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ABSTRACT 

Spatial memory tasks known to be sensitive to hippocampal lesions in the rat 

were adapted to humans. These tasks and others known to be sensitive to medial 

temporal lesions in the human, were administered in order to investigate the effects of 

selective damage to medial temporal lobe structures of the human brain. The patients 

had undergone thermo-coagulation with a single electrode along the amygdalo-

hippocampal axis in an attempt to alleviate their epilepsy. With this surgical technique, 

lesions to single medial temporal lobe structures can be carried out. The locations of the 

lesions were assessed by means of digital high-resolution magnetic resonance imaging 

and software allowing a 3-D reconstruction of the brain. A break in the collateral sulcus, 

dividing it into the anterior collateral sulcus and the posterior collateral sulcus is 

reported for the first time. This division corresponds to the posterior border of the 

entorhinal/perirhinal cortex and the anterior border of the parahippocampal cortex, and 

therefore helped in the identification of the areas. The results confirmed the role of the 

right hippocampus in visuo-spatial memory tasks (object location, Rey-Osterrieth Figure 

with and without delay), and the left for verbal memory tasks (Rey Auditory Verbal 

Learning Task with delay). Patients with lesions to the right parahippocampal cortex 

were also impaired on a spatial oddball task, but not on the object equivalent. 

Surprisingly, patients with lesions either to the right or to the left hippocampus were 

unimpaired on several memory tasks, including a spatial one, with a 30 minute delay, 

designed to be analogous to the Morris water maze. Patients with lesions to the right 

parahippocampal cortex were impaired on this task with a 30 minute delay, suggesting 

that the parahippocampal cortex itself may play an important role in spatial memory. 



CHAPTER ONE 

INTRODUCTION 
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The first indication that the hippocampus plays a role in learning and memory 

came firom the study of case H.M. (Scoville and Milner, 1957). H.M. received a bilateral 

medial temporal lesion to help control his epilepsy, and subsequently became severely 

impaired in remembering events that had just happened, or people he had seen. For 

example, he could not recognize his doctors, psychologists, and nurses, though he was 

able to learn skills like mirror drawing, that is, drawing while looking at the paper 

through a mirror (Milner, 1966) or he could leam the proprioceptive motor component 

of a tactile maze shown by reduced latencies, while the number of errors remained 

constant (Corkin, 1965). This influenced much of the subsequent animal research. 

Experiments showed that rats or monkeys with hippocampal lesions were impaired on 

some memory tasks (for example, recognition or spatial memory) while they were able 

to leam others (for example, associative learning). This evidence was critical to the 

formulation of multiple memory systems theory (Nadel and CKeefe, 1974; Hirsh, 1974; 

Gaflfan, 1974). Further exploration of the learning and memory impairments that occur 

after lesions to specific structures of the brain is now underway. 

Current research focuses on determining the unique contribution to memory 

made by each of the various structures within the medial temporal lobe. Most of this 

recent evidence comes from research with monkeys, because lesions to selected brain 

areas can be carefully controlled, and fi-om research with rats because 

electrophysiological recordings in the behaving rat are currently more advanced than in 

the monkey or the human. Human research has generally been limited because lesions 

are typically large and diffuse, especially in patients with epilepsy who had "en bloc" 

resections, patients who were involved in accidents causing brain damage, or patients 

with brain diseases. When the patients who undergo testing have diffuse damage, it is 

impossible to determine the possible causes of any learning impairment with precision. 
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but more importantly damage to dififerent parts of the medial temporal lobes may cause 

various impairments that can not be dissociated from each other. Lesion size could have 

been an important factor influencing the formulation of more general theories of memory 

function in the human. The theories that emerged from work with rats, monkeys and 

humans have therefore evolved in different ways. Of course, because monkeys and rats 

do not possess language, we are also limited to subsets of tests that are used with 

humans. In an attempt to clarify the role of the hippocampus in learning and memory, I 

studied patients with small medial temporal lesions that were carefiilly characterized by 

magnetic resonance images, a neuroimaging technique of high resolution, with software 

allowing a 3-dimensional visualization of the brain. This digital image provides the 

opportunity to slice the brain in coronal, horizontal and sagittal sections, thus allowing a 

better visualization of the lesion as compared to the use of histological sections. These 

patients were tested on both standard neuropsychological tests and customized tests 

modeled after those used with rats and monkeys, in an attempt to further clarify and 

understand the role of various medial temporal structures, especially the hippocampus 

and the parahippocampal cortex, in memory. It was hoped that this would provide 

additional links to the knowledge gained in research with rats and monkeys. 

The patients we tested had epilepsy, and the medial temporal lobes are the site of 

epilepsy most common for surgical removals. For these reasons, I start by describing 

epilepsy as well as medial temporal lobe circuitry, and its afFerents and efferents, in some 

detail. The subsequent section will be devoted to the kinds of learning and memory 

impairments that occur after bilateral or unilateral damage to the medial temporal lobes, 

and how these resuks influenced current theories of amnesia. Current data from work 

with both monkeys and rats will then be described. Finally, a survey of existing human-

rat or human-monkey comparisons is presented. 
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Epilepsy 

Many advances in the analysis of learning and memory with humans have come 

from the study of patients who suffer from intractable epilepsy, with concomitant 

resections of epileptic tissue from the medial temporal lobes. There are several types of 

epilepsy, distinguished in terms of the clinical characteristics of the epileptic seizures and 

electroencephalography features. Other factors such as the etiology, age of onset and 

genetic faaors contribute as well. There are 2 general classes of epilepsy, termed 

"generalized" and "partial". An epileptic seizure involves transient clinical events due to 

excessive and hypersynchronous neuronal activity in the cerebral cortex (Trop et al., 

1996). The clinical features correlate with the site of origin of the epilepsy or remote 

sites indirectly activated by the propagation of the epileptic discharge. They can involve 

motor behavior, primary sensory occurrences, sensations, loss of consciousness, or loss 

of muscle tone. Syndromes previously called "grand mal seizures" and "petit mal 

seizures" are currently called "tonic-clonic seizures" and "absence seizures" respectively. 

The term "psychomotor seizure" has been replaced by "complex partial seizure". 

Epilepsy could be caused by putative genetic or biochemical abnormality (Trop et al., 

1996). 

Patients with severe epilepsy often have neuronal loss, or atrophy associated 

with the side of the epileptic focus, as shown by volumetric measurements of the 

hippocampus on MRI scans (Jones-Gotman, 1996). Such patients are impaired on 

specialized memory tests (Abrahams, et al., 1997; Jones-Gotman, 1996). There is a 

memory impairment for locations (Abrahams, et al., 1997) or abstract designs (Jones-

Gotman, 1996) in the case of epilepsy in the right hemisphere, and a memory impairment 

for abstract words in the case of epilepsy in the left hemisphere (Jones-Gotman, 1996). 

I 
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Such hemispheric lateralization has previously been described in patients with unilateral 

lesions as described below. 

Medial Temporal Lobe Anatomy 

The kind of epilepsy that can be treated most effectively by neurosurgery, 

without noticeably compromising behavioral outcome, is medial temporal lobe epilepsy. 

The medial temporal lobes comprise the hippocampus proper, the dentate gyrus, the 

subicular complex, the entorhinal cortex, the perirhinal cortex, the parahippocampal 

cortex, the amygdala, the periamygdaloid cortex, and the piriform cortex. What is 

referred to as the hippocampus proper are the CA fields of the hippocampus. The 

hippocampal formation or area usually is taken to include all the CA fields, the dentate 

gyrus, the subicular complex, and the entorhinal cortex (Amaral, 1993). It is unclear 

what is meant by the hippocampal memory system. The hippocampal system was 

originally defined by Mishkin (1982) to include the hippocampus, amygdala, and 

diencephalic target areas. Squire (1987) added that we will only know what structures 

are part of the hippocampal system with more data on the amnesic effect of these other 

structures. In this case the hippocampal system can refer to the hippocampal formation 

and other structures in the medial temporal lobe, i.e. the fornix, the parahippocampal 

gyrus, perirhinal cortex and should but does not always include target areas such as the 

septal area, and the mamillary bodies. The term hippocampal system has been used as a 

synonym of the medial temporal lobe memory system, but as argued further down, it is 

an oversimplification which is now outdated, since other medial temporal lobe structures 

have mnemonic properties as well (Murray, 1996). 

Most of our current understanding of the neuroanatomical connections to and 

fi-om the hippocampus come fi^om studies done in rats and monkeys. The equivalent 
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cytoarchitectonic areas of the rat and monkey brain, such as those of the hippocampus 

proper, the dentate gyrus, the entorhinal, perirhinal and parahippocampal (post-rhinal) 

cortices, the fornix, the septum, the thalamus and the mamillary bodies are found in the 

human brain, and therefore similar interconnections are assumed. For summary figures 

of the circuitry of the hippocampal formation, adapted fi"om Amaral and Witter (1989), 

and inputs to the hippocampal formation, adapted fi"om Suzuki and Amaral (1989) see 

Figures 1.1 and 1.2. 

