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A correlational analysis of learning scores and degrees of divergence of the patterns of choice 
was performed in fornix-damaged, sham-operated, and control rats during the acquisition stage 
of the radial maze task. The results show that dorsal fornix sections, which initially reduce choice 
accuracy, induce the parallel adoption of weakly divergent patterns of choice. The positive corre
lation observed during the course of training between these two dependent variables suggests 
that fornix-damaged animals learn the task on the basis of specific gathering and processing of 
information: initial choice of few proximal paths with progressive increases in the number of 
visited paths under the control of reinforcement determines a correlative increase in the degrees 
of divergence of the patterns of choice. This observation indicates that mapping in lesioned animals 
occurs through the progressive introduction of new spatial elements in an initial sectorial ex
ploratory system, whereas sham-operated and control animals immediately process more infor
mation on the total configuration of the apparatus. This particular gathering and processing of 
spatial information could determine specific reference and working memory processes in lesioned 
animals. 

In the past few years, the radial maze task has been used 
to study spatial memory in relation to the hippocampal 

function (Jarrard, 1980; O'Keefe & Nadel, 1978; Olton, 

Becker, & Handelmann, 1979; Walker & Olton, 1979; 

Winocur, 1982). However, from this extensive literature, 

several controversial issues have arisen concerning spa
tial memory characteristics and the underlying mecha

nisms. From a behavioral viewpoint, discrepancies have 

been observed regarding the persistence of information 
over time (Beatty & Shavalia, 1980a; Buresova & Bures, 

1982), the resistance of working memory to various 

sources of interference (Beatty & Shavalia, 1980b; Maki, 

Brokofsky, & ,Berg, 1979; Markowska, Buresova, & 
Bures, 1983), and the identification of the stimulus con

trolling the performance (Buresova & Bures, 1981; 

Kraemer, Gilbert, & Innis, 1983; Olton & Collison, 1979; 

Suzuki, Augerinos, & Black, 1980; Winocur, 1982; Zola

dek & Roberts, 1978). From a neural viewpoint, although 

the integrity of the hippocampal system and of its con

nections seems necessary to learn and perform the radial 

maze task, it is still unclear if this structure supports a 
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specific processing of spatial information for cognitive 
mapping (O'Keefe & Nadel, 1978) or more general func

tions such as patterning of responses (Moore, 1979; Solo

mon, 1980), working memory (Olton & Feustle, 1981), 

reactivity to novelty (Jones & Smith, 1980), sensitivity 

to environmental modifications (Winocur, 1980), contex
tual retrieval (Hirsh, 1974), general processing and utili

zation of information (Jarrard & Elmes, 1982), and, fi
nally, computational and representational activities 

(Schmajuk, 1984). 

However, since the solving of the radial maze task de

pends on the integration of various processes-orientation, 
motivation, mapping, memory of places, organizations 

of run sequences-the functional involvement of the hip

pocampal system in this specific spatial task could be 

evaluated by focusing on the organization of the responses 

and, in particular, on the mapping operations that occur 

in lesioned and control animals during the course of ac

quisition. 

Few investigations have systematically analyzed the ac

quisition process of the radial maze, since most experi

ments have been performed using the following proce

dure: training the subjects until asymptotic performance 

and then examining, in retention, the modifications of 

spatial memory in relation to lesions, interference, or drug 

treatments. Furthermore, while much attention has been 

devoted to choice accuracy, there has been little consider-
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ation of the strategies used by the subjects to learn the 

task. 
Indeed, when the patterns of choice have been analyzed, 

correct sequences have generally been considered and 

classified in only two categories: clockwise or counter

clockwise (corresponding to the run of adjacent arms 

within a trial) versus spatial strategies (Olton, Collison, 

& Werz, 1977; Watts, Stevens, & Robinson, 1981; Yoerg 

& Kamil, 1982) or random versus stable patterns (Harley, 

1979). However, it must be pointed out that in an eight

arm maze 8! (40,320) correct sequences are available to 

solve the task, among which only 16 correspond to clock

wise and counterclockwise patterns. Thus, the remain

ing sequences cannot be considered to be in one 

homogeneous class of responses, inasmuch as they ex

press various degrees of the structuring of the spatial in

formation that is used in running the radial maze, which 

will probably lead to different representations of the ap
paratus configuration. In the same way, the various struc

tures of the incorrect patterns could also induce different 

forms of mapping, which could determine a different or

ganization of reference and working memory processes. 

The present experiment was undertaken to examine the 

relationships between mapping operations and the func

tioning of spatial memory in fornix-damaged, sham

operated, and control rats. For this purpose, a correla
tional analysis of the quantitative (choice accuracy) and 

qualitative (patterns of choice) aspects of radial maze per

formance was performed in order to describe, in parallel, 

the evolution of both dependent variables during the 

course of acquisition. 
Subsequently, a long-term examination of spatial 

memory was also performed in sequential and discrete 

trials in order to relate the functioning of reference and 

working memory processes to the properties of the 

response systems built up during acquisition. 

