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Monkeys were given a series of problems to solve in which 
they had to learn whether to approach a given visual stimulus 
and make repeated contact with it or to withdraw from the 
stimulus and avoid making contact with it. The reward for 
the correct response in either case (approach or withdrawal) 
was food, which was always delivered in the same spatial 
location. This task requires the animal to learn in what spatial 
direction to move in relation to the visual stimuli, but it cannot 
be solved by learning the spatial relationships among stimuli 
in the environment. Transection of the fornix severely im- 
paired the monkeys’ learning ability in this task; bilateral 
ablation of the sulcus principalis did not. This result shows 
that the hippocampus is concerned with learning about spa- 
tially directed movement, rather than with the acquisition of 
maplike knowledge about the spatial relationships of stimuli 
in the environment. 

Damage to the hippocampal system in animals produces severe 
deficits in spatial tasks such as maze learning, and the proposal 
has often been made that the hippocampus is in some way 
specialized for spatial learning (Olton and Isaacson, 1968; Jones 
and Mishkin, 1972; Mahut, 1972). A detailed hypothesis of this 
kind was put forward by O’Keefe and Nadel(1978). They argued 
that efficient spatial learning depended on the formation in the 
hippocampus of a “cognitive map” embodying the spatial re- 
lationships of environmental stimuli, and the effects of hippo- 
campal damage on maze learning in rats were attributed to the 
loss of this map. Effects of damage to the hippocampal system 
upon nonspatial but cognitive learning and memory, such as 
visual recognition memory in the monkey (Gaffan, 1974; Zola- 
Morgan and Squire, 1986) or verbal recall by people, were also 
encompassed by their hypothesis: cognitive nonspatial learning 
was metaphorically spatial in that it depended on the formation 
of similarly maplike cognitive structures. Cases of preserved 
learning ability after hippocampal damage, on the other hand, 
were attributed to noncognitive habit formation relying on a 
simpler extrahippocampal mechanism. Hirsh (1974) Mishkin 
et al. (1984) and Mishkin and Petri (1984) have expressed sim- 
ilar distinctions between cognitive learning and noncognitive 
habit formation in their attempts to explain hippocampal func- 
tion. The particular appeal of Nadel and O’Keefe’s hypothesis 
is that it combines the emphases on cognitive and on spatial 
learning processes. 
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There is little experimental evidence that the spatial learning 
of normal rats is controlled by a mechanism as sophisticated as 
that proposed by O’Keefe and Nadel, however (Gaffan and 
Gowling, 1984) and recent ablation studies with monkeys have 
also posed difficulties for the cognitive map hypothesis. These 
experiments (Gaffan et al., 1984a-c; Gaffan and Harrison, 1984) 
show that transection of the fomix leaves some but not all 
apparently complex cognitive abilities intact and does impair 
some but not all apparently simple types of habit formation. 
Therefore, the distinction between cognitive and noncognitive 
learning or memory does not appear to be crucial in explaining 
the effects of fomix transection in the monkey. For example, in 
tests of memory performance (presumably a cognitive ability) 
in these experiments, fomix-transected monkeys could perform 
at normal levels in visual-visual associative memory, but they 
were deficient in remembering whether they had previously 
touched a visual stimulus. From this and other evidence, Gaffan 
(1985) argued that the hippocampus was specialized for learning 
and memory of approach, withdrawal, and other voluntary 
movements in relation to stimuli in the environment, rather 
than for learning about interstimulus relationships independent 
of the animal’s behavior. 

