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The Effects of Serotonin Depletion and Raphe Grafts on 
Hippocampal Electrophysiology and Behavior 
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The involvement of the serotonergic system in spatial learn- 
ing and a possible correlation between serotonergic mod- 
ulation of hippocampal electrical activity and spatial learning 
were studied in rats. Control, partial septal-lesioned (SL), 
5,7-dihydroxytryptamine (5,7-DHT)-injected (DHT), double- 
lesioned (5,7-DHT and SL; DL), and DL rats that were trans- 
planted with embryonic raphe grafts into the hippocampus 
(RG) were tested in a spatial task in a water maze and in an 
active avoidance shuttle-box task. The responses of the 
dentate gyrus (DG) to perforant-path (PP) stimulation were 
examined in the same rats, under the following conditions: 
(1) priming stimulation of the PP (testing feedback inhibi- 
tion), (2) priming stimulation of the commissural pathway 
(testing feedforward inhibition), (3) during repeated stimu- 
lation of the PP at 7 Hz (frequency potentiation), and (4) 
following tetanic stimulation [long-term potentiation (LTP)]. 

DL, but not DHT or SL, treatment severely impaired the 
performance of rats in both reference- and working-memory 
tasks in the water maze.This effect was not seen in the 
shuttle box. The ability of the DG to exhibit LTP, which was 
reduced in the DHT and SL rats, was apparently similar to 
controls in the DL group. DL, but not DHT or SL alone, resulted 
in a reduction of inhibition in the DG. Roth the behavioral 
deficits and the reduction in hippocampal inhibition were 
ameliorated by intrahippocampal raphe grafts. 

These results indicate that the serotonergic innervation of 
the hippocampus plays a role in spatial learning when the 
septohippocampal neurotransmission systems are disrupt- 
ed. Furthermore, these results suggest that restoration of 
modulation of hippocampal inhibition, by raphe grafts, un- 
derlies the behavioral recovery observed in these rats. 

The hippocampus is involved in learning and memory processes 
and, in particular, in spatial learning (O’Keefe and Nadel, 1978; 
Morris et al., 1982; Barnes, 1988; Squire and Zola-Morgan, 
1988). Serotonergic fibers, arising from the midbrain raphe (MR) 
nuclei, densely innervate the hippocampal formation and the 
dentate gyrus (DG, Azmitia and Segal, 1978; Moore, 198 l), 
suggesting a role for 5-HT in hippocampal functions. Depletion 
of forebrain 5-HT, however, has little effect on spatial perfor- 
mance in rats (Asin et al., 1985; Altman et al., 1989; Richter- 
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Levin and Segal, 1989). Recent studies have indicated that, 
under conditions in which other neurotransmission systems are 
disrupted, the serotonergic system becomes crucial for correct 
spatial performance (Vanderwolf, 1987; Nilsson et al., 1988; 
Richter-Levin and Segal, 1989). 

The perforant path (PP) is the main excitatory pathway inner- 
vating the hippocampus. The response of DG granule cells (GCs) 
to PP stimulation and the expression of long-term potentiation 
(LTP) of responses to this stimulation vary with the behavioral 
state oftheanimal (Vanderwolf, 1988; Austin et al., 1989; Bram- 
ham and Srebro, 1989; Sharp et al., 1989). Voluntary behaviors 
are associated with an atropine-resistant o-activity (rhythmical 
slow activity) that is dependent on the integrity of the seroto- 
nergic innervation of the hippocampus (Vanderwolf, 1988). 
During this type of rhythmical slow activity, spontaneous hip- 
pocampal EEG spikes are suppressed (Vanderwolf, 1988). We 
have recently found that 5-HT-releasing drugs can modulate 
the responsiveness of DG GCs to PP stimulation as well as 
suppress hippocampal EEG spikes (Richter-Levin and Segal, 
1990a). Furthermore, MR cells grafted into the hippocampus 
can restore hippocampal response to application of these drugs 
in 5-HT-depleted rats (Richter-Levin and Segal, 1990b). 

The present study was designed to analyze the nature of the 
serotonergic involvement in learning and memory processes 
related to hippocampal activity. The effects of 5-HT depletion 
in septal-lesioned (SL) rats were examined at behavioral and 
physiological levels. At the behavioral level, experiments were 
conducted with a spatial memory task and with an associative 
learning task that is not assumed to depend on hippocampal 
integrity. At the physiological level, DG responses to PP stim- 
ulation were studied by analyzing feedforward and feedback 
inhibition, frequency potentiation (Andersen and Lomo, 1967), 
and LTP. Finally, we tested the possible restoration of these 
impaired behavioral and physiological functions, by an intra- 
hippocampal MR graft. 

The results indicate that the serotonergic innervation of the 
hippocampus modulates hippocampal responses to afferent 
stimulation and suggest that this modulation becomes crucial 
for spatial memory when the cholinergic input is reduced. 

Materials and Methods 

Subjects 
Subjects were male Wistar rats from a local breeding colony. Surgery 
and transplantations were carried out at the age of 6-8 weeks. The rats 
were assigned randomly for control (n = 8) or to receive either septal 
lesions (SL; n = 8), 5,7-dihydroxytryptamine (5,7-DHT) injection (DHT, 
n = 9), combined SL and 5,7-DHT [double lesion (DL); n = 9), or DL 
plus a raphe graft into the hippocampus (RG; n = 9). The rats were 
then housed in a temperature-controlled room, four or five per cage, 
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with a 12: 12-hr light/dark cycle and free access to food and water, for 
4 months until the behavioral experiments commenced. Experiments 
lasted 4 months. 

