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Spatial Learning Impairment Parallels the Magnitude of Dorsal 
Hippocampal Lesions, but Is Hardly Present following Ventral 
Lesions 
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The hippocampus plays an essential role in spatial learning. 
To investigate whether the whole structure is equally im- 
portant, we compared the effects of variously sized and 
localized hippocampal aspiration lesions on spatial learning 
in a Morris water maze. The volume of all hippocampal le- 
sions was determined. Dorsal hippocampal lesions consis- 
tently impaired spatial learning more than equally large ven- 
tral lesions. The dorsal lesions had to be larger than 20% 
of the total hippocampal volume to prolong final escape la- 
tencies. The acquisition rate and precision on a probe test 
without platform were sensitive to even smaller dorsal le- 
sions. The degree of impairment correlated with the lesion 
volume. In contrast, the lesions of the ventral half of the 
hippocampus spared both the rate and the precision of learn- 
ing unless nearly all of the ventral half was removed. There 
was no significant effect of the location (dorsal or ventral) 
of damage to the overlying neocortex only. In conclusion, 
the dorsal half of the hippocampus appears more important 
for spatial learning than the ventral half. The spatial learning 
ability seems related to the amount of damaged dorsal hip- 
pocampal tissue, with a threshold at about 20% of the total 
hippocampal volume, under which normal learning can oc- 
cur. 

[Key words: hippocampus, spatial learning, memory, dor- 
sal hippocampus, ventral hippocampus, water maze, CA 1, 
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There is much evidence indicating that the hippocampus is 
critically involved in spatial learning and memory (see Amaral 
and Witter, 199 1). First, some pyramidal cells in the rat hip- 
pocampus discharge rather selectively at specific locations of a 
spatial environment (O’Keefe and Dostrovsky, 197 1; Muller et 
al., 1987) and maintain their receptive field when the relevant 
spatial cues are removed (O’Keefe and Conway, 1978) or when 
the light is turned off (Quirk et al., 1990), suggesting that some 
hippocampal pyramidal cells may subserve the memory for spa- 
tial information. Second, lesions of the hippocampus result in 
impaired acquisition of tasks that depend on spatial strategies 
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for their solution, such as the Morris water maze (Morris et al., 
1982, 1990; Sutherland et al., 1983) and the radial-arm maze 
(Jarrard, 1978; Olton et al., 1978). No impairment is observed 
in such tasks when the target can be located with nonspatial 
cues. However, accumulating evidence suggests that hippocam- 
pal lesions impair several forms of nonspatial learning as well, 
for example, odor discrimination (Eichenbaum et al., 1988,1989) 
and configural discrimination (Rudy and Sutherland, 1989; 
Sutherland et al., 1989). 

It is not known whether the learning requires the entire hip- 
pocampus. The lamellar organization of the intrahippocampal 
pathways (Andersen et al., 197 1) argues for a unitary mode of 
operation along the entire septotemporal extent of the hippo- 
campus. Learning, accordingly, might be subserved by any part 
of the septotemporal axis of the hippocampus, although coop- 
eration between neighboring areas could be required, possibly 
through longitudinal connections (Amaral and Witter, 1989). 
On the other hand, external connections suggest a functional 
division between the dorsal and ventral parts of the structure. 
The dorsal part of the hippocampus receives fibers from a lateral 
strip of the entorhinal cortex, while the ventral hippocampus is 
served by more medial cells (rat: Ruth et al., 1982; cat: Witter 
and Groenewegen, 1984; monkey: Witter et al., 1989). Sensory 
information from various visual, auditory, and somatosensory 
association areas and from the olfactory bulb reaches predom- 
inantly the dorsal half of the hippocampus by way of the lateral 
entorhinal area, directly or relayed through the perirhinal cortex 
(Jones and Powell, 1970; van Hoesen and Pandya, 1975; Deacon 
et al., 1983; Room and Groenewegen, 1986; Insausti et al., 
1987). Thus, the dorsal hippocampus seems better served than 
the ventral hippocampus by sensory signals needed for a spatial 
learning task. 

The functional significance of the changing connectivity of 
cells along the septotemporal axis of the hippocampus is largely 
unknown. Early work suggested impairment on a wide range of 
learning tasks following both dorsal and ventral hippocampal 
lesions (Nadel, 1968; Stevens and Cowey, 1973). Usually, dif- 
ferent aspects of performance were affected by the two lesions. 
Some studies reported larger maze learning impairments fol- 
lowing dorsal than ventral lesions of the hippocampus (Hughes, 
1965; Sinnamon et al., 1978) but others found no differences 
(Gross et al., 1965). However, none of these studies controlled 
for differences in the size of the dorsal and ventral lesions. 
Therefore, we have made dorsal and ventral hippocampal le- 
sions of various sizes, estimated the volume of the hippocampal 
tissue that had been damaged, and measured spatial learning in 
a Morris water maze (Morris, 1984). 
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Materials and Methods 
Subjects and surgical procedure. Experimentally naive female Long- 
Evans rats (1 SO-250 gm), purchased from Miillegaards Avlslaborato- 
rium (Denmark), were housed in groups of five to eight in transparent 
polycarbonate cages (59 x 38 x 20 cm) with food and water available 
ad libitum. They were kept on a 12 hr:12 hr light/dark schedule and 
tested in the light phase. 