Since the cognitive map hypothesis does not well explain the 
nonspatial memory impairments of fomix-transected monkeys, 
one may also question whether it is the best explanation of their 
deficitis in spatial learning. For example, fomix-transected mon- 
keys were impaired in learning simultaneous visuospatial con- 
ditional discriminations (Experiment 5 of Gaffan et al., 1984a). 
In one such task, monkeys were presented either with 2 identical 
objects X and X or with a different identical pair Y and Y. The 
2 objects covered food wells, one on the left and one on the 
right of a tray. If the 2 objects were X, the left food well was 
baited; if they were Y, the right food well was baited. There are 
at least 2 ways in which one could explain how an animal learns 
to behave appropriately in such a task. An animal could learn 
that the response of reaching to the left food well is rewarded 
in the presence of X and that the response of reaching to the 
right food well is rewarded in the presence of Y. Alternatively, 
the animal could learn that the configural cues constituted by 
X in the left place and by Y in the right place are associated 
with reward while the other configural cues of objects in places 
are not; and the reaching movements the animal makes could 
be controlled by this learning about visual stimuli, places, and 
pieces of food, rather than directly by learning about the con- 
sequences of reaching as in the first explanation. There is no 
reason to doubt that monkeys are capable of both of these types 
of learning. The question is which type is impaired by fomix 
transection. One way to answer that question is to discover 
whether fomix transection impairs the learning of spatially di- 
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rected movements in response to visual stimuli, in a task that 
cannot be solved by learning about interstimulus relationships. 
That was the purpose of the present experiment. 

The task described below required monkeys to learn to per- 
form different responses to different visual stimuli, approach to 
some and withdrawal from others, in order to obtain reward. 
A series of such discriminations was taught; each new discrim- 
ination was formed by taking 2 new visual stimuli (one that had 
to be approached, the other withdrawn from) and presenting 
them one at a time in random order. For any pair, each member 
was rewarded if the appropriate response was performed to it. 
This is a similarly symmetrical reward contingency to that of 
the simultaneous visuospatial conditional discrimination de- 
scribed above. In the present task, however, the reward was in 
the same spatial location, no matter which response was re- 
quired. The symmetrical reward contingency is an important 
feature of the task. In previous experiments, fornix transection 
has caused no deficit in monkeys’ ability to learn stimulus- 
reward associations and to approach stimuli associated with 
reward but withdraw from stimuli associated with nonreward 
(Experiments 2 and 6 of Gaffan et al., 1984a). In the present 
task, the association of a stimulus with reward or nonreward is 
not sufficient information to control the appropriate responses 
to it. 

We assessed the learning ability of fomix-transected and nor- 
mal monkeys in the task described. We also examined the ability 
in this task of monkeys with ablations of the sulcus principalis 
in the frontal lobe. The prefrontal cortex is involved in some 
aspects of learned motor control (Fuster, 1980). Lesions re- 
stricted to the sulcus principalis cause impairments in spatial 
alternation learning (Mishkin, 1957). The learning impairment 
following sulcus principalis ablation is poorly understood but 
has been attributed to an inability to use kinesthetic cues to 
guide behavior (Gentile, 1972). Both the hippocampus and the 
sulcus principalis are concerned with spatial learning, loosely 
speaking, and it is necessary to dissociate the effects of lesions 
in these 2 structures in order to form a clearer idea of the specific 
roles of each. 

Fomix-transected monkeys are known to be impaired in re- 
versal learning, both of left- and rightward reaching responses 
(Mahut, 1972) and of approach and withdrawal responses (Gaf- 
fan and Harrison, 1984). For this reason, in our earlier exper- 
iments on visuospatial conditional learning, we analyzed leam- 
ing separately for stimuli with which the animal began with a 
preference for the correct response and stimuli with which the 
animal began with a preference for the wrong response. Because 
the impairment appeared with both types of stimuli (Fig. 6 of 
Gaffan et al., 1984a), we concluded that the visuospatial learning 
impairment was not simply a consequence of the reversal leam- 
ing impairment. To make a similar point in relation to the visual 
control of approach and withdrawal, we analyzed the learning 
in the present task separately for stimuli to which the animal 
made the correct response on the stimulus’ first appearance and 
stimuli to which the first response was wrong. 

Materials and Methods 
Subjects. Ten male experimentally naive cynomolgus monkeys (Macaca 
fusciculuris) were assigned to 3 operated groups: fomix transection (n = 
3), sulcus principalis ablation (n = 3), and normal unoperated controls 
(n = 4). The assignment was such as to equalize as nearly as possible 
the ability of the groups in their preoperative training (see below). 