The main inputs to the rat and monkey hippocampus arise from the entorhinal 

cortex, and the septal region. In the rat, major inputs arise fi-om the contralateral 

hippocampus whereas in the monkey similar connections exist but they are meager and 

insignificant in the most rostral part of the hippocampus. Other inputs include the locus 

coeruleus, raphe nuclei, and possibly the ventral tegmental area, the mamillary bodies, 

the anterior nucleus of the thalamus, and the amygdala. 

The most significant inputs to the hippocampus come fi"om the entorhinal cortex. 

Fibers fi^om layer II of the entorhinal cortex enter via the perforant path and synapse 

with CAS and FD, and fibers fi-om layer HI synapse directly on CAl. The septal input 

represents the second most significant input to the hippocampus. Septal fibers enter via 

the fimbria, dorsal fornix, supracallosal striae, and the amygdaloid complex. The septal 

input is mostly cholinergic and GABAergic. Commissural connections enter via the 

fimbria and the fornix dorsally where the 2 fomices are connected by the hippocampal 

commissure. Input fi-om the mamillary bodies enters the hippocampus via the dorsal 

fornix, and via a ventral route. The anterior nucleus of the thalamus projects to the 

subiculum and the medioventral nucleus of the thalamus (or nucleus) reuniens projects 

to CAl. 
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The major projections to the entorhinal cortex in the rat come from the perirhinal 

and postrhinal cortices (Burwell et al., 1995). The rat postrhinal cortex was found to be 

homologous to the monkey parahippocampai cortex, based on topology, histochemistry, 

and connectional criteria (Burwell et al., 1995). The rat perirhinal and postrhinal cortices 

in turn receive projections from widespread neocortical areas (see Burwell et al., 1995 

for review). The proportion of sensory inputs to the perirhinal and postrhinal or 

parahippocampai cortices is spread across all sensory modalities in the rat, whereas in 

the monkey it is primarily visual. For this reason I will describe the cortical inputs to 

these regions in the monkey. Approximately two thirds of the inputs to the macaque 

monkey entorhinal cortex come from the parahippocampai and perirhinal cortices 

(Insausti, Amaral, and Cowan, 1987); about 15% come from the cingulate or 

retrosplenial cortex, and the rest of the inputs to the entorhinal cortex come from the 

orbitofrontal cortex, the dorsal superior temporal cortex, olfactory bulb/piriform cortex, 

and parainsular cortex. 

The perirhinal cortex receives 64% of its inputs from visual areas TE and TEO. 

The second largest source of input to the perirhinal cortex comes from the 

parahippocampai cortex (25%). The rest of its inputs (about 11%) come from the dorsal 

superior temporal sulcus, orbitofrontal, insular, superior temporal and cingulate gyrus. 

The inputs to the parahippocampai area TF, which is immediately lateral to area 

TH, come from the visual areas V4, TEO, TE in large part (41%) but also from the 

retrosplenial cortex (21%), dorsal superior temporal sulcus (16%), and the visuospatial 

area posterior parietal cortex (8%). In addition the parahippocampai cortex receives 

inputs from the perirhinal, frontal, and insular cortices. Parahippocampai area TH 

however, receives half its inputs from adjacent area TF. Other inputs come from the 

retrosplenial cortex (24%), the auditory superior temporal gyrus (9%), the dorsal 
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superior temporal sulcus (8%), and the remaining inputs arise from the visual areas, the 

frontal and insular cortices. 

One major output system of the hippocampus proper is via the fimbria/fornix, to 

the anterior commissure, septal complex, mamillary bodies, ventromedial nucleus of the 

hypothalamus, and the anterior nucleus of the thalamus. Other major outputs are to the 

subiculimi, and to the deep layers of the entorhinal cortex. The output of the dentate 

gyrus is to CAS and several collaterals confined to the hilar region of the dentate. 

There are several case reports of patients becoming anmesic after lesions to 

various diencephalic areas (mamillary bodies, various nuclei of the thalamus), as well as 

septal areas and the fornix (Mennemeier, Fennell, Valenstein, and Heilman, 1992; 

Tucker, Roeltgen, TuUy, Hartmann, and Boxell, 1988; Von Cramon, and Schuri, 1992) 

or due to damage to the parahippocampal gyrus (which includes the perirhinal and 

entorhinal cortices). These hippocampal input and output nuclei must have some role in 

learning and memory, but a lesion to these can also disconnect the hippocampus, acting 

as a functional hippocampal lesion. It is therefore diflBcult to dissociate the mnemonic 

role of the hippocampus from that of the other related structures. 
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CA3 

CAl 

Figure 1.1; Summary diagram of the intrinsic circuits of the hippocampal formation. 
Abbr; DG, dentate gyrus; EC, entorhinal cortex; PrS, presubiculum; PaS, 
parasubiculum; S, subiculum. Adapted from Amaral and Witter (1989). 
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Figure 1.2: "Circuit" diagram illustrating the organization and strength of cortical inputs 
to the entorhinal, perirhinal, (area 35/36), and parahippocampal (areas TF and TH) 
cortices. The thickness of the lines represent the strength of the connections. Adapted 
from Suzuki and Amaral (1994). 
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Bilateral Lesions to the Medial Temporal Lobes in Humans 

Failure to leam new information after an insult to the brain is termed anterograde 

amnesia (AA). AA can be explained by damage to the structures important in encoding 

information, so that new incoming information has no way of getting into long-term 

memory. AA can also be explained in terms of forgetting, or retrieval failure. Failure to 

recall events that occurred before the insult to the brain is termed retrograde amnesia, 

and has also been observed in humans. 

The first indication that the hippocampus (H) is involved in learning and memory 

came from studies of patients who underwent bilateral medial temporal lobe resections 

(MTL) as treatment for intractable epilepsy (Scoville and Milner, 1957). Bilateral 

damage to the MTL produces a profound learning deficit for new words, faces, events, 

facts, places and more (Scoville and Milner, 1957; Milner, 1965; Milner 1972; Zola-

Morgan et al., 1986). 

There are several cases of humans with learning impairments (anterograde 

amnesia) due to hippocampal system damage that deserves a special mention. At age 27, 

H.M. had a bilateral mesial temporal lobe excision which was thought to include the 

hippocampus, the amygdala, the parahippocampal gyrus (this is the classical 

neuroanatomy term refering to the entorhinal, perirhinal, and parahippocampal cortices), 

the piriform cortex, and more (Corkin, 1984). The purpose of the excision was to 

alleviate intractable epilepsy that interfered with H.M.'s daily activities. It was effective 

in stopping his grand mal seizures (not the petit mal seizures), but it also prevented H.M. 

from acquiring new information. H.M. also had retrograde amnesia dating back to the 

age of 16. It is not possible to decipher how much of the retrograde amnesia was due to 

the brain surgery, and how much was due to improper encoding of the information due 

to a dysfunctional hippocampal system since H.M. had 10 petit mal seizures per day, and 
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1 grand mal seizure per week prior to surgery. In addition, H.M. was taking iieavy 

anticonvulsant drugs since he was 16 years of age (Corkin, 1984). One of the most 

influential findings with H.M. was that despite his memory loss, he had unimpaired 

cognitive functions and sensory capacities. 

Patient R.B. had a complete bilateral CAl lesion after a stroke, with detectable 

memory impairments (Zola-Morgan, Squire, and Antiaral, 1986). His memory 

impairments were much less severe than H.M.'s, but they were detectable by standard 

neuropsychological tests (paired associates, story recall, and diagram recall) and by 

casual observation. R.B. had no RA when tested on standard neuropsychological tests. 

Recent imaging data (Corkin et al., 1997) on H.M.'s brain shows extensive 

damage going much beyond the hippocampus at the anterior sections, while the 

posterior sections are completely intact. About half of the hippoczmipus (2 cm) and the 

entire parahippocampal cortex, was preserved bilaterally. The amygdala, entorhinal 

cortex, and perirhinal cortex were partially damaged; and underlying white matter 

associated with the anterior portion of the inferior, middle and superior temporal gyri 

"may have been compromised" (Corkin et al., 1997) as previously suggested by Horel 

(1978). Also, H.M. has considerable cerebellar atrophy. The authors conclude that in 

view of the dramatic memory impairment that H.M. suffers, the undamaged portions of 

the hippocampus and medial temporal lobes are not sufficient to sustain normal memory 

fiinctions. Whether the preserved tissue is functional is currently under investigation with 

functional neuroimaging studies. 

Declarative Memory 

Cohen and Squire (1980) proposed that the kind of learning and memory 

impairment resulting from damage to the MTL should be distinguished from other kinds 
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of memory deficits that involve skill or procedural learning. They postulated that the 

hippocampal system is important for "declarative" memories (Squire, 1987), that is, 

explicit information that is consciously accessible and concerned with events and facts. 