METHOD 

Subjects 

The subjects were 24 male rats (Sprague-Dawley) that weighed 
about l80 g when purchased from the IFFA CREDO rearing center. 
They were individually housed in wire-mesh cages with ad-lib food 
and water. Two days before pretraining began, the subjects were 
progressively food deprived to bring their weights to 85 % of their 
initial levels. 

Apparatus 
The apparatus was a maze consisting of eight identical paths 

(60 x l2 cm) radiating from a starting platform. Identical food cups 
were placed at the end of each path. The maze was elevated 60 cm 

above the floor, uniformly illuminated by a ceiling light, and main
tained in a constant orientation during the experiment. Numerous 
objects present in the experimental room provided extramaze cues. 

Pretraining 

For 3 consecutive days, each subject was placed on the central 
platform and then, for 5 min, allowed to explore the maze, in which 
a large amount of food had been placed. 
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Surgery 
On the 4th day, the surgery was performed. Fornix sections were 

made by introducing a stereotaxic knife close to the bregma (using 
the following coordinates: A-P, -0.5; Lat, 0.5; depth, 4.74; Pax
inos & Watson, 1982) and moving the blade according to a predeter
mined angle (40°) to obtain a section of the dorsal fornix. Sham 
operations were made in exactly the same way except that the blade 

was not extracted from the knife. The subjects were left in their 
home cage for a recovery period of 1 week. 

Training 
On the 12th day, the actual procedure started. For 8 consecutive 

days, the rats were placed in the maze and allowed to make eight 
runs, with all the paths having been previously baited. On the 20th 
day, delays of 5 min were inserted within the trial between the first 
four runs and the last four. On the 21 st day, the control rats were 
submitted to fornix sections as previously described. After 1 week, 
all the animals were placed in the maze for a normal trial. Finally, 
on the subsequent day, a delay of 20 min was inserted between the 
first four runs and the last four runs. 

Behavioral Analysis 
In each trial, two dependent variables were recorded for each 

subject: the number of visited paths and the sequence of runs. 
As previously mentioned, the number of possible correct se

quences of runs in an eight-arm maze is 40,320. These sequences 
can be grouped according to their common degree of divergence. 
This parameter, which was introduced by Lachman and Brown 
(1957), is obtained as follows: Within a trial, all the transitions be
tween two arms run consecutively are evaluated by counting one 
unit of divergence when the rat runs two adjacent arms successively; 
by counting two units of divergence when the rat successively runs 
two arms separated by one arm; by counting three units of diver
gence when the rat successively runs two arms separated by two 
arms; and so on. For the whole sequence of runs displayed within 
the trial, the units of divergence corresponding to each transition 
are summed and give the final value, that is, the degree of diver
gence of the sequence corresponding to one category. For exam
ple, for the sequence of runs" 1-24-5-3-6-7-8," the degree of diver
gence will be obtained by summing up the following units of diver
gence: "I +2+ 1 +2+3+ 1 + 1," which give the number 11. It must 
be noted that the degree of divergence of clockwise and 
counterclockwise strategy is 7 and that 16 different patterns cor

respond to this category. Since, in this experiment, the number of 
runs within a trial is constant (eight), it is also possible to calculate 
the degree of divergence of incorrect patterns. Therefore, for each 
animal, each daily performance was characterized by two numbers: 
the number of visited paths and the degree of divergence of the cor
responding pattern of choice. 

Statistical Analysis 
For each dependent variable, that is, learning scores and degrees 

of divergence of the strategies, the results recorded over the eight 
learning trials were statistically evaluated by a one-way ANOV A 
for repeated measures. Correlations between these two dependent 
variables were examined by calculating the Bravais Pearson coeffi

cient. Comparisons of scores and degrees of divergence of the strate

gies in each retention trial were made by performing a Kruskall

Wallis nonparametric analysis of variance because of the small size 

of the distributions. 

RESULTS 

Histology 

At the end of the experiment, lesioned and sham

operated subjects were sacrificed. The brains were fixed 
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Figure 1. Sagittal section representative of the dorsal fornix sec
tion. DRC, dorsal hippocampal commissure; VHC, ventral hip
pocampal commissure; DF, dorsal fornix. 

in Fonnalin, stained with cresyl violet, and sectioned sag
itally. Examination of the tissue revealed clear dorsal for

nix sections extended in some cases to the hippocampal 
commissure (Figure 1). 