The rats were randomly assigned to the following treatment groups: 
dorsal hippocampal lesions, ventral hippocampal lesions, dorsal neo- 
cortical control lesions, ventral neocortical control lesions, and controls 
with dorsal or ventral sham operations (the dura was not cut). The 
animals were anesthetized with a mixture (Equithesin) of 153 mg of 
chloral hydrate, 35 mg of pentobarbital, and 75 mg of MgSO, per kilo- 
gram of body weight, and placed in a stereotaxic frame. The skull was 
exposed, the temporal muscles retracted (ventral groups), and holes 
drilled in the skull on its dorsal (dorsal groups) or temporal sides (ventral 
groups). Using an operating microscope, we first aspirated some of the 
occipitoparietal (dorsal hippocampal and dorsal neocortical groups) or 
occipitotemporal (ventral hippocampal and ventral neocortical groups) 
cortex, including the corpus callosum, and then, in the dorsal and ventral 
hippocampal groups, part of the underlying hippocampus. We always 
tried to leave the fimbria intact (dorsal hippocampal groups). The size 
of the hippocampal lesions, particularly their septotemporal extent, was 
varied. All lesions were bilateral and were intended to be symmetrical. 

Behavioraltesting. Behavioral testing was conducted in a Morris water 
maze (Morris, 1984), a circular polyvinylchloride tank (198 cm diam- 
eter, 50 cm deep) with a featureless, white inner surface. The pool was 
filled to a depth of 40 cm with 23 ? 2°C water to which 3 liters of milk 
were added. A translucent cylindrical Plexiglas platform (11 cm di- 
ameter) was submerged 1.5 cm below the water surface at one out of 
four places, 90” apart, midway between the center and periphery of the 
pool. In control trials, the platform was raised 3 cm and a stripe of 
colored tape was fastened around its upper perimeter. The maze was 
located in a well-lit room (3 x 4 m) with numerous visual cues. A 
computer in an adjacent room, connected to a vertically oriented video 
camera above the water maze, identified the black head ofthe swimming 
rat and stored its position at 10 Hz. The data could be retrieved for 
later analysis. 

Training the rats to locate the platform in the water maze started 1 
week after surgery. Each rat was assigned a platform position that was 
maintained throughout the experiment. The rats were trained twice 
daily. The two sessions, which both consisted of four trials 40 set apart, 
were separated by at least 4 hr. Session 13 was preceded by a 60 set 
spatial probe test on which the platform was removed. On sessions 14- 
15, the platform was visible. On session 16, it was submerged again. 

Each trial was begun by releasing the rat into the water, with its face 
toward the pool wall, at one out of 12 randomly varied and equally 

Figure 1. Reconstruction of the hip- 
pocampal lesion of seven rats with var- 
ious degrees of damage to the dorsal or 
the ventral hippocampus. These trac- 
ings with different shadings give the 
median value of lesions in each of four 
dorsal lesion groups (DORSAL; O-10%, 
lo-20%, 20-30%, and 30-37%) and 
three ventral lesion groups (VEN- 
TRAL; 15-22%, 23-30%, and 39-52%). 

spaced start positions. Vision was blocked until the go-signal. The pro- 
gram tracked the position of the rat until the rat entered the platform. 
If the rat failed to find the platform within 120 set, it was guided onto 
it. The rat was always left on the platform for 30 sec. On the spatial 
probe test, the rats were released from the quadrant opposite to the 
previous platform quadrant and the swimming was tracked for 60 sec. 
Between and after trials, the rats rested under a heating lamp in a separate 
cage. 

Histology. Within a day after finishing the behavioral testing, the rats 
were killed with an overdose of Equithesin and perfused intracardially 
with saline and 4% formaldehyde. The brains were removed and stored 
in formaldehyde. Frozen sections (20 pm) were cut coronally and every 
tenth section stained with cresyl violet. Outlines of the relevant hip- 
pocampal tissue characteristics and lesions were traced onto line draw- 
ings of 16 coronal sections covering the entire hippocampus (taken from 
Kiinig and Klippel, 1963). The outlines were then digitized. Morpho- 
logical criteria (cell layer features) were used to determine the borders 
between the CA1 on one hand and the subiculum and the CA3 region 
on the other. The volume of the lesions in the subiculum, the hippo- 
campus with the dentate gyrus, the CA1 subfield, and the neocortex 
were then estimated separately. Neocortical and hippocampal lesion 
volumes were calculated by treating the lesions as a series of truncated 
cones with parallel surfaces equal to the areas inside the lesion outlines. 
The hippocampal lesion volumes were expressed as percentage of the 
normal total volume of the two hippocampi. 