Procedural (or non-declarative) memory, by contrast, is concerned with implicit 

information that is not directly or consciously accessible including motor, perceptual, 

and cognitive skills. This notion of declarative memory may have some utility in 

describing the functions of the entire medial temporal lobe memory system, which 

includes at least the hippocampal formation (CA fields, the dentate gyrus, the subicular 

complex, the entorhinal cortex), and parahippocampal gyrus (perirhinal and 

parahippocampal cortex), but there is evidence showing that the perirhinal cortex and 

the hippocampus play different roles (Murray and Mishkin, 1996a). Each of these 

structures can be seen as contributing in a "unique" way to overall memory function. In 

this view, the unique contribution of the "hippocampus", not to be confused with the 

hippocampal system, may very well be spatial or contextual learning, i.e. the spatial 

temporal characteristics associated with a task which does not have to be spatial in 

nature (cf Nadel, 1992; Nadel, 1994). 

Cognitive Map Theory 

In parallel to the findings with H.M., research in rats has led to the hypothesis 

that the hippocampus computes and stores a cognitive map of space (OTCeefe and 

Nadel, 1978). This view is based on the discovery of "place cells", hippocampal 

pyramidal cells that discharge in cell-specific parts of environment called "place fields" 

(OTCeefe and Dostrovsky, 1971; reviewed by McNaughton et al., 1996; Muller et al., 

1996; OTCeefe 1979, but see Bures et al., 1997). Cognitive map theory asserts that the 

hippocampus is a learning system that processes information about place and time, while 



29 

Other, so-called "taxon" learning systems process information about categories, reward, 

and so on (OKeefe, and Nadel, 1978). This theory makes specific predictions about the 

hippocampus, postulating that it processes a specific kind of information, namely spatial. 

It is a testable theory, and perhaps hundreds of lesion experiments have confirmed 

deficits in the spatial domain after damage to the hippocampus. In humans, the cognitive 

map theory ascribes the comparable spatial role of the hippocampus to the right 

hemisphere. 

Unilateral Lesion to the Medial Temporal Lobes in Humans 

Only unilateral resections of the temporal lobe are currently being performed in 

humans. With some exceptions (Mesulam, 1985; Maguire et al., 1996a), right sided 

MTL lesions are correlated with memory deficits for the location of objects (Smith and 

Milner, 1989; Pigott and Milner, 1993) and left sided lesions, with verbal memory 

deficits (Milner, 1965; Tucker et al., 1988; Von Cramon and Schuri, 1992; Hodges and 

Carpenter, 1991). 

Patient K.W., a woman with a left fornix lesion due to a discrete tumor that was 

surgically removed, had a severe verbal learning deficit (Tucker, et al. 1988), in contrast 

to her ability to recall visual spatial information. Oral presentation of the stimuli was 

more affected than visual presentation of the stimuli. And finally, her deficits were more 

severe when stimuli were presented sequentially rather than simultaneously. This 

evidence is consistent with numerous other indicators of laterality of the information 

processed by the hippocampus, such that the left hippocampus is important for 

processing language, and the right for processing space (Milner, 1965; O'Keefe and 

Nadel, 1978). 
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Von Cramon and Schuri (1992) described the case of a patient D.C. who 

underwent surgery for removal of arterio-venous malformation. The surgery damaged 

several structures, including the left fornix, cingulate bundle, dorsal hippocampus, 

superior parietal lobule, and left caudate. This patient exhibited severe explicit learning 

deficits for verbal material, and retrograde amnesia (RA; amnesia for information 

processed before the surgery) extending back 2 months. This further confirms laterality 

of the kind of information processed by each hippocampus, and that the two months RA 

may be due to a consolidation failure (see Nadel and Moscovitch, 1997). 

Hodges and Carpenter (1991) describe two patients with removals of colloid 

cysts who both ended up having left fornix damage, concomitant marked anterograde 

amnesia, and some retrograde amnesia. The anterograde amnesia was for both verbal 

and non-verbal memory, the non-verbal funrtion did improve to some degree. The 

retrograde amnesia of case 1 stretched back for about 12 months, then over the course 

of a few months, it gradually decreased to about 4 weeks. The RA of case 2 was initially 

for 18 months then a few months later decreased to about 4 weeks. These reports 

suggest a degree of lateralization of the information, and that initially the extent of the 

RA was due to a retrieval deficit since the RA became less severe later on. The 

information was still there, but rendered inaccessible. Since 4 weeks of RA never 

improved, this part may be a consolidation failure (see Nadel and Moscovitch, 1997). 

In a study of memory for the spatial location of objects. Smith and Milner (1989) 

found that patients with left or right temporal lobe excisions performed as well as 

control subjects when asked to recall the location of objects immediately after 

presentation. However, the patients with right temporal excisions including extensive 

resections of the hippocampal region were impaired when a delay of four minutes was 

imposed between presentation and recall. These results show that patients with right 
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hippocampal region lesions were able to encode the spatial location of the objects, but 

they rapidly forgot this information relative to patients with left temporal lesions, 

patients with smaller right hippocampal region lesions and normal control subjects. 

Pigott and Milner (1993) reported a study of memory for complex visual scenes 

where right temporal lobe patients were compared to left temporal lobe patients, to right 

or left frontal lobe patients, and to normal controls. There were two left temporal groups 

and two right temporal groups, differing in the amount of hippocampus removed. Left 

temporal groups were impaired on a verbal memory test. The right and left frontals, the 

left temporals, and the normal controls all scored similarly on all complex visual scenes. 

Only the right temporal patients with large hippocampal removals were impaired in the 

recognition of the relative location of objects in the scene, the inference being that the 

right hippocampus is critical in processing the spatial location of objects. 

Patients with learning and memory impairments typically suffered from head 

trauma, reseaions of tumors or epileptic tissue, strokes, Alzheimers disease, Korsakoff's 

disease and Herpes Encephalitis, which rarely involve a single brain structure. When 

afiFerents to the hippocampus are damaged, this may result in a functional lesion since the 

hiopocampus becomes deprived of its inputs. Nonetheless, it has typically been assumed 

that the resulting learning impairments are caused by damage to the hippocampus. 

Modeling the Role of the Hippocampus in Monkeys 

It was initially thought that in the monkey, the hippocampus was not involved in 

spatial memory because monkeys with hippocampal lesions were capable of learning a 

task where a spatial location of different objects was constantly rewarded irrespective of 

the object qualities themselves (Mishkin, 1982). Rather it was thought that the 

hippocampus was involved in memory for objects (Mishkin, 1978). In the Delayed Non-
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Match to Sample (DNMS), one object is presented and after a delay the previous object 

and a new object are presented simultaneously, the monkey has to select the new object 

in order to receive a reward (Mishldn, 1978). When the hippocampus alone was 

lesioned, this did not produce a learning deficit on the DNMS; only when both the 

hippocampus and amygdala were lesioned, a severe impairment resulted in the DNMS 

task (Mishldn, 1978). The authors concluded that a learning impairment was not 

dependent on which structures were damaged, but how much medial temporal lobe 

tissue was damaged (Mishldn, 1978). Zola-Morgan and Squire (1986) then reported that 

this task is sensitive to lesions limited to the hippocampus, when in fact monkeys had 

undergone removals including other medial temporal lobe areas. 

Later, it was shown that the amygdala is not involved in DNMS (Zola-Morgan, 

et. al., 1989a-b), and that rhinal cortices around the amygdala are critical (Zola-Morgan, 

et. al., 1989a-b, Meunier, et al., 1993; Meunier, et al., 1996; Buckley, et al., 1997; 

Murray, et al., 1996b; Eacott, et al., 1994; Murray and Mishkin, 1996a). These findings 

showed that the perirhinal cortex and the parahippocampal gyrus are important in 

solving the DNMS (Zola-Morgan, Squire, Amaral, and Suzuki, 1989b). These structures 

were inadvertently damaged during the removal of the hippocampus and amygdala in 

earlier work. In fact, when the perirhinal cortex alone is destroyed, this causes a severe 

learning deficit on the DNMS task (Meunier, et. al., 1993; Murray, 1996). Monkeys 

with lesions to the hippocampus alone were not impaired at short delays (60 sec), but 

were impaired at long (10 minutes) delays during which they were removed fi"om the test 

context (Squire and Zola-Morgan, 1991). Monkeys with H lesions were not impaired on 

this task at delays up to 40 minutes, when they remained in the test chamber (Murray 

and Mishkin, 1996a). The impairment reported by Squire and Zola-Morgan (1991) may 

have been produced, not by the impaired recognition of the objects per se, rather by the 
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impaired recognition of the spatio-temporal context in which the test objects were 

previously seen. These results are supported by the underlying anatomy; the perirhinal 

cortex receives strong inputs from TE and TEO (Suzuki and Amaral, 1994), the 

pathways largely involved in processing visual object qualities (Cowey and Gross, 1970; 

Spiegler and Nfishkin, 1981;Tanaka, 1996). 

It was first thought that the hippocampus was not involved in spatial memory 

because monkeys with hippocampal lesions were capable of learning a task where a 

spatial location of different objects was constantly rewarded irrespective of the object 

qualities themselves (Nfishkin, 1982). But, Parkinson, et al., (1988) and Angeli, et al., 

(1993) found that resections of the hippocampus (which included related regions such as 

the parahippocampal cortex) produced impairments in memory for the location of 2 

objects. However, Mishkin (personal communication) recently found no spatial memory 

impairments when Malkova and Mishkin tested the object-location task on monkeys 

with ibotenic acid lesions restricted to the hippocampus. fCstological data is pending, 

however, one of the 3 monkeys studied had severe bilateral atrophy of the hippocampus 

and the two others had milder atrophy. The suggestion is that the parahippocampal 

cortex which was inadvertandly damaged during the hippocampal resection in the study 

by Parkinson, et al. (1988) and not the hippocampus may be critical for this task. The 

parahippocampal cortex receives strong inputs from the parietal cortex (Suzuki and 

Amaral, 1994), the pathways largely involved in processing visual spatial information. 