Lesions 
Serotonin depletion 
Bilateral intraventricular injections of 5,7-DHT [200 pg (free-base) in 
20 ~1 saline containing 0.2 mg/ml ascorbic acid] were administered to 
anesthetized rats (chloral hydrate, 3.5% solution, 10 ml/kg, i.p.) 2 weeks 
before grafting. 

Septal lesions 
A bipolar 250-Mm stimulating electrode was placed stereotaxically in 
the medial septum. DC current (3 mA/30 set) was used to electrolytically 
lesion the septum. 

Grafting 
The midline tegmentum (measuring about 1 mm)) of embryonic day 
14 (E14) embryos was dissected out for raphe grafts, as previously 
described (Segal and Azmitia, 1986). Tissue was mechanically disso- 
ciated, and a total volume of 1 ~1 was injected bilaterally into each host 
hippocampus. 

Behavioral tests 
Behavioral tests included an active avoidance task and a spatial-memory 
water-maze task. 

The avoidance task 
The active avoidance task was measured in a shuttle box. The shuttle 
box consists of two compartments. In order to avoid or escape an electric 
foot shock, the animal had to move from one compartment to the other 
when a 40-set tone [conditioned stimulus (CS)] was sounded. Ten sec- 
onds after the onset of the tone, an electric shock was applied through 
the grid floor for 30 sec. Shock intensity was set to a level at which all 
rats startled. Forty-five trials were given in a session, with intertrial 
intervals of 40 sec. 

The water-maze task 
A reference-memory test. Rats were placed in a circular pool of water 
(130-cm diameter, 50-cm-high rim, and water level of 15 cm), to which 
milk powder had been added to make the water opaque, and allowed 
to swim freely for a maximum of 1 min or until they reached a hidden 
platform (top surface: 10 cm in diameter, 3 cm below water level). At 
the end of each trial, rats were either led to or left on the platform for 
15 sec. Rats were given three blocks of two trials each day for three 
consecutive days. On the fourth day, the platform was moved to a new 
position, and the rats were given four more trials to locate the platform. 
Their actual path was hand drawn and was later analyzed as follows: 
the water maze was divided into four quadrants. The number of times 
a rat crossed into or out of a circle centered in each quadrant was used 
as an estimate of the time this rat had spent in that quadrant. 

A working-memory test. Two weeks later, the same rats were tested 
again and given only two trials per day for 6 d. Each day the platform 
was placed in a different location. The difference in escape time, between 
the first and the second trials on each day, was used as a measure of 
working memory. 

Electrophysiology 
A bipolar 125-pm stimulating electrode was implanted in the PP (co- 
ordinates: 8 mm posterior to bregma, 4.2 mm lateral; depth adjusted 
to yield maximal response of the DG) and into the contralateral DG 
(coordinates: 4 mm posterior to bregma, 2.5 mm lateral to the midline; 
depth, 3.5 mm). A recording electrode (glass microelectrode; tip di- 
ameter, 2-5 pm; filled with 3 M NaCl) was placed in the DG [coordinates: 
4 mm posterior to bregma, 2.5 mm lateral; depth adjusted to yield 
largest excitatory postsynaptic potential (EPSP) response to stimulation 
of the PP]. Thirty minutes later, the stimulus-pulse duration was ad- 
justed to yield a population spike (PS) threshold at 0.25 mA. Stimulus 
intensity of 0.35 mA was then used to obtain measurements of feedback 
and feedforward inhibition. Field notentials were amolified. filtered 
(0.1-10 KHz), and stored on floppy- disks for off-line analysis. PS and 

EPSP slope were measured as described previously (Richter-Levin and 
Segal, 199Oa). The following sequence of stimulation patterns was used: 

Feedback inhibition 
A twin-pulse PP stimulus was delivered at increasing interpulse intervals 
(30-150 msec). Feedback inhibition was evaluated as the ratio of the 
size of the second to the first PS. 

Feedforward inhibition 
The DG commissural pathway was activated by stimulating the con- 
tralateral DG at different intervals prior to PP stimulation (1 O-l 50 
msec). Feedforward inhibition was evaluated as the ratio of the size of 
the response to PP stimulation after commissural stimulation and that 
of PP stimulation of the same intensity with no priming stimulation. 

Frequency potentiation 
The PP was stimulated for 30 set at 7 Hz. The response of the DG was 
recorded on a digital oscilloscope at the end of the 30 set, and PS size 
was measured manually from the oscilloscope. 

Long-term potentiation 
One hour after the frequency potentiation test, a possible LTP was 
examined. Tetanic stimulation consisted of 10 trains of 10 pulses at 
400 Hz, with I-set intervals between trains. Pulse intensity was 0.35 
mA. Input-output curves were recorded before and 30 min after tetanic 
stimulation. LTP was measured as the difference in EPSP slope and PS 
size before and 30 min after the tetanic stimulation. 