Statistical procedures. The results were evaluated with mixed-model 
(split-plot) repeated-measures analysis of variance. To reduce the het- 
erogeneity of variance, the latency data were log-transformed prior to 
the analysis. To correct for violations of sphericity (Vasey and Thayer, 
1987), we multiplied the numerator and denominator degrees of free- 
dom of the F ratio by Huynh and Feldt (1976) estimate of t (these 
products are the df reported). 

Results 
Description of the lesions 

Dorsal hippocampal lesions. In all rats with acceptable dorsal 
hippocampal lesions, the damage was confined to the dorsal half 
of the hippocampus bilaterally (Figs. 1, 2). Ischemia-induced 
necrosis was seen only in the immediate vicinity of the aspi- 
ration borders. No damage of the fimbria could be seen by eye. 
The estimated amount of hippocampal damage in the dorsal 
hippocampal groups ranged from 1.9% to 37.0% of the total 
hippocampal tissue. The distribution of the lesion volumes is 
shown in Figure 5. The largest lesions included nearly all tissue 
between the anterior tip of the hippocampus and a horizontal 
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Figure 2. Dorsal hippocampal lesions: reconstruction of the lesions in four rats who had damage to 6%, 15%, 24%, and 34% of the total hippocampal 
tissue. These examples are the median lesion volumes in each of the dorsal groups, which comprised O-l O%, 1 O-20%, 20-30%, and 30-37% damage, 
relative to the totai hippocampal volume. 

plane through the dorsal part of the LGN (Fig. 2). In rats with 
smaller lesions (1 O-20%), the lesions terminated more septally. 
The medial parts (1-2 mm) of the dentate gyrus and the CA1 
were spared at the septal end of the hippocampus, whereas the 
CA3 and the adjoining part of CA1 were spared toward the 
caudal end of the lesions. The smallest dorsal hippocampal le- 
sions (< 10%) consisted of a hole through the CA 1, usually also 
affecting a part of the CA3 and the dentate gyrus, and were 
placed in the septal one-quarter of the hippocampus. 

Ventral hippocampal lesions. The ventral hippocampal le- 
sions were restricted to the temporal three-fifths of the septo- 
temporal axis bilaterally (Figs. 1, 3). Estimates of the damage 
ranged from 16.0% to 52.6% of the total hippocampal tissue 
volume. The fimbria was partly or completely transected in all 
rats with ventral hippocampal lesions. The most extensive le- 
sions included nearly all tissue between the temporal pole of 
the hippocampus and a horizontal plane through the dorsal part 
ofthe LGN. The main difference between large and small ventral 
hippocampal lesions was the amount of tissue spared at the 
ventral tip of the hippocampus and in the most caudal part of 
the dentate gyrus and the CA 1. 

Neocortical damage. Rats with acceptable control lesions had 
no or negligible hippocampal damage, but the overlying corpus 
callosum was partially severed. In both the dorsal hippocampal 

and dorsal neocortical groups, the neocortical damage included 
parts of the hindlimb area of the somatosensory cortex, occipital 
cortical area 2 and parietal cortical area 1 (Zilles, 1985). In the 
ventral groups, the temporal cortex (areas l-3) and small parts 
of occipital cortical area 2 and posterior parietal cortical area 1 
were affected. The estimated amount of neocortical damage was 
comparable in the groups with hippocampal lesions and their 
respective control groups: 20.6 k 1 .O and 23.3 -t 2.3 mm3 (mean 
f SEM) in the dorsal hippocampal and dorsal neocortical groups, 
respectively, and 38.2 f 1.8 and 34.1 -t 3.8 mm3 in the ventral 
hippocampal and ventral neocortical groups. 

Unintended damage. In the dorsal and ventral hippocampal 
groups, damage to the subiculum was estimated to 5.5 f 0.8% 
and 25.4 + 4.6% of the subicular volume, respectively. How- 
ever, the subicular damage was pronounced only in the rats with 
the largest hippocampal lesions (>30%): 12.7 k 1.6% of the 
subiculum in the dorsal hippocampal group, and 41.3 + 2.5% 
in the ventral hippocampal group. In the thalamus, superficial 
lesions in the lateral posterior nucleus were seen in four rats 
with dorsal hippocampal lesions. In addition, small patches of 
gliosis were often observed beneath apparently healthy tissue 
in the lateral and lateral posterior nuclei. Two ventral hippo- 
campal animals had slight damage to the ventral part of the 
lateral geniculate nucleus, and six ventral hippocampal lesions 
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Figure 3. Ventral hippocampal lesions: reconstruction of the lesions 
in three rats who had damage to 19%, 26%, and 47% of the total hip- 
pocampal tissue. These examples are the median lesion volumes in each 
of the ventral groups, which comprised 15-22%, 23-30%, and 39-52% 
damage, relative to the total hippocampal volume. 
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extended into the caudal parts of the amygdaia. Damage to the 
entorhinal cortex was hard to evaluate because the brains were 
sectioned coronally, but a partial damage may have occurred 
in some rats in the ventral hippocampal group. Finally, four 
dorsal and five ventral neocortical rats had tiny (~0.1 mm)) 
unilateral or bilateral (two rats in the dorsal group) cuts in the 
stratum oriens of CA 1. 