The latest data are consistent with the notion that different kinds of information 

are processed in different brain structures. Murray's (1996) work shows that the critical 

structure involved in DNMS is the perirhinal cortex. The data from of the tasks adopted 

by Parkinson et. al. (1988), as well as Angeli et. al. (1993), show that the 

parahippocampal cortex may be involved in spatial memory. Different MTL structures 
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may each contribute to memory in different ways. Since lesions to the hippocampus do 

not interfere with a variety of other kinds of tasks, such as visual stimulus-stimulus 

associations, these data do not fit with the more general theories of hippocampal 

function. This conclusion is likely to apply to humans, as in monkeys, however few data 

are available in humans. 

Modeling the Role of the Hippocampus in Rats 

Hippocampal damage (Olton, et al. 1979a; Barnes, 1988; CKeefe and Nadel, 

1978; McNaughton et al., 1983), excitotoxic (Jarrard, 1991) and functional (Fenton and 

Bures, 1993) hippocampal lesions devastate spatial learning. The most common spatial 

memory tasks used in the rat showing disruptions by hippocampal damage are the radial 

maze and the Morris water maze. 

In the Morris water task (Morris, et al., 1981) rats locate a hidden platform in a 

fixed location under the water surface of a circular pool. The rats use a combination of 

distal and proximal cues to build a cognitive map which includes the location of the 

invisible platform in relation to the cues. This task is sensitive to bilateral hippocampal 

lesions in rats (Morris, et al,. 1982; Barnes, 1988). 

The 8-arm radial-maze is made fi"om a central platform to which rats can be 

restricted, for example with Plexiglas doors, with 8 alleys (arms) radiating from the 

central platform, 45° firom each other. Some food reward is usually placed at the end of 

each alley. In the working memory version of the spatial task, the food wells are not 

replenished within a single trial, therefore rats rapidly learn to visit each of the 8 arms 

once only. The rats must use the relations between the cues in the room in order to solve 

the task (Suzuki, Augerinos and Black, 1980). Occasionally, rats adopt a non-spatial 

strategy whereby they visit 8 consecutive arms until all the food is consumed. In these 
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instances the experimenter can selectively block adjacent arms with the Plexiglas doors, 

thus preventing non-spatial strategies. Lesions to the hippocampus produce profound 

impairments on the radial maze (Olton and Papas, 1979). 

With ibotenate lesions of the hippocampus, Jarrard (1993) confirmed the 

importance of the hippocampus in spatial learning and contextual learning. These studies 

also show that the corresponding impairments are not caused by destruction of white 

matter around the hippocampus, but that the hippocampus itself is critical for spatial or 

contextual learning. 

General Memory Models 

The rodent hippocampus has also been argued to be critical for more general 

classes of learning (Sutherland and Rudy, 1989; Cohen and Eichenbaum, 1993), but 

problems with these views have emerged (Gallagher, and Holland, 1992; Whishaw, and 

Tomie, 1991; Rudy and Sutherland, 1995, Jarrard and Davidson, 1991). 

Sutherland and Rudy (1989) postulated that "the [hippocampal] configural 

associative system combines the representation of elementary stimulus events to 

construct unique representations and allows for the formation of associations between 

these configural representations and other elementary representations". The relational 

model (Cohen and Eichenbaum, 1991) suggested that the hippocampal system plays a 

role in declarative memory, and that "the stored outcomes of processing experiences are 

represented within highly interconnected networks, with connections among 

informational elements forming multidimensional spaces characterizing possible 

relations". The working vs. reference memory (Ohon, et. al., 1979a) model states that 

the hippocampus processes incoming data about a specific, personal, and temporal 
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context, which goes into "working" memory. The rules and procedures that do not 

change from one instance to another are stored by a "reference" memory system. 

These views regarding a more general role of the hippocampus in memory have 

been tested on non-spatial tasks, such as recognition memory and concurrent 

discrimination learning, and complex representational learning, such as conditional 

discrimination and negative patterning learning, none of which appear to be sensitive to 

rats with lesions of the rat hippocampus (see Jarrard, 1993 for review). 

Electrophvsiologv 

Compared to primates, there has been considerably more electrophysiological 

investigation of the rodent hippocampal formation and as a result somewhat different 

views of hippocampal function have emerged from the primate and rat literature. In 

contrast to the primate memory storage view, the general view from rat studies is that 

the hippocampus is an "information processing" device. Certainly, the hippocampus is 

involved in memory, it stores information, but it also seems to transform the information; 

the inputs are quite different from the output. The cells of the afferent entorhinal cortices 

(Quirk et al., 1992) are less common and much less location-specific than the CAS and 

CAl place cells. Place cells reflect memory in that place fields get sharper during the 

initial exposure to an environment (Wilson and McNaughton, 1993) and are stable 

across time (Thompson and Best, 1990) but in addition, the hippocampus must 

transform positionally non-specific inputs into location-specific discharge. 

In order to develop an "information processing" view of temporal lobe structures 

it is necessary to correlate neuronal activity with the subject's behavior. This work is in 

its early stage in monkeys (Rolls and OMara, 1995; Ono et al., 1991) and humans (Fried 

et al., 1997; Halgren,1991). Location specific neurons have been recorded from the 
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intracerebral temporal lobe activity (EEG) have been correlated with identifiable events 

such as visual and auditory target stimuli, and novel faces and words (Halgren et al., 

1994; 1995; Halgren and Smith, 1987). Most recordings have been made while the 

patient was sitting, talking, and responding to photographs and computer images. 

EEG recordings have been invaluable to understanding how the hippocampus 

processes information. Vanderwolf (1969) first described a large amplitude 7-10 Hz 

oscillation dominating the hippocampal EEG ("theta") during "instrumental" or 

"voluntary" behaviors. The neural origins of the theta rhythm have been researched 

extensively (see Bland, 1986) but theta research has also proceeded because of its 

presumed role in the processing of information within the hippocampus (Winson, 1972). 

Hippocampal neurons have interesting relationships to ongoing theta activity. Pyramidal 

place cells are more location-specific during theta activity and their action potentials 

tend to occur at the positive peak of theta cycles recorded fi-om CAl (Fox et al, 1986). 

In fact the phase relationship between the theta oscillation and a place cell's action 

potentials "precesses" from one theta cycle to the next and this may encode detailed 

spatial and temporal information (O'Keefe and Recce, 1993; Skaggs et al., 1996). 

A lesion to the medial septum also completely eliminates theta rhythm typically 

recorded in the hippocampus (Stewart and Fox, 1990). It has been suggested that this 

theta rhythm is a sort of pacemaker for the hippocampal cells (Stewart and Fox, 1990). 

Septal inactivation will also disrupt the spontaneous activity of CA3, and DG units, 

leaving CAl units firing at normal rates (Mizumori, Barnes, and McNaughton, 1989). 

Septal lesions/inactivations have disruptive effects on the hippocampal system. However 

lesions selective to the cholinergic neurons of the basal forebrain (including the medial 

septum) do not impair spatial learning in the water maze (Baxter et al., 1996). 
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Although intracerebral theta-Iike activity has been recorded from the 

hippocampus of humans (see Robinson, 1980), it is not commonly observed. In fact, 

Halgren et al., (1978) argue that the EEG tends to desynchronize during movements. It 

should be pointed out however, that intracerebral recordings have only been collected in 

a restricted set of circumstances during which the subject is often passive and attending 

to an experimental manipulation. Recordings have not been made during active 

voluntary exploration, searching, and the sorts of behavior during which the theta 

rhythm dominates the hippocampal EEG in rats. 

To summarize, rodent research has shown that the hippocampus is involved in 

spatial cognition, but this relative clarity contrasts with the current state of primate 

research which has not confirmed its involvement in object recognition memory, once 

thought to depend on the hippocampus and now associated with the surrounding 

perirhinal area. Whether the hippocampus is necessary for spatial memories is also an 

open question since memories for object locations may be dissociable from the memories 

that underlie spatial navigation. 

Comparison Between Humans and Rats 

Laboratory animals are commonly used in attempts to model complex functions 

such as memory, and to provide the means to carefully explore the neural mechanisms 

underlying these capacities, yet the kinds of tasks used in rats and those used in humans 

have traditionally differed in important ways. Human neuropsychological memory tests 

typically focus on recognition or recall of stories, paired associates, word lists, digits, 

designs, and shapes, using immediate tests, or short or long term delays (Lezak, 1995). 