Surgery. The method for surgical transection of the fomix in the 
present experiment was exactly the same as that previously described 

in detail (Gaffan et al., 1984a). For ablation of sulcus principalis, similar 
surgical and anesthetic procedures were used. Gray matter in both banks 
of the sulcus was ablated bilaterally by aspiration and all the pia mater 
in the sulcus removed. Training resumed 14 days after surgery. 

Histology. At the end of this and some further experiments, the 6 
animals subjected to surgery were given a lethal dose of anesthetic and 
perfused through the heart with saline followed by form01 saline. The 
brains were blocked in the coronal stereotaxic plane posterior to the 
lunate sulcus and were then removed from the head, photographed, and 
allowed to sink in a sucrose formalin solution. The brains were cut in 
50 pm sections on a freezing microtome. Every fifth section was retained 
and stained with cresyl violet. 

Apparatus. Behavioral testing took place in a computer-controlled 
automatic apparatus (described in detail by Gaffan et al., 1984a). The 
visual stimuli were displayed to the monkey on a television screen that 
the monkey could touch. The stimuli were selected at random from a 
large well-defined population of colored shapes; each single stimulus 
consisted of 2 colored ASCII characters, one superimposed on the other. 
The monkey’s responses to the stimuli were defined by the interruption 
ofinfrared beams passing over the screen. Food rewards, either a peanut 
or a sugar-coated puffed rice grain, were dispensed into a hopper below 
the center of the screen. 

The tusk. A trial began with the display of a white line at the center 
of the screen. A touch to the white line brought on at random one of 2 
visual stimuli, A or B, in the center of the screen. If  stimulus A was 
displayed, the “approach” contingency was enforced, as follows. The 
stimulus remained on the screen until the animal touched it 4 times, 
after which it disappeared. If, before the 4 touches were accumulated, 
3 set passed without any manual contact to the screen, an error was 
scored; when the 4 touches were finally made, a food reward was given 
only if an error had not been scored on that trial. I f  stimulus B was 
displayed, the “withdraw” contingency was enforced, which was the 
converse ofthe approach contingency. Accumulation of4 separate touches 
to B was defined as an error; B stayed on the screen until 3 set elapsed 
without any manual contact to the screen; at B’s disappearance a food 
reward was dispensed, if no error had been scored on that trial. In each 
daily session there were 100 trials with an intertrial interval of 8 set, 
50 approach trials with A and 50 withdraw trials with B. 

Preoperative training. Methods for initial autoshaping were as pre- 
viously described (Gaffan et al., 1984a). The subsequent preoperative 
training varied slightly in detail from animal to animal, but for all 
animals it included 40 discrimination problems of the present type. As 
noted under Subjects, the animals were assigned to surgical groups in 
such a way as to equalize the preoperative learning abilities ofthe groups. 

Postoperative training. Ten discrimination problems of the present 
type were presented. Each new problem was defined by selecting at 
random from the stimulus population a new A and B that the animal 
had not seen before. At least one session of each new problem was 
presented to each animal; if that session contained more than 10 errors, 
then further sessions with the same stimuli were presented until the 
criterion was attained of one session with 10 or less errors. 

Results 
Histological 
Figures 1 and 2 show representative sections. The series of sec- 
tions from each operated animal was examined microscopically. 
In the fomix-transected group, all fomix transections were com- 
plete and were accompanied by minimal damage to nonfomical 
structures, as previously described in detail for a large series of 
fomix transections (Gaffan et al., 1984a). In all 3 present cases 
of fomix transection, the thalamus was intact. Gliosis in the 
mammillary bodies resulting from fomix transection, as pre- 
viously described (Gaffan, 1974; Gaffan et al., 1984a), was ob- 
served in all animals in this group. In the group with ablations 
of sulcus principals, the only remaining neurons visible in the 
sulcus principalis at any level were some scattered cells of layer 
VI. Cortical tissue surrounding the sulcus principalis was intact. 