Clear damage to the LGN was the reason for exclusion of 
seven animals. Other animals were discarded due to unwanted 
extensive lesions in the anterior thalamus (one rat in the dorsal 
hippocampal group), the entorhinal cortex (one rat in the ventral 
hippocampal group), the fimbria (one rat in the dorsal hippo- 
campal group), or the CA1 (three rats in the dorsal neocortical 
group). After these exclusions, there were 47 rats in the dorsal 
hippocampal, 17 rats in the ventral hippocampal, 11 rats in the 
dorsal neocortical, and 9 rats in the ventral neocortical group. 

Behavior 

With time, the animals in all groups learned to find the hidden 
platform progressively faster (Fig. 4). However, whereas the 
control groups and all rats with ventral lesions, affecting less 
than approximately 45% of the hippocampal tissue, learned 
quickly and finally swam directly to the hidden platform, the 
rats with dorsal lesions generally failed to learn the exact position 
of the target. This was expressed in longer latency to find the 
platform (Fig. 4) and poor performance on the spatial probe test 
(Fig. 5). 

Acquisition 

Only 12 of 84 rats, distributed evenly across the groups, found 
the platform on the first trial of the first session. The subsequent 
behavior depended heavily on the location and the size of the 
lesion (Fig. 4). Rats with dorsal damage amounting to less than 
20% of the total hippocampal tissue volume learned to find the 
submerged platform as efficiently as the neocortical control an- 
imals (< 12 set at the end of the training period). However, the 
rate of acquisition was retarded in animals in which lo-20% 
was damaged. Dorsal lesions, measuring more than 20% of the 
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Figure 4. Differential effect on spatial 
learning of dorsal and ventral hippo- 
campal lesions. The latency to locate 
the platform is plotted as a function of 
the size of the hippocampal lesions in 
rats with damage to the dorsal (A) or 
the ventral (B) hippocampus. The per- 
formances of animals with neocortical 
damage and sham-operated rats are also 
shown. The platform was submerged in 
sessions l-13 and 16 and was visible 
on sessions 14 and 15. 
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Figure 5. Relation between the size of the dorsal and ventral hippocampal lesions and learning performance. Scatter plots of the lesion volume 
against the mean latency in sessions l-6 (A), the mean latency in sessions 10-12 (II), and the time swum inside a small circle (52 cm diameter) 
around the previous platform position on the spatial probe test (C). Each data point represents an individual rat. The performance of the sham- 
operated rats (s) is shown for comparison. Open circles, dorsal hippocampal lesions; solid circles, ventral hippocampal lesions. 

hippocampus, produced long-lasting impairment (escape laten- 
ties of 20-40 set). In contrast, ventral hippocampal lesions had 
no effect on the latency to find the hidden platform unless they 
included almost the entire ventral half of the hippocampus. 

Dorsal lesions. There was a nearly linear relation between the 
volume of the hippocampal lesion and the efficiency of learning 
(Fig. 5A): the larger the lesion, the longer the latency to find the 
hidden platform during the training [Spearman rank correlation 
between the hippocampal damage (O-37%) and the mean latency 
on the first six sessions: Y = 0.68, p < O.OOl]. The latencies at 
which the behavior stabilized itself (mean of sessions 10-12) 
also depended on the hippocampal volume (Spearman rank 
correlation: r = 0.68, p < 0.00 l), but the relation was nonlinear 
(Fig. 5B): rats with damage to less than 18-20% escaped fast 
whereas those with more damage had longer latencies. Less 
pronounced correlations were seen between the neocortical le- 
sion volumes and the latencies on sessions l-6 (v = 0.40, p < 
0.005) and sessions lo-12 (Y = 0.32, p < 0.01). ANOVA of the 
escape latencies (sessions 1-13) of the two control groups and 
four groups with hippocampal lesions (those with O-10%, lo- 
20%, 20-30%, and 30-40% damage) showed significant group 
[F(5,60) = 22.1, p < O.OOl] and group x session [F(52,619) = 
2.4, p < O.OOl] effects. 