These neuropsychological tests are administered by a psychologist at a desk or 

sometimes in front of a computer, but rarely are patients given tasks that allow them to 
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move around in an environment. Rats on the other hand, are almost always required to 

produce behavioral responses, often by moving around the environment during various 

kinds of learning and memory experiments. This is true for spatial memory tasks, as well 

as tasks requiring stimulus-stimulus associations, stimulus-reward associations, 

avoidance tasks, and object discriminations, which often take place in a box, a radial 

maze or in an open field. So the large literature regarding the effects of hippocampd 

lesions in rats and humans reflect the use of very different test batteries in order to 

evaluate memory function. Nonetheless, many have compared memory mechanisms 

across species assuming that these tasks are in some way equivalent. For instance spatial 

memory in the rat is taken as an example of declarative memory in humans (Squire, 

1987). The purpose of the present research was to develop tasks for humans that are 

closer to the kinds of tasks used in rat studies, with an emphasis on spatial memory. 

Such tasks could then be used to more carefully delineate the specific roles of the 

various structures in the hippocampal region. 

There is a small number of studies which directly compare humans and rats 

tested on similar tasks. There have been some attempts to directly compare rat and 

human memory (Wright and Watkins, 1987), e.g. the use of serial position effects 

(DiMattia and Kesner, 1984; Harper, et. al., 1992). Humans are typically asked to 

remember a list of items and the best recalled items are the ones which appeared early in 

the list (primacy effect) and late in the list (recency effect). Primacy and recency effects 

were found in rats when the complexity of the task was increased to 7/12 spatial 

positions to be remembered (Harper, et. al. 1992). Digit span was also found to be 

comparable for both humans and rats (7 ± 2) while using a probability model which 

takes into account random guessing (Glassman, et. al., 1994). Spatial memory has also 
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been tested in human subjects with variants of the radial maze and water maze, however, 

analysis of these studies reveals great variability in the way the tasks were administered. 

Water maze 

Jacobs et al., (In Press) used a virtual arena task in which a human subject views 

a room on a computer screen. The subject can move around with a joystick and view all 

the walls of the room. The goal is to find a location on the floor that becomes blue when 

the subject is on it. There is a reduced number of distal cues, i.e. cues that are at a 

distance from the goal. This seems to render this task quite diflBcult, but it also 

encourages the use of allocentric spatial memory. Surprisingly, after some training, 

subjects take on average about 50 sec to reach the target, which is a very long time in 

relation to the Morris water maze with rats. The subjects' path show that they learn to 

go directly to the goal just as rats do. 

Overman et al, (1996) describe a large open field, where an arena of 200 ft 

(60m) in diameter was created. Subjects were escorted to a goal location and led outside 

the arena blindfolded. The task was to find the goal location again. Subjects learned the 

task very quickly, in 2 trials. On the first trial subjects find the goal in 1.6 times the most 

direct route, and almost use a direct route on the 2nd trial (the latencies or distances 

were not provided). 

In the same article. Overman et al., (1996) tested children in a "real" water maze 

analog. Subjects had to look for a treasure chest with candies, hidden inside a circular 

pool filled with plastic chips, such that the treasure box was invisible to the subject. The 

pool was 12 feet in diameter and adults were not tested. The oldest children (8-9 yrs 

old) crossed about 12 feet to reach the goal in the water maze analog (latencies were not 

given) on the 2nd day (trial 5 to 10). Interestingly, when the children were not told that 
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the treasure box was at a constant location, occasionally, after 2 days of optimal 

performance some children had unusually long latencies. When asked why, the children 

explained that they had gone to the previous location and that the box was not there and 

so they imagined that the experimenters "tricked" them and searched for the box in other 

areas of the pool. Indeed the children had gone very close to the box location but had 

just missed it. The authors interpret this as a change in cognitive strategies which is not 

observed in rats. They report that during probe trials, when the platform is removed 

from the water, rats extensively search the learned location. This is correct; however, 

during the initial days of training, some rats behave exactly like the children who had a 

"change in cognitive strategy". They seemed to know where the platform was located 

for a number of trials, and then they go off looking for the platform all over the pool. It 

is possible that the extensive training given to rats is like the instructions given to 

humans; showing that the box is at a constant location. This task does seem to be very 

similar to those used with rats, and the example described above shows that the 2 

species may be more similar than the authors discuss. 

Radial maze: 

Some of the radial maze tasks used with humans encouraged the use of a spatial 

strategy, or prevented the use of a systematic (non-spatial) strategy (Mangan et al., 

1994; O'Connor and Glassman, 1993; Glassman et al., 1994; Abrahams et al., 1997), 

whereas others did not (Overman et al., 1996; Owen et al., 1997). 

Abrahams et al., (1997) reported a task involving nine boxes placed on a table. 

Subjects had to remember in which of the 9 boxes 4 objects were placed. In order to 

prevent egocentric strategies, subjects were asked to select boxes from memory, but 

also, subjects had to move around the table with the test stimuli between their choices. 
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The normal subjects' performance resulted in about 4 errors, after 5 learning trials. This 

seemed to be a very different task in relation to the standard radial maze, perhaps it is 

more complicated because subjects must remember the locations of the boxes placed on 

a table and because the boxes are very close to each other in relation to the size of the 

room. However, this task does involve memory for locations which encourages the use 

of allocentric memory. 

Owen et al., (1997) tested subjects on a computerized working memory task 

with 8 squares, inside which a reward (coin) randomly appears. The subjects must select 

squares, one after the other, until they find the reward (coin), and on the subsequent 

attempt to find a coin they should avoid previously rewarded squares. Normal controls 

make 15 working memory errors when they have to search through all 8 boxes. This 

seems like a very high error rate, which may reflect the difficulty of the task. In addition 

to remembering the location of rewards, this task encourages the use of a non-spatial 

strategy, where the subject should select boxes in the same sequence during each 

attempt. If subjects do not use this strategy, then this task becomes even more difficuh 

because they also have to remember the boxes selected during the search for other 

rewards. This produces interference which is not controlled. Impairments found on this 

task may either be related to problems in spatial memory or to the lack of an efficient 

strategy. 

Overman et al., (1996) also adapted the radial maze to humans. It looks exactly 

like the radial maze used with rats, excepts the alleys are large enough for a child to 

enter. In their task, subjeas were allowed to use non-spatial strategies. Resuhs indicated 

that adults made 0.23 errors out of 8 (90% correct), on the first trial. Authors were 

interested in the ratio of spatial vs non-spatial strategies used, and found that older 

children used more spatial strategies than young children. 



Glassman, et. al. (1994) used a 17 and 13 arm maze, 15 m in diameter painted on 

a grass outdoor field. Subjects were instructed to not use a systematic strategy but 

rather to choose the arms at random, and memorize them. Subjects were told that this 

experiment was done in order to test whether their short-term memory was as good as 

that of the rat. Subjects made on average 2.6 errors on the first 17 choices. O'Connor 

and Glassman, 1993) used a similar design and instructions, with the exception that the 

17 arm maze was drawn on a sheet of paper. After 7 trials, subjects made approximately 

2 errors, and after 14 trials they made 1 error. These tasks are more similar to those used 

with rats because the subjects were asked to remember the spatial locations without 

using a non-spatial strategy. 

We described several adaptations of tasks used with rats. All are quite different 

in nature, with dififerent instructions, procedures and task requirements. The observation 

of such a large variability in the human versions of the water maze and radial maze make 

it very hard to compare them to one another, let alone to compare them with rats. In 

spite of this, we placed lots of efforts in having the human subjects solve our versions of 

these tasks with spatial strategies, as rats do. We wanted to test spatial memory in a real 

life setting, and at the same time in a way that is aggreable to the clinical environment. 

Tasks used with rats have influenced neuropsychological tests used with humans and this 

is an important step toward bridging the knowledge acquired with different species. 
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Comparison between Humans and Monkeys 

Comparisons between monkeys and humans have been reported (see Zola-

Morgan and Squire, 1990; and Diamond, 1990, for a summary). Diamond (1990) found 

that normal human infants as well as normal monkey infants can remember in which of 2 

wells an object was placed for certain delays, and that the delay during which subjects 

can remember increases as they get older. However it is unclear whether this task 

depends on the hippocampus (Diamond et al. 1989). Impairments were found in both 

amnesic patients and monkeys with hippocampal-amygdala and underlying cortex 

lesions, on memory tasks such as the delayed non-match to sample, retention of object 

discriminations, concurrent discriminations (with and without delay), and object-reward 

association. Monkeys with MTL damage and humans amnesics were not impaired on 

skill learning tasks (see Zola-Morgan and Squire, 1990). While it is important to 

compare performance on these tasks in humans and monkeys, current efiforts focus on 

parsing out the roles of the various medial temporal lobe structures in monkeys, so 

hopefully this will influence research with humans as well. 

The Present Studv 

The unique contribution of the work reported in this dissertation consists of 1) 

testing patients with selective unilateral medial temporal lesions aimed at the amygdala 

and hippocampus, which resulted from an unusual neurosurgical approach and 2) testing 

these patients on a series of memory tasks, specifically aimed at taxing spatial memory, 

which were adaptations from tasks typically administered to rats. 