Histology 
At the end of the recording session, the rats were killed, and their brains 
were quickly removed and kept at -70°C. Brains were sliced into 30- 
pm sections at - 20°C and then stained for cells (cresyl violet), cholin- 
ergic fibers (AChE, Biegon and Wolff, 1986), and serotonin terminals 
(using ‘H-imipramine binding; Gross-Isseroff and Biegon, 1988). Quan- 
titative analyses of AChE content and of )H-imipramine binding were 
carried out using a videocamera-based computerized image analysis 
system (Isseroff and Lancet, 1985). 

Analysis 
Results are presented as mean ? SEM. For statistical comparison, ANO- 
VA for repeated measurements, t tests, or Pearson correlation coeffi- 
cients were used as indicated. 

Results 
Histological analysis 
Histology 
The extent of the septal lesion was assessed by an independent 
observer and was rated as 1 (intact septum), 2 (a partial lesion), 
or 3 (complete lesion). In all rats with septal lesions, the severity 
of the lesions was similar (SL, 2.2 + 0.1; DL, 2.2 f 0.1; RG, 
2.3 f 0.1). The regions completely destroyed by the lesion in- 
cluded the caudal medial septum, the vertical limb of the di- 
agonal band, the anterior commissure, and the precommissural 
fomix (Fig. 1A). Partial damage was afflicted to the anterior 
medial and lateral septal nuclei. 

Grafted tissue could easily be identified in cresyl violet-stained 
brain sections (Fig. 1B) from all eight grafted rats (n = 8). In 
six of these rats, the grafts were located in the ventromedial 
sector of the hippocampus. In the other two rats, the grafts were 
localized in the ventricles bordering the hippocampus, and at- 
tached to the DG. 

AChE staining 

Levels of AChE staining were compared in four areas of the 
hippocampus: DG, CAl, CA3, and CA4. In all four areas, in 
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Figure I. Cresyl violet sections of a septal lesion (A) and a raphe graft (B). Arrows indicate the lesioned area and the graft. Scale bars, 1 mm. 

all septal-lesioned groups (SL, DL, and RG), there was a sig- 
nificant reduction in AChE staining, as compared to controls 
(Fig. 2). There was also a reduction in AChE in the DHT group, 
but to a lesser extent (Fig. 2). The reason for this is not clear 
and is currently being studied. It is, however, important to note 
that MR grafts into the hippocampus did not cause any elevation 
of the AChE staining in the hippocampus above the level of the 
DL group, and thus, any effects that these grafts did have were 
not due to compensation for this reduction in AChE staining. 

3H-imipramine binding 

3H-imipramine binding was measured in the hippocampus in 
order to assess the 5,7-DHT-induced damage to serotonergic 
fibers and its restoration by the graft (Fig. 3). 3H-imipramine 
binding was compared at 1 mm and at 2 mm away (lateral and 
medial to the graft) from the graft (Fig. 4a). The amount of 
binding 2 mm from the graft was used for comparison with the 
other groups (Fig. 4b). 3H-imipramine binding in lesioned rats 
(DHT, DL) was significantly lower than in controls (ANOVA, 
p < 0.05; Figs. 3, 4b). A reduction was also noticed in the SL 
group, but 3H-imipramine binding in this group was still sig- 
nificantly higher than that in the DHT and DL rats. In the grafted 
rats (RG), 3H-imipramine binding was significantly higher than 
in lesioned rats without grafts (ANOVA, p c 0.05; Figs. 3, 4b). 

Behavioral studies 
Active avoidance task 
All 5-HT-depleted groups (DHT, DL, RG) performed better 
than the control or SL groups (Fig. 5). The average number of 

avoidances (of a maximum of 45) in these groups was 22 f 0.8, 
compared to only 11 f 0.5 in control and SL groups (ANOVA, 
P < 0.008). Though septal lesions are reported to enhance the 
performance of rats in such tasks (Ring, 1958), no enhancement 
was observed in the SL rats. This was probably because these 
rats were only partially lesioned. The combination of 5-HT 
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Figure 2. AChE content was measured in four areas in the hippocam- 
pus: DG, CA4, CA3, and CAl, using an image analysis system. Gray 
level was transformed into ng/mg protein using a standard curve. There 
is a significant reduction in AChE content in the SL, DL, and RG groups 
(all are septal lesioned) as compared to the control (ANOVA, P < 0.05). 
The largest differences are in the DG and CA4. Also noticed in the 
DHT group was a small reduction to a level that was still significantly 
higher than in the other lesioned groups (ANOVA, P < 0.05) except 
CA 1. Error bars represent SEM. 
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Figure 3. )H-imipramine binding in control brain (A), in the presence of 1 mM amitriptyline (for nonspecific binding; B), in DHT-treated brain 
(c), and in RG (0). Scale bar, 2 mm. 

depletion and septal lesion did not contribute to or modify the 
performance of this group compared to the DHT group. Fur- 
thermore, raphe grafts, located in the hippocampus, had no 
effect on the performance of 5-HT-depleted rats in the shuttle 
box. 