Postoperative training 

As illustrated in Figure 3, the average per problem of errors to 
criterion, excluding the criteria1 session, was 7.9 for the normal 
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Figure 2. Section through the fomix transection in a typical animal from this group. The fomix has been completely removed in this and adjacent 
sections. The corpus callosum has been sectioned at this level in order to expose the fomix. The extreme inferior medial part of the cingulate cortex 
has been slightly damaged. Some postmortem damage to the superior surface of one hemisphere is visible. The unilateral inferotemporal ablation 
was made after the completion of the present experiment, to examine the effect of that lesion combined with fomix transection. 

animals, 3.7 for those with sulcus principalis ablation, and 2 1.2 
for those with fomix transection. Analysis of variance of the 
data illustrated in the figure showed that there were significant 
differences between groups (F = 5.18 1, d’ 2,7, p < 0.05) and 
that the normal animals differed significantly from the fomix- 
transected animals (F = 6.177, d’ 1,7, p < 0.05) but not from 
those with sulcus principalis ablation (F < 1). Thus, the fomix- 
transected group, but not the group with sulcus principalis abla- 
tion, were impaired in this learning task. 

Because fomix-transected monkeys are known to have diffi- 
culty in reversal learning, as discussed in the introduction, error 
rates in the present task were analyzed separately for 2 classes 
of visual stimulus: stimuli to which an individual animal’s initial 
choice of response was correct on the first trial with the stimulus 
(1C) and stimuli to which the first response was wrong (1W). 
Figure 4 shows in lo-trial blocks the learning curves of these 2 
types during the first session of each problem, comprising 50 
trials with each stimulus. Because of the criterion adopted (see 
above), every new problem had at least one complete session 

of training for each animal. Learning curves with stimuli of type 
1 W start at 100% errors on trial 1, and are in this way similar 
to reversal learning, but learning curves with stimuli of type 1C 
start at 0% errors on trial 1, and are in this way dissimilar from 
reversal learning. The average of the 1 C and 1 W learning curves 
is the overall learning curve, starting at 50% correct, i.e., chance 
level. The error rate in the first lo-trial block (Fig. 4), is less 
than 50% on average insofar as some learning takes place during 
the first 10 trials. Analysis of variance of the 2 types of error 
rates in these sessions showed (in confirmation of the analysis 
above of errors to criterion) that the groups differed significantly 
in the total of errors committed (F = 5.046, df 2,7, p < 0.05) 
and that the fomix-transected animals made more errors than 
the normal animals (F = 6.218, df 1,7, p < 0.05), while errors 
made by the group with sulcus principalis lesions did not differ 
from those made by the normal animals (F < 1). More impor- 
tantly, the group factor did not interact with the 1 W vs. 1C 
factor (F = 1.257, df2,7), showing that the fomix-transected 
animals’ impairment was not limited to the 1W (reversallike) 
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Figure 3. Errors to criterion for the 3 groups. Vertical bars indicate 
the range of individual animals in each group. 

case. In the normal and sulcus principalis groups, the first 10 
trials with a new stimulus are sufficient to bring average per- 
formance to an error rate below 10%; learning is slower in the 
fomix-transected animals, both for the 1 C and for the 1 W types 
of stimuli. 

Errors to criterion were also classified into false withdrawals 
(withdrawal when approach was the correct response) and false 
approaches (approach when withdrawal was required). False 
withdrawals were 54% of the total. The number of false with- 
drawals did not differ significantly from the number of false 
approaches (F < l), and the group factor did not interact with 
the false approach vs. false withdrawal factor (F < 1). Thus, 
the impairment of the fomix-transected animals was not specific 
to one or other of the 2 response requirements. 

Discussion 
Fomix transection clearly impaired learning in this task. The 
effect was not only on one or other of the 2 responses (approach 
or withdrawal), nor only in cases where a reversal of the initial 
response preference was required (Fig. 4). The magnitude of the 
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impairment following fomix transection in the present task (Fig. 
3) was similar to that previously observed in simultaneous visu- 
ospatial conditional learning (see Fig. 4 of Gaffan et al., 1984a), 
and it is therefore reasonable to relate the one impairment to 
the other in the fashion for which we argued in the introduction. 