This unique group of patients live in Prague, Czech Republic. Their epilepsy was 

treated by very small and selective thermo-coagulation lesions. The goal of this study is 

to test whether human subjects with such selective lesions to the hippocampus are 

i ! 
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impaired on tasks similar to those used in rats with lesions to the hippocampus. For this 

purpose we tested this selective patient population on a large range of spatial memory 

tasks that included spatial or non-spatial paradigms comparable to ones used with rats, 

monkeys, as well as a paradigm similar to one already used with humans. 

All the memory tests were performed in an environment as small as 9 m^, 

showing that these tests can easily be used in clinical settings where space is often 

limited. These tasks allow subjects to learn while moving about and interacting with their 

environment. In this study we emphasized spatial memory tasks in order to further 

understand the role of the hippocampus in spatial memory. The emphasis of the current 

dissertation is to find out whether as in rats, humans with lesions to the hippocampus 

will be impaired on spatial memory tasks. Because other MTL structures also seem to be 

very important in learning and memory, during our neuroanatomical evaluation of the 

brain lesions, we paid particular attention to damage to the parahippocampal and 

perirhinal cortex. 

The RPH was thought to be important in spatial memory for several reasons: 

1) Lesions to the RPH in humans leads to loss of memory for spatial locations, or 

orientation (Habib and Sirigu, 1987). These studies did not show that lesions to the RH 

did not result in a spatial memory deficit as well so a fiinctional hippocampal lesion 

produced by the RPH lesion still remained a possibility. 

2) Recent lesion studies in the monkey showed a dissociation implicating the perirhinal 

cortex and not the hippocampus for object recognition memory (Murray and Mishkin, 

1996a). This provided the evidence that cortices surrounding the hippocampus could 

also play a role in memory. 
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3) The parahippocampal cortex was a candidate for spatial memory since it receives 

spatial inputs from the parietal cortex, as well as direct mputs from primary auditory 

cortex and V4. 

4) Neuroimaging studies have implicated the parahippocampal cortex in spatial 

navigation in virtual reality environments. 



CHAPTER TWO 

GENERAL METHODS 
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SUBJECTS 

Rats: Two groups of subjects were used in the following experiments. 

Ten naive Long-Evans rats were used for the water maze and 10 Druckray rats 

were used for the radial-maze. The data gained from these rats were part of larger 

experiments conducted in the same laboratory, and published elsewhere; for the 8-arm 

radial maze in Markowska, Buresova, and Bures (1983) and for the water maze, 

pretraining of the lidocaine group in Bohbot et al., (1996). They were obtained from the 

breeding facility of the Institute of Physiology, Czech Academy of Sciences. Rats were 

grouped by five in large cages, and were kept on a natural light schedule and constant 

room temperature. They had free access to food and water while being tested on the 

water task, and had free access to water while being tested on the radial maze. The rats 

used for the radial maze were reduced to 85% of their free feeding weight before the 

start of the experiment. 

Humans: Nine groups of subjects were used in the following experiments. See table 1 

for a summary of the tasks each group were assigned to. In general, the first group was 

used as NC on most tasks for experiments 1 and 2, the groups 2 and 3 were used to 

control for the non-visual spatial exploration task, and the groups 4 to 9, presented in 

table 2, were used in all tasks in experiment 3. 

Group 1. Normal Controls: 

Twenty-six normal subjects (mean age; 38 years old) were tested on the non-

visual spatial exploration task (blindfolded condition), the invisible sensor task (trials I 

and 2), the S-arm radial-maze, and the non-spatial working memory task. This group is 

presented in Experiments 1 and 2. 
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Group 2. Normal Controls: 

Eight normal subjects (mean age: 26.4 years old) served as controls in the non-

visual spatial exploration task (visual memory and visual observation trial). This group is 

presented in Experiment 1. 

Group 3. Normal Controls: 

Ten normal subjects (mean age 37.2 years old) served as controls in the non-

visual spatial exploration task (random placement of objects). This group was presented 

in experiment 1. 

Group 4. Back-Pain Control group: 

Eight patients with back pain problems, without any disorders of the central 

nervous system (mean age: 41.4 years old) were tested on the invisible sensor task (trials 

1, 2, and 3), as well as the object location task (recall, recognition, and novelty 

detection) of Experiment 1. The same patients were also tested as controls for the 

patients with epilepsy, with and without brain lesion, in all tasks presented in Experiment 

3. 

These control patients were staying at the Neurology Department of the First 

Medical Faculty, Charles University, Prague, for back pain problems. They were 

selected to be as similar as possible in age (see table 2), socio-economic background and 

education to the patients with lesions in the medial temporal region. 

Group 5. Epilepsy Patient Control group: 

Ten epileptic patients without brain lesion and mostly with complex partial 

seizures of probable temporal origin were used as controls (see table 2). They were out-
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and in-patients of the Neurology Departments of the First Medical Faculty of the Charles 

University or of the Na Homolce Hospital. The patients were on non-toxic AntiEpileptic 

Drug (AED) therapy similarly to that received by the operated patients. This group was 

considered a good control group because they suffer from the same neurological disease 

as the brain-operated patients. 
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Table 1. Summary of Group Assignment 

Task Group: 1 2 3 4 5-9 

NVSM Blindfold 3.1/3.2/3.5 5.5 

Vis Mem 3.1/3.3 

Vis Obs 3.1/3.4 

Random 3.1 

1ST (!•*) Tl 3.9/3.10/4.2 3.6 not shown 

IST(IR) T2 3.9/4.2 3.7 5.6 

1ST (DR) T3 3.8/3.9 5.7 

OL (A-B-C) 3.11 5.8 

RMAZE 3.12/4.3/4.4 5.9 

CARDS 3.13 5.10 

RO IR+DR 5.11/5.12 

RAVLT IR+DR 5.13/5.14 

OD ST+OT 5.15-5.18 

WAIS Table 2 

WMS Table 2 

LESIONS 5.1-5.4 

Table 1; Group assignment and figures where the resuhs are displayed. Groups 1, 2, 3 
are Normal Controls. Group 4; patients with back-pain (controls). Groups 5: patients 
with epilepsy, without lesion. Group 6: LPH: patient with a lesion to the left 
parahippocampal cortex. Group 7: LH to the left hippocampus. Group 8; RH to the 
right hippocampus. Group 9: RPH to the right parahippocampal cortex. NVSM; non-
visual spatial memory. Blindfold; blindfolded; Vis Mem: visual memory; Vis Obs: visual 
observation. 1ST: Invisible sensor task; Tl: trial 1; IR or T2: immediate recall or trial 2, 
DR or T3: delayed recall or trial 3. OL: object location task. A: recall, B: recognition, 
and C: novelty detection. RMAZE: radial maze, CARDS: non-spatial working memory, 
RO: Rey Osterrieth Complex Figure, RAV: Rey Auditory Verbal Learning Task, OD: 
oddball task, OT: object task, ST: spatial task. 



Table I. Subjects 

Group Sex Age Wechsler IQ Wechsler Memory Scale 
M F Mean Range Mean Range Mean Range 

Back-Pain Patient Control 5 3 41.4 29-57 119 96-133 126 98-143 
Epileptic Patient Control 5 5 26.5 17-43 99.3 80-129 107.1 99-143 
Right Hippocampal 5 1 36.8 29-49 103.2 88-131 105.2 84-126 
Right Parahippocampal 1 2 40.3 38-42 88.0 82-98 88.3 81-97 
Left Hippocampal 1 3 44.5 37-53 91.8 87-96 94.8 89-103 
Left Parahippocampal I 0 34 - 99 - 87 -
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Groups 6 to 9. Brain-operated groups: 

Fourteen patients who underwent brain surgery at the Neurosurgery Department 

of the Center Military Hospital, Prague, in an attempt to alleviate pharmacologically 

intractable epilepsy, are reported here (see table 2). Patients with Wechsler IQs below 

75, psychiatric disorders, or with gross brain atrophy were excluded from the study. 

Patient KoA had a left glass eye and showed normal vision, he therefore remained in the 

study. All patients were right handed. The patients were tested 4 to 17 years (mean: 9 

years) postoperatively. Three patients were seizure free after the operation, 8 patients 

experienced a 50% decrease in their seizures and 3 patients continued to have seizures 

after the operation. All patients were on AntiEpileptic Drug (AED) therapy at the time 

of testing. None of the patients had clinical symptoms of overdose. Nine Patients had a 

combination of 2 drugs, 3 patients had a combination of 3 drugs, and 2 had 

monotherapy. AED overview (number of patients); carbamazepin (11), primidone (4), 

valprolate (3), phenytoin (3), clonazepam (2), lamotrigine (2), vigabatrin (2), 

barbiturate(l). The patients' performance was not aflFected by clinical or EEG seizures 

on the day of testing. 

LOCALIZATION OF THE LESIONS 

All brains were transformed into standard space (Talairach and Toumoux, 1988) 

before the structural analysis. On the basis of the MRIs, the following medial temporal 

lobe structures were examined in each patient. These also included neighboring 

structures, for example a lesion to the subicular complex was included with the lesion to 

the hippocampus, because the resolution of MRI did not allow us to make these 

distinctions. Inclusions of neighboring structures are described below. 
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Hippocampus (H): this included the hippocampus proper (CA fields), the dentate 

gyrus, and the subicular complex. In classical Neuroanatomy terms, the hippocampus 

includes the uncus, gyrus uncinatus, the band of Giacomini, and the intralimbic gyrus. 