The water maze 

Reference memory. Depletion of forebrain 5-HT had a small 
but significant adverse effect on the performance of rats in the 
reference-memory water-maze task (DHT vs. control: F = 4.65, 
p < 0.03, ANOVA for repeated measurements; Fig. 6). How- 
ever, when combined with a septal lesion, which by itself had 
no effect, 5-HT depletion severely affected the ability of these 
rats to perform in the maze (DHT vs. DL: F = 4.37, p < 0.04). 
DL rats that had received raphe grafts exhibited significantly 
better water-maze performance (DL vs. RG: F = 7.2 1, p < 0.0 1; 
Fig. 6). 

Quadrant analysis. A difference in search strategy was ob- 
served between the DL group and all other groups. The DL 
group tended to exhibit a “random search” characterized by 
swimming in all four quadrants (Fig. 7al), whereas the other 
groups showed an “oriented search” (Fig. 7a2), characterized 
by swimming toward the platform. To quantify this observation, 
the position of the invisible platform was shifted after the tenth 
block (Fig. 7a 1,2), and the behavior of the rat in the four quad- 
rants of the water maze was analyzed. Rats with an oriented 

search strategy spent significantly more time in the third quad- 
rant (the previous location of the platform) than in the other 
three quadrants (control, SL, and DHT: 63.5 f 0.8% of total 
crossing). Those with a random search strategy (the DL group) 
spent about equal time in each quadrant (only 32 + 6.7% of 
total crossing in the third quadrant; ANOVA, p < 0.002; Fig. 
7b). The RG group was similar to control. Relatively less time 
was spent by all groups in the fourth quadrant because this was 
the new platform location, and once the rats entered this quad- 
rant, they were usually able to locate the platform. 

Working memory. After the rats became familiar with the 
water maze and the platform (reference memory), the position 
of the platform was changed daily (Fig. 8al), and rats had to 
memorize the new platform location (working memory). Con- 
trol rats tended to search for the platform in the first trial and 
to swim directly to the new location of the platform on the 
second trial (Fig. 8a2). The SL and the DHT groups showed 
the same tendency but with somewhat higher variability (Fig. 
8b; control vs. SL: F = 4.58, p < 0.038; control vs. DHT: F = 
4.78, p < 0.035; ANOVA for repeated measurements). In con- 
trast, the DL rats, searching randomly, showed no improvement 
on the second trial (Fig. 8a3,b; control vs. DL: F = 11.65, p < 
0.0016). The RG group showed a significantly better perfor- 
mance when compared to DL rats (DL vs. RG: F = 5.84, p < 
0.02; Fig. Sb). 

We have examined a possible correlation between the per- 
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Figure 4. a, ‘H-imipramine binding in grafted animals, at different 
distances from the graft site. Binding was assessed using an image anal- 
ysis system. b, 3H-imipramine binding: comparison between groups. 
For the grafted group, binding 2 mm from the graft site was taken for 
comparison. Significant differences between groups are indicated by 
differences in letters (a-c; ANOVA, P -c 0.05). Error bars represent 
SEM. 

formance in the working-memory water-maze task and AChE 
levels. There was a low but significant correlation coefficient 
when all rats were grouped together (r = -0.52; p < 0.0001; n 
= 48) indicating that the reduction in AChE can explain part 
of the variability in performance observed among the different 
groups. The correlation was higher when the DL group was 
tested alone (r = -0.82; p < 0.003; n = lo), indicating that 
S-HT may have an important role in spatial working memory, 
in that when it is absent, the integrity of the cholinergic inner- 
vation becomes crucial and determines the ability of the rat to 
perform in this task. These results also suggest a possible inter- 
action between the cholinergic and serotonergic lesions that could 
underlie the behavioral deficits in these rats. 

Electrophysiology 

Feedback inhibition 
A complete inhibition of the response to a second stimulation 
of the PP was observed up to interpulse interval of 30 msec 
(Fig. 9a), which weakened gradually until no longer significant 
at interpulse interval of 90 msec. In general, variation among 
animals within groups was very high, and it may have masked 

control septal- 5,7-DHT double- raphe- 
n=8 lesioned n=g lesioned grafted 

n=8 n=9 n=9 

Figure 5. Performance in the active avoidance task. Rats were given 
45 trials, and the number of times that they avoided the shock, by 
moving to the other compartment of the shuttle box, was automatically 
monitored. The averaged number of avoidances for each group +SEM 
is shown (CS duration, 40 set; US duration, 30 set; C!+-US interval, 10 
set; intertrial interval, 40 set). All rats pretreated with 5,7-DHT (b) 
have performed significantly better than the control or septal-lesioned 
rats (a; ANOVA, P < 0.002). Raphe grafts had no effect on performance 
of this task. Error bars represent SEM. 

differences between groups. Thus, though a tendency to in- 
creased inhibition was noticed in the SL and DHT groups, this 
was not significant (Fig. 9b). This tendency to increased inhi- 
bition, however, did not exist in the DL group. 