The effect was specific to fomix transection rather than sulcus 
principalis ablation; this observation is consistent with the view 
that sulcus principalis ablation impairs the use of kinesthetic 
cues rather than the selection of an appropriate motor response. 
The present results show only a single dissociation between the 
effects of fomix transection and those of sulcus principalis abla- 
tion. Further experiments are in progress that are designed to 
dissociate the effects doubly, by showing in the use of kinesthetic 
cues an effect of sulcus principalis ablation but not of fomix 
transection. Extended discussion of the function of sulcus prin- 
cipalis in spatial learning, in contrast to the function of the 
hippocampal system, is best postponed until the results of these 
further experiments are available, but the present results show 
the value of contrasting such lesion effects within an experiment. 

The present experiment used a learning task that was specif- 
ically designed to answer the questions outlined in the intro- 
duction. However, the present task is similar in some ways to 
the classical “go-no-go” task, introduced by Pribram and Mish- 
kin (195 5). One possibly important difference is that in go-no- 
go the animal can fulfill the no-go contingency passively, by 
making no response when the stimulus requiring that contin- 
gency appears; in the present task, the animal brings on the 
stimulus requiring the withdraw contingency by touching the 
spot at which the stimulus is to appear and must then actively 
withdraw. A further difference, whose importance was explained 
at length in the introduction, is the symmetrical reward contin- 
gency of the present task; in the classical task, go responses are 
rewarded with food but no-go responses are not rewarded. In 
both of these respects, the classical go-no-go task is not so 
similar to the present task as it is to a successive discrimination 
in which a single stimulus appears and signals either (if it is the 
positive) that reward is available for responses to it or (if it is 
the negative) that no reward is available no matter how the 
animal behaves. Operationally, the go-no-go task is solved when 
some defined proportion of no-go trials elicit no response within 
some time limit; similarly, the successive discrimination is solved 
when some defined difference of rate is observed between re- 
sponses to the positive stimulus and responses to the negative 
stimulus. As discussed at length by Gaffan et al. (1984a) and by 
Gaffan (1985) the successive discrimination task in this form 
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can be solved without new learning about movements. Rather, 
the positive stimulus becomes associated in memory with re- 
ward and the negative stimulus with nonreward, and the effect 
of these memories upon behavior is that the memory of reward 
promotes approach and contact, while the memory of nonre- 
ward promotes withdrawal. 

Fomix transection did not impair the rate of learning a suc- 
cessive discrimination of the type just described, similar to the 
classical go-no-go task (Experiment 6 of Gaffan et al., 1984a). 
In that experiment, the singly appearing positive and negative 
discriminanda were object-place configural cues: L on the left 
or R on the right were positive stimuli signaling reward, while 
R on the left or L on the right were negative stimuli signaling 
nonreward. Because these were the discriminanda, the result 
adds further weight to our contention that fomix transection 
does not impair learning about places as such, as opposed to 
learning about spatially directed movements. But more gener- 
ally, for comparison with other tasks, it should be noted that 
whatever the discriminanda, there is no evidence of an impair- 
ment following fomix transection in that type of successive dis- 
crimination, between a rewarded positive stimulus and an unre- 
warded negative stimulus. 

The results following fomix transection in these tasks can be 
related to some older experiments on go-no-go learning and 
hippocampal ablation. Mahut (197 1) taught go-no-go altema- 
tion with no reward on negative trials, as in the classical go- 
no-go discrimination task or the successive discrimination task 
just described, and found that monkeys with hippocampal abla- 
tion learned it as quickly as normal monkeys. Correll and Sco- 
ville (1967), on the other hand, taught a visual go-no-go dis- 
crimination task with reward for the no-go as well as for the go 
response, as in the task of the present experiment, and they 
observed an impairment in animals with hippocampal and 
amygdalar ablations in some of their conditions of testing (which 
from their report we cannot fully understand, however). These 
effects of hippocampal damage are apparently similar to those 
of fomix transection in tasks that are similar in some theoret- 
ically important aspects as we have emphasized, though differ- 
ent in numerous respects we have not discussed. But compar- 
isons between fomix transection and hippocampal ablation need 
in any case to be interpreted cautiously. Hippocampal ablation 
is often subtotal and accompanied by damage to visual asso- 
ciation cortex, and the amount of such damage may be related 
to the severity of visual learning impairments in the animals 
with hippocampal ablation, as shown by Malamut et al. (1984). 
Fornix transection, a technique introduced by Mahut (1972) 
has several great advantages as a method of experimental in- 
tervention in the hippocampal system, one of the most impor- 
tant being that fomix transection can be reliably produced with- 
out any damage to the visual association cortex at all. Particularly 
in visual tasks, the effects of total fomix transection are therefore 
more readily interpretable than the effects of hippocampal abla- 
tion. 