Amygdala ("AV this included all of the amygdala complex, with the cortical 

nucleus (semilunar gyrus) and the periamygdaloid cortex. 

Entorhinal cortex fEC): includes the part of the medial temporal cortex that 

ventral to the amygdala (gyms ambiens) and the hippocampus and which lies medial to 

the anterior collateral sulcus (Amaral and Insausti, 1990; see Figures 2.1 and 2.2). The 

posterior limit of the entorhinal cortex was defined by the posterior end of the anterior 

collateral sulcus (see Figures 2.1 and 2.2). The anterior collateral sulcus in humans can 

be considered the equivalent of the rhinal sulcus in monkeys in that it maintains a close 

relation to the entorhinal cortex (Petrides and Pandya, unpublished observations). 

Perirhinal cortex fPRV- this area has the same anterior-posterior border as the 

entorhinal cortex and follows the entorhinal cortex to form the medial and lateral bank 

of the anterior collateral sulcus (Amaral and Insausti, 1990; see Figures 2.1 and 2.2). 

Parahippocampal cortex rPID: this is the cortex lying posterior to the entorhinal 

cortex and the perirhinal cortex, which continues along the posterior collateral sulcus 

(Figures 2.1 and 2.2), until the posterior limit of the hippocampus (also named posterior 

parahippocampal cortex). 

The parahippocampal, perirhinal, and entorhinal cortices are considered here as 3 

distinct areas formed by different architectonic types, and not taken together to comprise 

the classical neuroanatomical parahippocampal gyrus. Other structures such as the 

piriform cortex, adjacent inferior temporal cortex, fusiform, or retrosplenial cortex, were 

usually intact in the brain-operated patients, and will therefore no longer be considered. 

Only the areas damaged are described; structures not mentioned were intact. Damage of 
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less than 4 mm in radius was considered to be minor and is not fixrther mentioned. The 4 

mm cut-off was chosen because the distribution of lesion radius fell naturally at that cut

off and the length of the hippocampus on a sagittal plane is about 42 mm, so 4 mm 

corresponds to about 10% of the hippocampus (in a very crude estimate). Most of the 

lesions to the perirhinal or entorhinal cortices were very small and were accompanied by 

damage to the hippocampus or parahippocampal cortex. Patients with these lesions were 

therefore included in the corresponding hippocampal or parahippocampal group. 
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Figure 2.1 a) and b). This figure shows how the anterior coUateral sulcus ends while 
another nearby sulcus, the posterior collateral sulcus, forms and runs posteriorily until 
the end of the hippocampus, a) is a coronal section of a normal subject's MRI, at the 
level of the hippocampus, entorhinal cortex, perirhinal cortex, and the anterior collateral 
sulcus. The square in a) represents the part of the brain which is displayed in c-g 
(sections every 4 mm), b) is a sagittal section which shows that the anterior and 
posterior parts of the collateral sulcus are divided. Abb.; H: hippocampus. A; amygdala, 
EC; entorhinal cortex, PR; perirhinal cortex, PH; parahippocampal cortex, acs; anterior 
collateral sulcus, pes; posterior collateral sulcus, trans; transition area between the acs 
and the pes. Coordinates are in the Tailarach and Toumoux (1988) stereotaxic space; y 
refers to the mm behind the anterior commissure and x, mm from the midline. 
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Figure 2.2 c) to g). This figure shows how the anterior collateral sulcus ends while 
another nearby sulcus, the posterior coUateral sulcus, forms and runs posteriorily until 
the end of the hippocampus. The anterior collateral sulcus in c), is still present in d) but 
fades in e) and disappears in f). The posterior collateral sulcus appears in d), is shown 
lateral to the anterior collateral sulcus in e), and continues until the posterior limit of the 
hippocampus in g). This separation of the anterior and posterior collateral sulcus can be 
seen in the MRIs of lesioned patients, and it is especially clear in patient PV. Abb.; H: 
hippocampus. A; amygdala, EC; entorhinal cortex, PR; perirhinal cortex, PH; 
parahippocampal cortex, acs; anterior collateral sulcus, pes; posterior collateral sulcus, 
trans: transition area between the acs and the pes. Coordinates are in the Tailarach and 
Toumoux (1988) stereotaxic space: y refers to the mm behind the anterior commissure 
and x, mm from the midline. 
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APPARATUS 

Rats: The pool used in the water maze experiment was 2 m. in diameter and the platform 

was submerged about 3 cm below the water surface, in one of 4 potential locations. The 

8-ann radial maze was 40 cm long, the arms were 8 cm wide and 7 cm high. Feeders 

were placed 2 cm from the end of the alleys. 

Humans: Testing for all spatial tasks, with the exception of the Rey-Osterrieth Complex 

Figure, and the spatial oddball task, was done in a rectangular room, approximately 3 m. 

X 3 m. (see Figure 2.3 for a schema of the room). The room had 2 doors, on opposite 

walls. Several fixed cues were present in the room; a heater, a sink, a picture mounted 

on the wall. The room was entirely carpeted. Due to the constraints of the testing room, 

the proportions in size of human/room were different from the rat/room ratio. 

Adjacent to the spatial testing laboratory, there was a room where the non-

spatial working memory task and the spatial oddball task were administered. The Rey-

Osterrieth Complex Figure and the Rey Auditory Verbal Learning Task were 

administered along with the WAIS and the WMS by the Neuropsychologist of the 

Neurology Department of the 1 st Medical Faculty, Karlovo University, in her office. 

Testing: Rats were trained before comparing their performance with humans subjects. 

Humans were given instructions before the start of each task so that they understood all 

the task requirements. Humans subjects in the normal control group (Group 1) were 

given money reward instead of food reward, while being tested on the 8-arm radial-

maze. Specific details about each of the tasks are provided below. 
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Door 2 
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Heater 

Door 1 

scale: 1 m 

Figure 2.3: Top view of the spatial memory experimental room. Doors and fixed objects 
are indicated. 



Task 1: Non-Visual Spatial Exploration 

The non-visual spatial exploration task was influenced by path integration 

experiments done with rats and gerbils (Nfittelstaedt and IvCttelstaedt, 1980) in the sense 

that the subjects must keep records of paths taken relative to a stable landmark (like the 

entrance door) in order to orient themselves in space. In standard path integration tasks, 

learning is measured by observing whether the subject can find a direct route to a target 

in the dark after having navigated in the dark environment. In our task, learning was 

measured by asking subjects to place on a map, the location of objects they found in the 

dark. Visual input was removed by blindfolding subjects, who therefore had to keep 

track of their movements in order to orient themselves in space while exploring a room 

with 3 objects. Although visual cues were absent, other sensory cues, for example 

sounds coming from the corridor, could not always be controlled. Therefore subjects 

had to orient themselves using primarily vestibular, proprioceptive or kinesthetic input, 

and occasionally auditory input. 

Three objects (chair, trash can, and a stand/ or box) were placed in the room, not 

too close to the walls and not too close to each other, as shown in Figure 2.4 (filled 

shapes). Subjects from group 1 and groups 4-9 were blindfolded and allowed 3 minutes 

to explore the room with the 3 objects. Heavy objects were used in order to prevent 

displacement caused by the blindfolded subjects. They were later asked to reconstruct 

from memory the location of the objects in the following way: they were presented with 

a piece of paper containing a schema of the room (9x9 cm), and given sticky paper 

icons (1x1 cm) to mdicate where in the room they thought the objects were located 

(see Figure 2.4 unfilled shapes for an example). The experimenter gave the following 

instructions before the experiment started: 
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You will be blindfolded and you will enter a rectangular room with 3 
pieces of furniture, i.e. a chair, a trash can at knee level, and a stand. 
You have 3 minutes to explore the room. Then you will be led out of the 
room and we will provide you with a plan of the room with the entrance 
door. You will have to place the 3 target objects according to where you 
think they were located in the room. Note: in the room you may also 
encounter a sink and a heater, it is not necessary to remember the 
locations of these two objects. 

During the instructions the experimenter showed the plan of the room with the 

little icons representing each object that had to be placed on the map. If the patient did 

not find all the objects within 3 minutes, then the experimenter would say "continue 

searching and you will find the object". After another minute; "is there a place that you 

did not visit?". 

Exploration is another measure of hippocampal function (OTCeefe and Nadel, 

1978), thus while subjects searched for the objects, the experimenter traced exploration 

paths on paper for subsequent analysis. 

Another group of subjects (group 2) was tested on visual spatial memoiy, i.e. 

memory for the location of objects observed visually for 10 sec., during which subjects 

were standing inside the room, about half-a-meter fi-om the doorway. After having 

viewed the objects, subjects were led out of the room, the door was shut, and subjects 

were given the schema on which they had to place the objects. This group served as a 

control for the non-visual condition. The difference between the two groups was the 

modality of input, one group using kinesthetic input, the other visual input. Group 2 was 

then asked to place the objects on the schema of the room while they were standing in 

the room looking at the objects. This test assesses the maximal accuracy possible when 

translating the visual input to the schema on paper. 