Feedforward inhibition 

The response to PP stimulation was inhibited by priming stim- 
ulation of the commissural path up to interpulse interval of 60 
msec (Fig. 10a). 5-HT depletion or septal lesion did not alter 
feedforward inhibition. In contrast, in the DL rats, feedforward 
inhibition, at interpulse intervals of 10 and 30 msec, was blocked 
(ANOVA, DL vs. all other groups: F = 4.46, P c 0.007; F= 
4.99, P < 0.003, respectively; Fig. lob). The presence of raphe 
grafts in the hippocampus restored the inhibitory effects of com- 
missural stimulation on the response of the DG to activation 
of the PP (Fig. lob). There was a low but significant correlation 
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Figure 6. The water-maze task-a reference-memory procedure: la- 
tencies to escape to a fixed-position hidden platform. Comparison of 
the escape latencies of groups over 3 d, ANOVA for repeated mea- 
surements: control versus 5,7-DHT, F = 4.65, p < 0.03; DL versus 5,7- 
DHT, F = 4.37, p < 0.04; DL versus RG, F = 7.21, p < 0.01. 
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Figure 8. The water-maze task-a working-memory procedure: rats 
were given two trials per day. for 6 d, and the difference in escape latency 
between the first and second trials was used to assess working memory. 
a: I, Three possible locations of the platform. 2 and 3, Representative 
examples of performance of control (2) and DL (3) rats. b, The averaged 
escape latencies on the first and second trials of all groups over the 6 d 
of the test. Comparison of the differences in escape latencies between 
the first and the second trials of groups over 6 d, ANOVA for repeated 
measurements: control versus 5:7-DHT, F = 4.78, p < 0.03; control 
versus SL, F = 4.58, p < 0.03; control versus DL, F = 11.65, p < 0.001; 
DL versus RG, F = 5.84, p < 0.02. Error bars represent SEM. 

Figure 7. Quadrant analysis. After the 
ninth block of trials (see Fig. 6), the 
platform was shifted to a new location 
(depicted in schematic diagram of wa- 
ter maze, a, I and 2). Control rats tend- 
ed to swim to the previous location of 
the platform, as illustrated in the rep- 
resentative example above (al). This 
type of search was referred to as an “ori- 
ented search.” In contrast, the DL rats 
tended to search randomly for the plat- 
form (a2). To quantify this observa- 
tion, the water maze was divided into 
four quadrants (a3), the actual path of 
each rat was analyzed manually, and 
the number of times a rat crossed into 
or out of a circle centered in each quad- 
rant was used as an estimate of the time 
this rat had spent in each quadrant (b). 
Rats with an oriented search strategy 
tended to spend more than 60% of the 
time in the third quadrant (the previous 
location of the platform). The DL rats 
spent significantly less time in this 
quadrant (ANOVA, P < 0.002) and 
tended to spend equal time in each 
quadrant (b, dashed line). Error bars 
represent SEM. 

between the level of feedforward inhibition and the performance 
of the rats in the reference-type water-maze task (r = -0.52; p 
< 0.001; n = 36), as well as between the performance in the 
working-memory task and the level of feedforward inhibition 
(r = -0.40; p < 0.01; n = 36). 

Frequency potentiation 

A large increase (200-400%) in PS size was observed 30 set 
after the beginning of stimulation. An increased number of fail- 
ures to elicit frequency potentiation was observed in the 5-HT- 
depleted group (Fig. 1 la,b; x2 test, p < O.O2).This reduction in 
probability of frequency potentiation was not seen in the DL 
group. When failing to be potentiated, the field potential dis- 
appeared during the train of the stimulation, but was fully re- 
stored immediately after cessation of stimulation. 

Long-term potentiation 

EPSPslope. In control rats, tetanic stimulation of the PP caused 
a consistent increase in EPSP slope. In both DHT and SL groups, 
the same stimulation was less effective in producing LTP (ANO- 
VA for repeated measurements; control vs. DHT: F = 3.2, p < 
0.08; control vs. SL: F = 7.7,~ < 0.009; Fig. 12b,cf). In contrast, 
LTP was similar in the DL and the control groups and signifi- 
cantly different from that of the DHT (F = 8.9; p -C 0.005) and 
the SL (F = 16.1; p < 0.0003) groups. LTP in RG rats was 
similar to single-lesioned groups (DHT and SL) and significantly 
different from both control (F = 4.3; p -C 0.04) and DL (F = 
10.6; p < 0.003) rats. 

Population spike size. Although more variable, the same ten- 
dency as with EPSP slope was observed when PS size was mea- 
sured. One control rat did not exhibit any PS potentiation, and 
thus differences between the single-lesioned (DHT and SL), RG, 
and control groups were not statistically significant. The DL 
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Figure 9. Feedback inhibition. a, The response to a second activation 
of the PP (2nd) is inhibited by priming activation (1st) of the same 
pathway. b, Comparison of feedback inhibition between groups. Inhi- 
bition was measured as the relative decrease in response to a second 
activation compared to priming activation of the PP. There was no clear 
difference between any of the groups at any interpulse interval even 
though there was a tendency to increased inhibition in the SL and DHT 
groups. Error bars represent SEM. 

group, however, exhibited a PS size potentiation similar to the 
control, and significant differences were found between the sin- 
gle-lesioned rats and the DL group (Fig. 13; DHT: F = 5.6, p 
< 0.02; SL: F = 4.1, p < 0.05). In the grafted rats, as was 
observed when the EPSP slope was measured, PS LTP was 
significantly reduced compared to the DL rats (F = 6.2; p < 
0.0 l), and these rats were not different from the single-lesioned 
rats. 