Ventral lesions. In the ventral groups, all rats with less than 
3040% total hippocampal damage escaped as fast as the sham- 
operated rats and the ventral neocortical control group, during 
both early and late stages ofthe training (Figs. 4,5A,B). Although 
rats with more than 39% damage had longer escape latencies, 
they still escaped faster than the rats with the largest dorsal 
lesions. On the final session (16) the rats with the largest ventral 
lesions escaped nearly as fast as those with smaller ventral le- 
sions or only neocortical damage (16 set vs 6-12 set). The 
hippocampal lesion volume correlated significantly but nonlin- 
early with the escape latencies on sessions l-6 (Spearman r = 
0.56, p < 0.005; Fig. 54) and sessions lo-12 (r = 0.61, p < 
0.005; Fig. 5B). There was also a weak correlation between these 
escape latencies and the amount of neocortical damage (Y values 
> 0.30, p values < 0.06). ANOVA of the escape latencies of 
the two control groups and rats with either small (15-30%) or 
large (39-52%) ventral hippocampal lesions showed significant 

group[F(3,28) = 16.1,~ < O.OOl]andgroup x session[F’(32,299) 
= 1.45, p = 0.051 effects. 

We finally compared the performance of rats with roughly 
similar amounts of damage in the dorsal and the ventral hip- 
pocampus. All rats with damage exceeding 15% of the hippo- 
campus (corresponding to the smallest ventral lesion) were eval- 
uated. Four size categories were defined: 0% (neocortical control), 
15-22%, 23-30%, and > 30%. An ANOVA of the escape laten- 
ties during the training period revealed a highly significant effect 
of the location of the damage [F( 1,6 1) = 34.0, p < 0.00 11. The 
location effect depended on the size of the lesion [location x 
size effect: F(4,61) = 8.7, p < O.OOl]. The rats with ventral 
hippocampal damage were superior in all hippocampal lesion 
groups (15-22% and 22-30%: p values < 0.00 1; above 30%: p 
< 0.01). There was also a significant location x session effect 
[F(10,597) = 2.4, p < 0.011, reflecting faster learning in the 
ventral groups. The dorsal and ventral neocortical groups, in 
contrast, did not differ (p > 0.10). 

Spatial probe test 

One way to estimate the spatial memory is to see whether trained 
animals search at the target location on a single trial when the 
platform is absent (Morris, 1984). We performed such a test 
and measured the time the rats spent inside a circle (52 cm 
diameter) around the center of each quadrant (Fig. 6A). One of 
the center positions was identical to the previous platform lo- 
cation. We also got a precision measure, by recording the time 
spent inside the platform quadrant within three equally large 
areas defined by concentric circles (52,74, and 90 cm diameter) 
around the platform position (Fig. 60) and the center of the 
three other quadrants. 

Dorsal lesions. The size of the lesion in the dorsal hippocam- 
pus and the performance on the spatial probe test were nega- 
tively correlated (Fig. 5C). The larger the lesion in the dorsal 
hippocampus, the less time the rats spent inside the inner circle 
(Spearman r = -0.55, p < 0.001) as well as the outer circle (r 
= -0.45, p < 0.001) around the previous platform position. 
Whereas the sham-operated and the neocortical controls swam 
persistently in the central area of the platform quadrant (means 
of 18.0 and 19.1 set, respectively), many of the rats with less 
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Figure 6. Performance of rats with dorsal and ventral hippocampal lesions on a spatial probe test. A, The swim time was measured inside a 
circular area (52 cm diameter) around the center of each quadrant (training quadrant, adjacent left, adjacent right, and the quadrant opposite to 
the training quadrant). During training, the platform had been located consistently in the center of the training quadrant. B and C, The mean time 
spent in the areas shown in A by groups with dorsal (B) or ventral (C) lesions. D, The time inside three equally large zones, defined by concentric 
circles (52, 74, and 90 cm diameter), around the previous platform position (center of training quadrant) was also determined. E and F, The mean 
time scent in the areas shown in D bv arouus with dorsal (E) or ventral (F) lesions. Random search gives an expected swim time of 4 set in each 
of the-areas in A and D. 
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than 20% hippocampal damage showed only a slight preference 
for this area (mean values: 10.8 set in the < 10% group, 11.3 
set in the lo-20% group), but the search precision was quite 
variable within these groups. They did manage to direct their 
search toward the much larger area within the outer circle, how- 
ever. Half of the rats with 20-30% and most of those with above 
30% damage showed no spatial bias at all (6.6 set in the central 
area in the 20-30% group, 5.8 set in the >30% group). The 
neocortical lesion volume of the dorsal hippocampal and dorsal 
neocortical animals was not related to the time spent in any of 
the areas (] r ) values < 0.03, p values > 0.50). ANOVA of the 
time distribution of the two control and four hippocampal groups 
showed significant group x quadrant [F(12,140) = 3.81, p < 
O.OOi] and group x quadrant x circle [F(14,169) = 5.93, p < 
0.00 I] effects. 