Behavior 
As can be seen in Figure 2a, which shows for each 

group the mean number of unrepeated path choices in the 
first eight trials, choice accuracy was impaired in fornix
damaged rats as compared with sham-operated and con

trol rats. The statistical analysis revealed a significant ef
fect of the experimental treatment [F(2,20) = 3.59, 

P < .05] and a significant effect of training [F(7, 140) = 
8.49, p < .01]. Subsequent between-group comparisons 

performed by a Duncan test revealed that the performance 
of lesioned rats was significantly different from the per
formance of sham-operated and control rats (p = .05), be
tween which no difference was found. 

The same analysis was used to compare the degrees of 
divergence of the strategies recorded in the three groups. 
The results showed a significant treatment effect 
[F(2,20) = 3.94, p < .05], indicating that the degrees 

of divergence of the patterns of choice displayed in the 
three groups were different, but no effect of the repeated 
measures or of the interaction was observed. A subse

quent Duncan test also revealed that the degrees of diver

gence recorded in fornix-damaged animals were signifi

cantly different from those recorded in sham-operated and 

control animals (p < .05), between which no difference 

was found. 

Moreover, with reference to Figure 2b, it can be seen 

that although the degrees of divergence displayed by sham

operated and control rats follow the same stable trend 

throughout the experiment, this parameter is more vari
able in fornix-damaged rats. Therefore, a correlative anal

ysis of performance and degree of divergence of patterns 

of choice was performed. A positive correlation was found 

between choice accuracy and degree of divergence of the 

strategies in fornix-damaged animals only (r= .36, 
p= .01), the lowest learning scores corresponding to the 

weakest divergent strategies. Finally, it must be noted that 
the percentage of correct trials was similar in each group 

(Table 1) and that no clockwise or counterclockwise pat
terns were displayed over the whole experiment. 

When delays of 5 min were inserted between two 

strings of runs (Trial 9), no significant differences either 
in choice accuracy (H= 1.2, n.s.) or in strategies were 
observed (H=4.49, n.s.). In the same way, when the 
animals were tested in long-term retention-after 1 week 

without practice-no quantitative (H = 1.7, n.s.) or qualita
tive (H=2.47, n.s.) change in performance occurred 

(Trial 10). Finally, when delays of20 min were inserted 
between two strings of runs (Trial 11), choice accuracy 

decreased in the same proportion in the three groups but 
modifications of the strategies occurred only in sham
operated rats. The statistical analysis revealed significant 
differences among the strategies displayed in the three 

groups (H = 11. 7, P < .01). Subsequent between-group 
comparisons indicated that only sham-operated rats re

organized their strategies in discrete trials, since the 
animals of this group differ from both the initially and 
the later-lesioned animals (sham-operated/lesioned
U=8.5, p=.06; lesioned/recently lesioned-U=24, n.s.; 
sham-operated/recently lesioned-U = 10.5, p= .01). 
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Figure 2. Learning scores (a) and degrees of divergence of the cor
responding patterns of choice (b). The learning scores are expressed 
in mean number of run paths within each trial; the cakulation of 
the degrees of divergence of the patterns of choice is developed in 

the method section. C, control group to Trial 9, lesioned from 
Trial 10; SO, sham-operated group; L, Iesioned group. 



Table 1 
Percentage of Correct Sessions and Their Corresponding Mean 

Degree of Divergence (With Standard Error in Parentheses) 
in Each Group During the 8 Days of Training 

Group 

Lesioned 

Sham-operated 

Control 

Percentage 

7.0% 

12.0% 

8.3% 

DISCUSSION 

Degrees of 

Divergence 

15.8 (1.0) 

16.0 (2.3) 

14.8 (2.6) 

The present findings confirm previous data concerning 

the impairment of radial maze performance following for

nix damage (Walker & Olton, 1979). Moreover, they 

show that fornix sections, which initially reduce choice 

accuracy, induce a parallel adoption of weakly divergent 

patterns of exploration during the acquisition stage of the 

radial maze task. This last result can be viewed as an ex

tention of previous observations that have indicated a 

response bias in rats submitted to successive choices in 

T -maze situations after transection of the fornix fibers 

(Hirsh, Leber, & Gillman, 1978). In particular, the fact 

that lesioned animals display a correlative enhancement 

of choice accuracy and degrees of divergence of their pat

terns of choice during the course of acquisition suggests 

that fornix damage induces a specific information

gathering process that is characterized by the progressive 

introduction of new spatial dimensions in an initial sec

torial exploratory system. Conversely, it is clear that map

ping in sham-operated and in control animals involves the 

immediate processing of more information on the general 

configuration of the apparatus, since these animals dis

play highly divergent and stable patterns of choice right 

at the beginning of the experiment. Accordingly, these 

data raise two questions: First, what mechanisms induce 

fornix-damaged animals to adopt weakly divergent se

quences of exploration in learning the radial maze task; 

and, second, what kinds of constraints will this form of 
mapping impose on successively tested reference- and 

working-memory processes? 