Discussion 
The present study demonstrates that 5-HT depletion, in rats 
that have had partial septal lesion, severely impairs performance 
in a hippocampus-related spatial memory task (O’Keefe and 
Nadel, 1978; Morris et al., 1982; Barnes, 1988). This impair- 
ment was ameliorated by raphe transplants restricted to the 
hippocampus, suggesting that serotonergic actions within the 

;- 0 30 60 90 120 150 

interpulse interval ( msec ) 

Figure 10. Feedforward inhibition. a, The response to PP stimulation 
(PP), of the same intensity as in Figure 9a, is inhibited by priming 
activation of the commissural pathway (COMM). The open arrow in- 
dicates the location of the PS, if not inhibited. b, Feedforward inhibition 
was measured as the decrease in PS size, relative to a baseline response, 
at different intervals after priming of the commissural connection. Base- 
line response was at a stimulus intensity that yielded 50% ofthe maximal 
response to PP activation. Asterisks indicate significant differences be- 
tween control rats and the DL group (ANOVA, lo-msec interpulse 
interval, P < 0.007; 30-msec interpulse interval, P < 0.003). Although 
not significant, a tendency to an increased inhibition was noticed in the 
SL group (cf. inhibition at 60-msec interpulse interval). Error bars rep- 
resent SEM. 

hippocampus are important for spatial memory, when the sep- 
tohippocampal neurotransmission systems are disrupted. 5-HT 
depletion, under these conditions, also affected a number of 
physiological processes within the hippocampus. Furthermore, 
these deficits were also restored by raphe grafts. 

Eflects on behavior 

5-HT depletion alone had no consistent effect on the perfor- 
mance of rats in spatial behavioral tasks. Treating rats with 
eitherp-chloroamphetamine (PCA, Altman et al., 1989), p-chlo- 
rophenylalanine (PCPA, Richter-Levin and Segal, 1989), or in- 
traraphe injection of 5,7-DHT (Asin et al., 1985) has no effect 
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Figure I I. a, The response of the GCs 
to PP stimulation, before (upper truce) 
and during (lower truce) frequency po- 
tentiation. Responses were collected on 
a ditital oscilloscone before and 30 set 

b 

a - 

afte; stimulation began. Stimulation 
consisted of a train of pulses at 7 Hz 
for 30 sec. Horizontal scale, 5 msec/ 
division; vertical scale, 5 mVldivision. 
b, The relative distribution, in each 
group, between rats that exhibited fre- 
quency potentiation and those in which 
stimulation resulted in a temporal dis- 
appearance of the field potential. The 
DHT group exhibited a significantly re- 
duced ability to exhibit frequency po- 
tentiation (x2 test, p < 0.02). There was 
no significant difference between anv of 
the other groups and the control group 
(as tested in separate x2 tests). 

0 
Control septal- 5,7-DHT double- raphe- 

lesioned lesioned grafted 

on their performance in either a radial arm maze or a water- 
maze spatial memory task. Intraventricular injection of 5,7- 
DHT, however, had a mild effect on the performance of rats in 
a water-maze task similar to that used in the present study 
(Nilsson et al., 1988). 

probably as much affected as the cholinergic one and is likely 
to contribute to the observed behavioral deficits. 

The contribution of the serotonergic system to the normal 
functioning of the hippocampus increases under conditions in 
which other neurotransmission systems are damaged. Severe 
cholinergic damage is sufficient to disrupt the performance of 
rats in several learning tasks (Smith, 1988; Segal et al., 1989; 
Paylor and Rudy, 1990). A partial blockade of the choline& 
system by itself had no noticeable effects on the performance 
of rats in the present water-maze task (Richter-Levin and Segal, 
1989). When combined with such a partial lesion, 5-HT deple- 
tion, which had little or no effect of its own, severely reduced 
the ability of rats to negotiate the maze (Vanderwolf, 1987; 
Nilsson et al., 1988; Richter-Levin and Segal, 1989). Cortical 
and hippocampal electrical activities are modulated by both 
5-HT and ACh in correlation with behavior (Vanderwolf, 1988). 
Cholinergic terminals in the rat hippocampus possess seroto- 
nergic receptors (Maura and Raiteri, 1986). Furthermore, 5-HT 
can block facilitatory choline& action in the rat hippocampus 
in vivo (Hong and Kmjevic, 1989). It is thus likely that 5-HT 
involvement in learning is related to cholinergic transmission 
in the cortex and hippocampus. 

We observed a significant improvement in performance of 
the grafted compared to the DL rats. In a similar study, Nilsson 
et al. (1990) obtained behavioral recovery only following double 
transplantation of septal and raphe tissue into double-lesioned 
rats. There was, however, a difference in the severity of the 
septal lesions of the two experiments. While we obtained a 50% 
reduction in AChE staining, they report a more than 70% re- 
duction in choline acetyltransferase staining (Nilsson et al., 1988). 
The severity of the septal lesions was also reflected in the per- 
formance of rats in the water maze. In severely lesioned rats, 
acquisition rate was lower than in controls, and even though 
these rats eventually achieved escape latencies similar to con- 
trols, they were still significantly worse when tested in a spatial 
probe trial that is equivalent to the quadrant analysis test (Nils- 
son et al., 1988). In contrast, we found that SL rats did not differ 
from controls in the reference water-maze task, did not alter 
search strategy, and performed similarly to controls in the quad- 
rant analysis test. This difference between the two studies sig- 
nifies the contribution of the serotonergic innervation of the 
hippocampus in the case of partial septal lesion and suggests 
that it potentiates the functionality ofthe remaining septal fibers. 
However, when these are absent, serotonergic fibers are no lon- 
ger effective. 