Ventral lesions. All rats with ventral damage to less than 30% 
of the hippocampus spent just as much time in the vicinity of 
the previous platform position as the neocortical and sham- 
operated control animals (means of 18.1, 13.9, and 15.8 set in 
the central area, respectively; Figs. 5C, 6CJ’). Larger ventral 
lesions were associated with poorer performance (Fig. 5C). There 
was a significant, but moderate, relation between the size of the 
ventral lesions and the time inside the inner circle (Spearman 
r = -0.47, p < 0.01; Fig. 6C) and the outer circle (Spearman 
r = -0.43, p < 0.025) of the platform quadrant. Also the neo- 
cortical damage correlated with the time the rats swam inside 

the small circle (r = -0.45, p = 0.01) and the large circle (Y = 
-0.55, p < 0.005) of the platform quadrant. An ANOVA was 
performed on the time distribution of the two control groups 
and the two ventral hippocampal groups. The group x quadrant 
[F(8,72) = 6.27, p < O.OOl] and group x quadrant x circle 
[F(6,59) = 3.57, p < O.OOS] effects were significant. 

An ANOVA of the performance of groups with O%, 15-22%, 
23-30%, or > 30% hippocampal damage confirmed that the rats 
with ventral lesions showed a clearer spatial bias toward the 
center of the platform quadrant than the dorsal ones [location 
x quadrant x circle effect: F(3,168) = 6.46, p < 0.00 1; location 
x quadrant effect was nonsignificant]. The analysis also con- 
firmed that the dorsal-ventral difference depended on the size 
of the lesion [location x size x quadrant x circle: F( 11,168) = 
2.74, p < O.OOS]. 

Visible platform 

To control for any sensory or motor deficits of the impaired 
rats, we tested the rats in the standard visible-platform version 
of the water maze task (Morris, 1984). The task is nonspatial 
but the sensory, motor, and motivational requirements are sim- 
ilar to those of the spatial task. All groups of rats learned to 
locate the visible platform within a few seconds (Fig. 4). The 
lesion size showed no consistent relation to the performance (F 
values < 1, p values > 0.05). When the platform was submerged 
again in the subsequent session, the dorsal-ventral difference 
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Figure 7. Spatial learning following 
dorsal CA 1 lesions. A, Reconstruction 
of a representative dorsal CA1 lesion. 
B, The latency to find the platform in 
rats with selective CA1 lesions, neo- 
cortical control lesions, or sham oper- 
ations. The platform was visible in ses- 
sion 16. The test without platform was 
conducted before session 15. C, The 
mean time spent by the same groups 
inside a small (52 cm diameter) circle 
around the center of each quadrant 
(training quadrant, adjacent left, adja- 
cent right, and the quadrant opposite 
to the training quadrant). During train- 
ing, the platform had been located con- 
sistently in the center of the training 
quadrant. D, The mean time spent by 
the same groups inside equally large 
zones defined by three concentric cir- 
cles (52,74, and 90 cm diameter) around 
the previous platform position (center 
of training quadrant). 

reappeared (p < 0.001). The complete absence of a lesion-re- 
lated impairment in the cued task suggests that at least overt 
sensorimotor and motivational deficits cannot account for the 
deficits observed in the main experiment. 

Spatial learning following dorsal CA1 lesions 

The pronounced effect of dorsal lesions could reflect transection 
of the fimbria and consequent subcortical denervation of the 
ventral hippocampus in the dorsal hippocampal groups. Thus, 
to be certain that no damage was made to the fimbria, we re- 
stricted some of the lesions to the CA1 field. 

Description of the lesions. The lesions (n = 7) were restricted 
to the septal one-third of the dorsal hippocampus (Fig. 7A) and 
affected from 15% to 30% of the entire CA1 volume (4-9% of 
the total hippocampal tissue). The dentate gyrus was always 
exposed at the hippocampal fissure. Lesions invading the CA3 
field were excluded. The neocortical lesions were larger than 
those of the previous experiments. The additional damage was 
mainly in the occipital cortex. 

Performance in the water maze. The rats with CA1 lesions 
had longer escape latencies than neocortical and sham-operated 
control animals (Fig. 7B) and searched less persistently at the 
target location when the platform was absent (Fig. 7C,D). The 
learning impairment was just as large as the deficit produced by 
dorsal lesions of an equal proportion (15-30%) of all cell fields 
(Figs. 4, 5). An ANOVA of the escape latencies (sessions 1-16) 
revealed a significant group effect [F(2,10) = 27.2, p < O.OOl], 
reflecting longer latencies in the CA1 damaged group than in 
the two control groups (p values < 0.005). The group x session 
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interaction was not significant (p > 0.10). On the spatial probe 
test, weak group x quadrant [F(5,49) = 3.2, p < 0.0251 and 
group x quadrant x circle [F(6,3 1) = 2.4, p = 0.051 effects were 
seen in the first half but not in the second half (F values < 1) 
ofthe spatial probe test. Again, the effects reflected the difference 
between CA1 and control animals (p values < 0.05). 