Although deficits in attentional (Moore & Stickney, 

1982) or in working-memory processes (Olton & Feus

tle, 1981) could be invoked to explain the low scores 

recorded in fornix-damaged subjects, it seems unlikely 

that the restrained explorative tendencies that also charac

terize the performance of these animals depend on im

pairments in their discrimination of the paths or in their 

memory of previous choices. In fact, sequences of runs 

involving repetitive choices that would be randomly dis

tributed in all arms of the radial maze would better fit 

with these hypotheses. 

Perseverative behaviors, which are frequently reported 

in hippocampally damaged subjects (Buzsaki, Bors, Nagy, 

& Eidelberg, 1982; Kimble & Kimble, 1965; Oades & 

Isaacson, 1978), could also be invoked to explain both 

the low radial maze scores and the reduced exploration 

rates observed in our lesioned animals. However, since 

perseveration seems to depend on the inability to inhibit 
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previously made responses (Kimble & Kimble, 1965) or 

to develop normal processes of stimulus satiation (Glan

zer, 1953), a more dramatic reduction in the degree of 

divergence of the patterns of choice would be associated 

with the development of mere perseverative tendencies. 

The specific mapping of the radial maze developed by 

fornix-damaged subjects reveals, rather, an initial ten

dency to process a limited quantity of spatial information 

by exploring, first, only sectors of the apparatus, with 

these restrained explorative schemas being progressively 

extended until the entire maze configuration under the 

control of reinforcement. However, since all the subjects 

reached a comparable level of performance in long-term 

retention, our results fully agree with the Hirsh et al. 

(1978) hypothesis, suggesting that the difference in the 

way normal and hippocampally damaged animals learn 

must be viewed as a stylistic difference. As a working 

hypothesis, we assume that this stylistic difference in 

processing information during acquisition could determine 

in each group specific properties of subsequently tested 

reference- and working-memory processes. 

On Trial 9, when short delays were inserted between 

two strings of runs, choice accuracy and degrees of diver

gence of the patterns of choice remained similar to those 

observed in each group on Trial 8. The stable scores ob

served in lesioned, sham-operated, and control animals 

could be due to the reduced interference resulting from 

the very short delay introduced between the first four and 

the last four runs. It is interesting to note that the slight

not significant-working-memory deficit observed in con

trol animals only supports the Jarrard and Elmes (1982) 

hypothesis, according to which hippocampally damaged 

rats would be less sensitive than normal rats to retroac

tive interference. 

The data concerning long-term retention (Trial 10) do 

not show any between-groups variations of performance 

or patterns of choice, even in the previous control group 

now bearing dorsal fornix sections. Finally, on Trial 11, 

when 20 min were inserted between two strings of runs, 
choice accuracy decreased in the same proportion in each 

group, indicating no difference in working-memory 

processes of lesioned and sham-operated animals. 

However, the absence of a memory deficit, probably due 

to the partial transections of the fornix, allows a specific 

effect of the lesion on patterns of choice to be observed, 

since very different maze-running strategies are now as

sociated with these similar performances: (1) fornix

damaged animals exhibit a remarkable stability in the 

degree of divergence in their patterns of choice with 

respect to those displayed in the previous trials, 

(2) recently fornix-damaged animals follow the same sta

ble trend, and (3) sham-operated animals significantly 

reduce the degree of divergence of their patterns of choice. 

Thus, when required to perform a slightly modified task 

that involves substantial time intervals between the fourth 

and the fifth choices, which place an additional load on 

working-memory processes, sham-operated rats do reor

ganize their maze-running strategies to maintain a con

sistent level of choice accuracy. Conversely, lesioned 
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animals perform through the reproduction of rigid pat
terns of choice (which do not implicate the running of the 

same paths but do implicate the development of spatially 
equivalent patterns of exploration) not substantially differ
ent from the "motor stratagems" described by Rawlins 
and Tsaltas (1983) and defined as motor-based systems 
of instructions mediating the appropriate response not only 

in sequential, but also in discrete, trials. 
In fact, in Figure 2 it can be seen that lesioned animals 

later display stable degrees of divergence as compared 

with sham-operated and control animals, but that this 

stabilization occurs when the animals have reached a con

sistent level of performance (after Trial 6) and is main
tained even in trials involving interrun intervals (Trials 

9 and 11). 

Taken together, these results indicate that the septohip

pocampal pathway controls both aspects of spatial 
memory, that is, choice accuracy and mapping operations. 
In fact, dorsal fornix sections induce constraints on spa
tial information gathering, which has been considered as 

an active process whereby the animals build up their 
representations of the maze configuration (Ellen & 

Weston, 1983). The specific representations stored in 
reference memory by fornix-damaged subjects could de
termine a particular functioning of working memory, 
based upon a limited number of plans (Gray, 1982) that 

are not highly accurate but resistant to retroactive inter
ference. 
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