The present study cannot exclude the possible contribution The possibility of nonserotonergic effects of the grafts cannot 
of deficiencies in other septum-originated neurotransmitters to be excluded. To verify the serotonergic nature of the behavioral 
the behavioral deficits observed in the DL rats. The septohip- and physiological effects of such grafts, we would need to mod- 
pocampal GABAergic connection (Freund and Antal, 1988) is ulate pharmacologically serotonergic transmission in these graft- 
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ed rats. We avoided any pharmacological manipulation in the 
present study to prevent any possible side effects and long-term 
drug effects on the electrophysiology and histochemistry of these 
grafts. An alternative approach would be to compare the effects 
of raphe grafts to those of a graft from a different origin. We 
did conduct these experiments elsewhere (G. Richter-Levin and 
M. Segal, unpublished observations) and found that raphe, but 
not septal, grafts transplanted into the hippocampus ameliorated 
the performance deficits of 5-HT-depleted rats, injected with 
atropine, in a reference-type water-maze task. 

The effects of 5-HT depletion on avoidance behaviors seem 
to reflect differences in the drugs used to elicit depletion of 5-HT 
(Ogren et al., 1981) and in task details (for review, see Altman 
and Normile, 1988). In our study, forebrain 5-HT depletion 
improved the performance of rats in the active avoidance task. 
Such an improvement may be the result of a general disinhib- 
itory effect on behavior or a result of higher sensitivity to the 
CS (the tone) and/or to the unconditioned stimulus (US; electric 
shock). Restoration of serotonergic innervation by raphe grafts 
in the hippocampus had no effect on active avoidance behavior, 
suggesting that serotonergic innervation elsewhere in the brain 
is associated with such behaviors and supporting our assump- 
tion that the serotonergic innervation of the hippocampus has 
a unique role in hippocampus-related behaviors. 

Figure 12. EPSP slope before and 30 
min after tetanic stimulation. a, con- 
trol; b, Sk, c, DHT, d, DL, e, RG. Ver- 
tical axes, percentage of baseline re- 
sponse (at stimulus intensity of 0.5 mA); 
horizontal axes, stimulus intensity 
(mA). Squares, before; diamonds, 30 
min after tetanic stimulation. Error bars 
represent SEM. f; Results from ANO- 
VA for repeated measurements of the 
increase in EPSP slope. The difference 
between EPSP slope before and 30 min 
after tetanic stimulation was compared 
over stimulus intensities from 0.1 to 0.5 
mA. 

Physiology 

LTP is considered a model mechanism for learning and memory 
(Laroche, 1985). A correlation between the ability to induce 
LTP and learning abilities has been proposed; in vivo induction 
of LTP correlates with the ability of rats to acquire a shuttle- 
box avoidance task (Matthies et al., 1986). A blockade of the 
NMDA receptor by the specific blocker D,L-%amino-5-phos- 
phonopentanoic acid blocks both LTP and the ability of rats to 
perform well in a spatial water-maze task (Morris et al., 1986; 
Morris, 1989; but see Leung and Desborough, 1988). 

Our results, however, failed to support this notion. The per- 
formance of the single-lesioned rats in the water maze was better 
than that of the DL rats, whereas the ability to express LTP was 
significantly reduced in the single-lesioned rats but was appar- 
ently normal in the DL rats. Furthermore, raphe grafts into the 
hippocampus improved the performance of DL rats in the water 
maze but suppressed their hippocampal ability to express LTP. 

A possible explanation for this discrepancy is that the hip- 
pocampi of the DL rats were generally more excitable and that 
this resulted in a saturation of behaviorally related synaptic 
plasticity, as was suggested recently (McNaughton et al., 1986). 
LTP in the hippocampus of rats, evoked prior to acquisition, 
severely reduced their ability to acquire a spatial task (Mc- 
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Figure 13. PS size before and 30 min 
after tetanic stimulation. a, control; b, 
SL, c, DHT, d, DL, e, RG. Verticnl axes, 
percentage of baseline response (at 
stimulus intensity of 0.5 mA); horizon- 
tal axes, stimulus intensity (mA). 
Squares, before; diamonds, 30 min af- 
ter tetanic stimulation. Error bars rep- 
resent SEM. J Results from ANOVA 
for repeated measurements of the in- 
crease in PS size. The difference in PS 
size before and 30 min after tetanic 
stimulation was compared over stim- 
ulus intensities from 0. I to 0.5 mA. 
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Naughton et al., 1986) presumably due to the saturation of the 
hippocampal synapses and the resulting inability to form spe- 
cific, behaviorally modulated changes in synaptic efficacy. 

The present results support the presence of an enhanced ex- 
citability as a result of the combined lesions. Whenever each of 
the lesions tended to increase inhibition or reduce excitation, 
this tendency disappeared in the DL rats. Such was the effect 
on frequency potentiation. A significant reduction was observed 
in the DHT group that was not observed in the DL group. Such 
were the effects on LTP, and the most profound was the pro- 
nounced reduction in feedforward inhibition that was also sig- 
nificantly different from controls. 