The effectiveness of the CA1 lesions, located far from the 
fimbria, suggests that any concomitant fimbrial damage is not 
the primary reason for the dorsal-ventral dissociation in the 
main experiments. 

Discussion 

The present study has three main results. First, we found that 
dorsal hippocampal lesions impair spatial learning more se- 
verely than equally large ventral lesions. In fact, the two ventral 
hippocampal halves had to be removed nearly totally to affect 
the acquisition of the task. Second, we observed a nearly linear 
relation between the volume of the dorsal hippocampal lesions 
and the learning of the spatial task. Third, we found a threshold 
value for the hippocampal lesion volume, below which spatial 
learning appeared relatively normal. The threshold was sub- 
stantially lower for dorsal than for ventral lesions. 

Spatial information processing takes place in the dorsal hip- 
pocampus. Our results suggest that the dorsal but not the ventral 
half of the hippocampus is sufficient to sustain spatial learning 
in the water maze. This view is based upon the virtual absence 
of spatial learning deficits after quite large ventral hippocampal 
lesions, while even small dorsal lesions gave deficits in the ac- 
quisition phase and in the spatial probe test. The rats with the 
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larger dorsal lesions showed a lack of spatial preference on the 
spatial probe test comparable to that reported for rats with 
complete hippocampal aspiration lesions (Morris et al., 1982). 
The spatial probe test performance at the end of training is 
probably quite resistant against any small variation of the pro- 
cedures used in the two laboratories. Further support for the 
importance of the dorsal hippocampus in spatial learning comes 
from studies in which radial-maze learning (Handelmann and 
Olton, 198 l), acquisition of a learning-set task in a water maze 
(Auer et al., 1989) and spatial learning during exploration 
(Thinus-Blanc et al., 199 1) were impaired by neurotoxic or isch- 
emit damage, or lidocaine-induced blockade, restricted to the 
dorsal hippocampus. Admittedly, the latter studies did not test 
the effect of ventral lesions. However, Hughes (1965) and Sin- 
namon et al. (1978) observed larger deficits in two other types 
of maze learning following dorsal than ventral hippocampal 
lesions, although the size of these lesions was not quantified and 
the fimbria was often damaged by the dorsal lesions. 

It may be argued that the efficiency of the dorsal hippocampal 
lesions could reflect inadvertent lesion of the fimbria, dissoci- 
ating the ventral half from the rest of the hippocampus, or 
disruption of afferent aminergic or cholinergic fibers. Inadver- 
tent fimbria lesions appear unlikely, since any such lesion, which 
must have been too small to be seen on the histological sections, 
is likely to affect fibers at the base of the fimbria, while the 
efferents from the ventral hippocampus course near the edge 
(Andersen et al., 1973; Swanson and Cowan, 1977). Second, 
dorsal CA1 lesions, located far from the fimbria (Fig. 7A), im- 
paired spatial learning as much as comparable lesions affecting 
all cell fields. 

The role of damage to the efferent axons of the subiculum is 
more difficult to evaluate. Since some of these fibers pass on 
the alvear surface of the dorsal CA1 (Swanson and Cowan, 
1977), it is likely that dorsal lesions may cut more of these fibers 
than ventral hippocampal lesions do. Some of the subiculofugal 
fibers may be involved in spatial learning, as damage to the 
fomix-fimbria at a septal level impairs the acquisition of a water 
maze task (Sutherland and Rodriguez, 1989). On the other hand, 
in the present study, the most extensive damage to the subi- 
culum and possibly also to the entorhinal cortex occurred in the 
ventral groups. The largest ventral lesions thus may have de- 
prived the dorsal part of the dentate gyrus of some of its per- 
forant path input, resulting in a deficit that was actually due to 
partial deafferentation of the dorsal hippocampus. 

The dorsal lesion may also have damaged aminergic or cho- 
linergic fibers destined for the ventral hippocampus. For ex- 
ample, lesions of serotoninergic fibers, which enter through a 
dorsal route (Storm-Mathiesen and Guldberg, 1974) impair 
learning when combined with damage to cholinergic afferents 
(Nilsson et al., 1988). Such a combined effect may have given 
an additive effect to the dorsal lesion in the present study. Deaf- 
ferentation of noradrenergic fibers to the hippocampus is un- 
likely to contribute to the dorsoventral difference in spatial 
learning since most of these axons enter the hippocampus ven- 
trally (Storm-Mathiesen and Guldberg, 1974). In conclusion, a 
proportion of the effects of the dorsal and ventral lesions may 
reflect partial deafferentation of the remaining hippocampus. 
These questions may be answered by future experiments with 
cytotoxic lesions. 

