septal and thalamic damage associated with the 
aspiration cavities. In other cases the cause of the 
variable results is not clear. The grafts would likely 
require a minimum of integration into the host 
hippocampal circuitry, including afferent connections 
from the host brain, for adequate functioning. This 
factor, which was not controlled for in this study, 
may vary from animal to animal. Moreover, the 
aspirative FF lesion used here is extensive, affecting 
not only the cholinergic afferents to the hippocam- 
pus, but also other major afferent and efferent 
systems of the hippocampal formation, as well as 
parts of the corpus callosum and the cingulate cortex. 

It is obvious that the septal grafts can substitute 
only for some aspects of the structural damage 
induced by FF lesions, and that the normal afferent 
and efferent connections of the hippocampal forma- 
tion running through the fimbria-fornix and supracal- 
losal pathways were not restored by the grafts. This 
may explain why the performance in the water-maze 
task remained impaired also in the best grafted rats. 
Nevertheless, the performance of the most successful 
grafted animals in the spatial probe test was within 
the normal range, which indicates that at least one 
aspect of hippocampal function, i.e., place naviga- 
tion in the water-maze, can be substantially improved 
also in the absence of these connections. Apparently, 
the hippocampal mechanisms underlying spatial 
memory can function at least to some degree also in 
the absence of major connections between the hip- 
poeampal system and subcortical structures, perhaps 
through a direct modulation of the host hippocampal 
circuitry by the grafted neurons. 

In summary, the results of the present study 
demonstrated the usefulness of the intracerebral 
transplantation technique as a tool for the analysis of 
mechanisms underlying behavioural recovery after 
brain damage and for the study of the role of the 
septo-hippocampal cholinergic system in hippocam- 
pus-dependent learning and memory. FF lesions are 
extensive, and disconnect many areas in addition to 
the medial septum and hippocampus, yet septal 
grafts can restore some aspects of normal memory 
function. This finding suggests a model of hippocam- 
pal function in which the basal forebrain cholinergic 
system operates in a permissive fashion to modulate 
information processing or storage in the hippocam- 
pus and its associated cortical structures. 

The experimental animal work suggests that the 
intracerebral grafting technique may have some 
potential in the therapy of cognitive deficits in 
patients with neurodegenerative diseases. However, 
a necessary prerequisite for any future efforts in this 
direction is the detailed analysis of the mechanisms 

and structural requirements for grafted neural tissue 
to influence different aspects of impaired cognitive 
function. Further studies should therefore address 
questions of the specific actions and the limitations of 
graft functions: What aspects of memory do the 
grafts not affect, and can different types of grafts 
affect different aspects of impaired memory? What is 
the role of glia and glia-derived trophic mechanisms 
in the restoration of behaviour after cortical lesions? 
And why do surviving AChE-rich septal grafts not 
always work and what are the requirements for 
grafted septal neurons to become functional in hip- 
pocampal learning and memory mechanisms? 
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