The DG contains both GCs and inhibitory interneurons that 
can modulate the response of the DG to PP stimulation (Lacaille 
et al., 1989; Sloviter, 1989). Cholinergic and GABAergic cells 
of the septum innervate the DG. Anatomical evidence suggests 
that the cholinergic fibers primarily innervate GCs, whereas the 
GABAergic cells innervate mainly the interneurons (Wheal and 
Miller, 1980; Freund and Anatal, 1988). Stimulation of the 
septum has a disinhibitory effect on the DG (Bilkey and God- 
dard, 1987; Kmjevic et al., 1988). Lesioning the septum is thus 
expected to reduce excitability of GCs, both by reducing the 
excitatory cholinergic innervation and by reducing inhibitory 
GABAergic innervation of the inhibitory interneurons. A ten- 
dency toward increased inhibition was noticed in the SL group 

but was not statistically significant (Fig. 1 Ob). In the absence of 
septum-derived GABAergic inhibition on DG inhibitory inter- 
neurons, the serotonergic innervation of the DG may provide 
this inhibitory modulation of inhibitory interneurons, as is sug- 
gested by the excitatory effect of 5-HT-releasing drugs on DG 
response to PP stimulation (Richter-Levin and Segal, 1988, 
1990a). Such a modulation may explain the relatively small 
effect of septal lesions on hippocampal inhibition. If this as- 
sumption is correct, the combined lesions would be expected 
to result in significantly increased inhibition, due to the release 
of GABAergic and serotonergic inhibition from the DG inhib- 
itory intemeurons, and yet, the opposite was observed. In a 
similar way, epilepticlike stimulation of the DG results in a 
selective death of presumably excitatory intemeurons and a 
selective preservation of the inhibitory GABAergic intemeurons 
in the DG. A month after the treatment, a significant reduction 
in feedback inhibition is detected in such rats (Sloviter, 1989). 

A possible explanation of this discrepancy may be that, with- 
out inhibition of the inhibitory intemeurons, these cells may 
become hyperactive. This hyperactivity may result in a desen- 
sitization or downregulation of the GCs’ GABAergic receptors 
that will eventually result in a decrease in inhibition. Such an 
interpretation, ho-wever, implies that different, short-term al- 
terations will underlie the apparently similar behavioral defi- 
ciencies observed in acute (pharmacological) experiments (Van- 
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derwolf, 1987; Richter-Levin and Segal, 1989). Such a possibility 
is currently being investigated. Another possibility is that when 
the serotonergic and Cholinergic-GABAergic innervation is 
weaker or absent, the relative importance of the remaining neu- 
romodulatory systems, such as that of the noradrenergic system, 
increases. Noradrenaline (NA) increases DG responsiveness to 
PP stimulation (for review, see Harley, 1987) and when applied 
with a subthreshold stimulation, NA may bring about the in- 
duction of LTP (Hopkins and Johnston, 1984).These effects can 
explain the relative excitation observed in the DL rats. Fur- 
thermore, this may provide an explanation for both the acute 
and chronic experiments. 

It was recently reported that fornix transection, which abol- 
ishes septohippocampal innervation and is also expected to re- 
duce the serotonergic innervation of the dorsal hippocampus, 
abolishes the ability of the hippocampus to express LTP (Buz- 
saki and Gage, 1989). The difference between these and our 
findings is possibly due to the effects of fomix transection on 
other neurotransmission systems, such as the noradrenergic in- 
nervation that reaches the hippocampus via the fomix-fimbria 
(Harley, 1987). Depletion of NA prevents the induction of LTP 
(Bliss et al., 1983; Stanton and Sarvey, 1985) and thus, removal 
ofthe three main modulatory systems (i.e., NA, 5-HT, and ACh) 
will reduce the ability of the hippocampus to express LTP. 

Depleted forebrain 5-HT in the intact rat leads to reduced 
LTP (Bliss et al., 1983) though this cannot be repeated in the 
slice preparation (Stanton and Sarvey, 1985), suggesting that 
5-HT is involved in LTP by affecting extrahippocampal areas, 
most likely the entorhinal cortex, which receives a dense sero- 
tonergic innervation (Azmitia and Segal, 1978; Moore, 198 1). 

Deficiencies in cognitive abilities, associated with aging and 
degenerative disorders such as Alzheimer’s and Parkinson’s dis- 
eases, were traditionally associated with degeneration of the 
forebrain cholinergic projection system (Bartus et al., 1982; Coyle 
et al., 1985). In recent years, accumulating data suggest that in 
such cases there is a combined reduction in the efficacy of several 
neurotransmitters and that this may better describe the mech- 
anisms underlying the related mnemonic deficiencies (Baker and 
Reynolds, 1989; Hertz, 1989; Schlicker et al., 1989). The present 
study further supports such a notion. 

In summary, the serotonergic innervation of the hippocampus 
is suggested to have a unique role in hippocampus-related be- 
haviors. Reduction in serotonergic modulation of hippocampal 
electrical activity seems to contribute to the behavioral deficits 
observed in rats. Restoration of modulation, by raphe grafts 
into the hippocampus, is suggested to underlie the behavioral 
recovery observed in these rats. 
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