Effect of lesion volume. A correlation between the amount of 
hippocampal damage and performance was observed in rats 
learning spatial alternation (Volpe et al., 1992) as well as in the 

present study. The correlation between the volume of the dorsal 
lesion and spatial learning could reflect the involvement of an 
extended neuronal network, in which smaller elements are re- 
sponsible for parts of the function, but the whole network for a 
complete performance. Alternatively, a specific part of the net- 
work could serve as a crucial substrate, being damaged only by 
the more extensive lesions. The increasing learning deficit with 
larger, concentrically arranged lesions (Fig. 1) suggests that ac- 
tivity of a large part of the dorsal hippocampus is required for 
full spatial learning abilities, thus supporting the network idea. 
In other words, spatial learning requires cooperation between 
several of the postulated lamellae (Andersen et al., 197 1). 

Our findings may also be related to recent neuroethological 
evidence, which suggests that spatial learning ability may de- 
pend on the amount of available hippocampal tissue (Sherry et 
al., 1992). Relative to the body mass, the hippocampus is larger 
in food-storing birds, for which spatial memory is important, 
than in related nonstoring species (Krebs et al., 1989; Sherry et 
al., 1989; Healy and Krebs, 1992). Polygamous male voles, 
which have larger range sizes than females of their own species 
and both sexes of a related monogamous species (Gaulin and 
FitzGerald, 1988), also have larger hippocampi than these other 
animals (Jacobs et al., 1990). Thus, selection for spatial learning 
abilities seems to concur with selection for hippocampal size. 
Taken together with our results, these bird and vole data suggest 
that spatial learning is dependent on the recruitment of a min- 
imum number of cells and neural circuits distributed in a large 
part of the hippocampus. 

A volume threshold for ejjicient lesions. Our results suggest 
that a minimal lesion volume of the dorsal hippocampus is 
needed to impair spatial learning. A threshold value of about 
20% damage was required to produce a lasting deficit in escape 
latency. Since the rate of acquisition and the performance on 
the spatial probe test were reduced by even smaller lesions, the 
threshold for inducing a spatial learning and retention deficit 
may be even lower. Our threshold estimate is close to that of a 
recent study in monkeys, in which ischemia-induced damage to 
24% of the CA1 field produced a delayed-nonmatching-to-sam- 
ple memory impairment as severe as the deficit caused by a 
complete hippocampal lesion (Zola-Morgan et al., 1992). In 
contrast, in pretrained rats with ischemic or ibotenic acid-in- 
duced hippocampal lesions, as much as two-thirds of the dorsal 
hippocampus had to be damaged in order to impair the acqui- 
sition of a spatial alternation task (Volpe et al., 1992). The 
different threshold from that of the present study may be ex- 
plained if spatial alternation in pretrained rats is a less sensitive 
measure of hippocampal function than the water maze. 

Dorsal and ventral hippocampus may have d$erent functions. 
Although the synaptic organization is similar along the entire 
septotemporal axis of the hippocampus (Andersen et al., 197 l), 
the dorsal and ventral parts process different kinds of infor- 
mation. A functional dissociation may be related to the different 
connectivity ofthe dorsal and the ventral hippocampus. Sensory 
information from several cortical association areas and from 
the olfactory bulb reaches mainly the dorsal half of the hippo- 
campus by way of the lateral entorhinal area (Jones and Powell, 
1970; van Hoesen and Pandya, 1975; Deacon et al., 1983; Room 
and Groenewegen, 1986; Insausti et al., 1987). Olfactory fibers 
also reach the lateral entorhinal area-and thence the dorsal half 
of the hippocampus. In addition, some olfactory axons termi- 
nate in the anteromedial entorhinal and the neighboring per- 
iamygdaloid cortices (Beckstead, 1978; Kosel et al., 198 1). From 
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these regions, cells project to the ventral hippocampus. Thus, 
the ventral hippocampus receives olfactory information in ad- 
dition to signals from the amygdala, the hypothalamus, and the 
medial septal and basal forebrain nuclei (Beckstead, 1978). With 
such a pattern of organization, the relevant sensory information 
during performance in a water maze would be processed mainly 
in the dorsal part of the hippocampus, a fact that is consistent 
with our results. Conversely, with different afferent information, 
the ventral hippocampus may have a different physiological role 
than its dorsal counterpart, possibly related to emotional or 
hormonal responses or their integration with olfactory signals. 

Our data do not allow a prediction of the functional role of 
the ventral hippocampus. The dorsal and ventral parts of the 
hippocampus may process qualitatively different kinds of in- 
formation. Alternatively, the two parts may do the same task, 
the dorsal half just being more efficient. However, the distri- 
bution of the escape latency in the water maze for animals with 
dorsal and ventral lesions strongly suggests that these lesions 
produce qualitatively different results, and not only various de- 
grees of the same deficit. To be effective, the ventral lesions had 
to be so large as to approach the dorsal hippocampus, and may, 
in fact, have lesioned some cells in the latter. 
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