In the introduction we noted that some of the existing evi- 
dence of impaired spatial learning following damage to the hip- 
pocampal system could be interpreted according to either of 2 
hypotheses. One was that the lesion impaired learning about the 
interstimulus relations of objects, places, and food rewards; the 
other was that the lesion impaired learning about spatially di- 
rected movements. The present results support the second hy- 
pothesis by showing that the lesion impairs learning about spa- 
tially directed movements in a task where there is no role for 

learning about interstimulus relations; and these results must 
be added to earlier evidence, also in support of the second 
hypothesis, that the lesion does not impair associative learning 
about the rewards associated with objects in places (Experiment 
6 of Gaffan et al., 1984a). 

One form of high-level motor control is to specify as a goal 
some position or some direction, defined in a variety of possible 
ways, into which an animal or a part of the animal is to be 
translated; the result is a spatially directed movement. This form 
of control can be applied to reaching movements with the hand, 
as studied in most monkey experiments; to ambulation, as in 
most rat experiments; to bodily orientation; or to gaze direction. 
The influence of learning upon this form of motor control takes 
2 forms, the first of which is independent of the hippocampal 
system while the second depends on it. Interstimulus associa- 
tions can determine the movements that stimuli evoke, as when 
the association of a stimulus with food reward elicits gazing at 
the object, approach to it, and manual contact with it. But also, 
associations of stimuli with movements can determine the 
movements those stimuli evoke. This second form of learning, 
which we suggest is the function of the hippocampal system, 
itself takes several forms (Gaffan, 1985). In the task of the pres- 
ent experiment, the animal learns that one movement in re- 
sponse to a stimulus is rewarded while another is not, and the 
effect of that learning is to determine that the stimulus evokes 
the movement that is rewarded. A simpler case is exploration, 
an activity in which the memory of having looked at and ap- 
proached a stimulus elicits withdrawal from that stimulus, but 
the absence of a memory of having looked at and approached 
a stimulus elicits approach to it. Since exploration also is im- 
paired by fomix transection (Experiment 1 of Gaffan et al., 
1984b), it appears that the hippocampal system is in general 
important for all forms of learning and memory of associations 
between stimuli and spatially directed movements. Further evi- 
dence comes from specifically designed memory tasks, as op- 
posed to habit-formation tasks or observations of exploration. 
Fomix transection impaired monkeys’ ability to remember 
whether they had touched a stimulus or not (Experiment 4 of 
Gaffan et al., 1984b; Experiment 2 of Gaffan et al., 1984~). 
Memory of orientation and approach to a stimulus is of very 
general applicability to visual recognition-memory tasks, where 
an animal must distinguish stimuli that have been looked at 
and approached (the samples) from stimuli that have not. Other 
types of memory may also contribute to recognition memory 
performance, depending on the details of the task; in particular, 
in the often-used recognition-memory tasks ofdelayed matching 
or nonmatching to baited samples, the memory of the food 
reward that accompanied a sample at its acquisition trial may 
help an animal to distinguish at its retention test that sample 
from a novel object, which does not elicit a memory of food 
reward. But any such contribution of food reward memories to 
recognition memory performance is specific to the tasks with 
baited samples; by contrast, it is difficult to imagine any visual 
recognition-memory task in which the acquisition trials do not 
involve the animal in orientation and approach to the stimuli. 
In this way, the association of stimuli with the animal’s own 
orientation and approach to them plays a very general role in 
recognition memory tasks, comparable to that of the “universal 
association” envisaged by Gaffan (1976). 

A broad range of information is now available on the effects 
of fomix transection both upon sensory memory and upon the 
learning and memory of spatially directed movements. An im- 
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portant priority for future research, to test the hypothesis we 
have outlined above, is to examine the effects of fornix tran- 
section upon learning about voluntary movements that are not 
defined by the goal of a position or a direction. 
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