Performance was measured in terms of the distance between the center of the 

actual location of the objects on the map (e.g. Figure 2.4; filled square), and the location 
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of the center of the objects as indicated by the subjects, on the map (e.g. Figure 2.4; 

unfilled square). The distance measured on the map was translated to real distance 

between the objects. The blindfolded condition was compared to the two visual control 

conditions in which the subjects could look at the 3 objects, and either had to 

reconstruct the location of the objects fi"om memory or were allowed to indicate the 

location of the icons while they were still in the room. All three conditions were 

compared to chance performance, which was defined as the error resulting firom 

placement of the objects in the room in the complete absence of any knowledge about 

object location. In order to establish this random control, a different group of subjects 

(Group 3) was simply asked to place objects within the same room schema with the 

instructions "These paper icons each represent one object (pointing to the paper icons). 

The identity of these objects is not important. If you wanted to place these objects in the 

room (pointing to the schema), where would you place them?". The average error in this 

group of 10 subjects was taken as the level of performance that might be expected when 

a subject had no knowledge of the room layout, and placed the objects on the schema at 

random. 
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Figure 2.4; Non-visual memory: example of the "real" location of the 3 objects (filled 
shapes) and the placement of the objects by a subject (empty shapes) who explored the 
room blindfolded. Square: chair, triangle: trash, and circle: stand. 
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Task 2: Invisible Sensor Task (1ST) 

In the Morris water task (Morris, et al., 1982) rats locate a hidden platform in a 

fixed location under the water surface of a circular pool. Here, we adapted the Morris 

water task to humans by hiding a sensor under the carpet, and the goal of the task was 

to locate the sensor as quickly as possible. 

Rats: In the reference memory version of the Morris water task, rats are required to 

locate a hidden platform in a fixed location. The working memory version of the water 

task involves changing the location of the platform to one of 4 possible locations, at the 

beginning of each day. Rats then learn to search for the platform in a semi-random 

marmer on the first trial, then significantly improve their latencies over the subsequent 

trials. 

It was necessary to use the working memory version (variable platform location) 

as opposed to the reference memory version (fixed platform location) in order to 

compare learning over the first 2 trials in both species. Training rats on the working 

memory version of the water maze involves two days of training with the platform at a 

fixed location (12 trials per day), and 14 days of training with the platform at one of 4 

potential locations at the beginning of each day (8 trials per day). The data fi^om the 14th 

day were presented here. A video camera linked to a computer enabled us to record the 

rats' trajectories. 

Humans: A version of the Morris water task was created for humans by hiding a sensor 

under the carpet of the testing room (Figure 2.5). The invisible sensor is a detector of 

the patient's position based on a flexible plate capacity sensor, dimensions: 100 x 100 x 

1 mm. The sensor was placed away fi-om walls and away fi"om significant cues (heater 



67 

and sink). This sensor emitted a pleasant sound when stepped on and the task of the 

subject was to locate it as quickly as possible, note its position with respect to room 

landmarks (trial I), and then go back to the entrance. About 30 sec. later, the subject 

was asked to enter the same room by the other door and to try to go straight to the 

invisible sensor (trial 2). After a 30 minute delay a third trial was administered starting 

from the same door as in trial 1. Since subjects found the sensor by chance on trial 1, it 

is unlikely that they could follow the same route to find the sensor on trial 3, when 

starting from the same door. Group 1 was tested on this task on the learning trial (trial 

1) and on the immediate recall trial (trial 2), while groups 4 to 9 were additionally tested 

in the delayed condition (on trial 3). The subjects' search paths were traced on a diagram 

of the room by an experimenter who was standing by Door 1 (Figure 2.3) of the room. 

Search patterns were also recorded and analyzed. 

The experiment started with the following instructions; 

In the room you are about to enter there is a hidden sensor under the 
carpet. You will hear a tone when you step on it. Explore the room and 
try to find this sensor. Note its position with respect to the visual 
landmarks in the room. Ten sec. after you find the sensor, the room 
lights will be turned off. Then go back to the entrance. You will then 
enter the same room by another door. Try to go straight to the hidden 
sensor. Note that the sensor is 10 cm by 10 cm and so you must take 
little steps while you try to find it, or else you may miss it if your steps 
are too large. 

After the subject finds the sensor, the experimenter said "explore the location, 

the sensor is under which foot? Move back and make sure you know exactly where it is 

located". For the second and third triails the experimenter gave the following 

instructions: "The sensor is at the same location as before. Please try to find it as quickly 

as you can." 
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Figure 2.5: Invisible sensor task; example of the location of the sensor and its wire 
connected to the sound emitting box. The sensor was 10 cm by 10 cm and it was 
covered by carpet. 
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Task 3: Object Location 

The spatial location of objects task is designed to test memory for multiple 

objects and their spatial locations (Smith and Milner, 1989), but in addition the subject is 

allowed to walk inside the room, amongst the objects, while encoding the information. 

In order to solve this task, patients must have the ability to encode spatial relations, and 

encode which objects were occupying which place. 

A. Recall 

Subjects from group 4 to 9 were allowed to observe the room for 10 seconds 

and had to remember 4 objects (briefcase, stand, kettle, and flowerpot) and their 

respective positions. Immediately afterwards subjects had to reconstruct from memory 

the spatial layout of the 4 objects on a schema of the room. They were presented with a 

piece of paper containing a schema of the room (9x9 cm), and given sticky paper icons 

(from 7 mm diameter to 15 mm length) to indicate where in the room they thought the 

objects were located. The experimenter gave the following instructions: 

Look at the room for 10 sec, then the lights will be turned off. You must 
remember the location of the following 4 objects: briefcase, stand, 
kettle, and the flowerpot. You will be provided with a plan of the room, 
please indicate where you think the following 4 objects: briefcase, stand, 
kettle, and the flowerpot were located. 

Sometimes subjects want to stop looking before the 10 sec. have elapsed. In this 

case the experimenter said "You must take all the time, it is important that ail subjects 

look for the same amount of time". 

An example of the real spatial location of objects is shown in Figure 2.6. The 

four different layouts of objects shown in Figures 2.8 (A to D) were also used. Figure 

2.7 has an example of the position of the objects estimated by a subject from memory 



70 

after having seen the room for 10 seconds. The error is measured by the diflFerence 

between the center of the real location of the objects (Figure 2.6) and the location of the 

center of objects estimated by the subject (Figure 2.7). 



Figure 2.6; Object location task; schematic representation of the location of objects that 
subjects memorized while looking at them when standing inside the room. Objects are 
placed to scale with the real room coordinates. Rectangle; briefcase, filled circle; kettle, 
circle inside circle; stand, star inside circle; flowerpot. 
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Figure 2.7: Object location task: example of the location of objects recalled by a subject 
by placing the sticky icons on the map. Rectangle; briefcase, filled circle; kettle, circle 
inside circle; stand, star inside circle; flowerpot. 
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Figure 2.8 (A-B): Example of the 2 layouts presented simultaneously with those of 
Figure 2.8 (C-D) during the recognition part B of the object location task. Rectangle; 
briefcase, filled circle; kettle, circle inside circle; stand, star inside circle; flowerpot. 
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Figyre 2.8 (C-D); Example of the 2 layouts presented simultaneously with those of 
Figure 2.8 (A-B) during the recognition part B of the object location task. Rectangle; 
briefcase, filled circle: kettle, circle inside circle: stand, star inside circle: flowerpot. 
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B) Recognition: 

In order to test whether subjects had encoded the information seen in the object 

location task but were not able to recall this information, we allowed the subjects (from 

groups 4 to 9) to try to recognize the correct layout of objects by simultaneously 

looking at 4 plans of different layouts of the objects in the room. The experimenter gave 

the following instructions: 

You will be shown 4 maps of different layouts (Figure 2.8) of the same 
objects as the ones that were in the room. Choose the one previously 
viewed (A, B, C or D). 

C. Novelty Detection; 

Another way to test whether subjects can remember objects in space is by 

changing the position of objerts and asking the subject to describe the changes. We used 

the knowledge subjects had gained regarding the position of objects in the previous task, 

and changed one object from its location, left one at the same place and switched 2 other 

objects. An example of the changes made is shown in Figure 2.9. These manipulations 

should allow us to see what kinds of changes the subjects are sensitive to. The 

experimenter gave the following instructions; 

You will enter the room and you will have 10 sec. to look around and 
see if you can detect any change in the location of objects. Do not 
answer while looking at the objects. After the 10 sec. you will be led out 
and you must answer questions by yes or no. 

The subjects viewed the objects after stepping inside the room and standing by 

the doorway. If subjects tried to answer while they were looking at the objects, they 

were told to "not answer now". Once outside the test room, the subjects were asked; 



Was there a change in the position of objects? (If yes) Did the briefcase 
change positions? the kettle? the stand? the flowerpot? Was there a switch 
in the position of two of the objects? (If yes) Which items were switched? 

If patients described their experiences the experimenter said "please answer the 

questions by yes, or no", (except for the last question). 



Figure 2.9: Example of the changes made during the novelty detection part C of the 
object location task. Rectangle: briefcase, filled circle: kettle, circle inside circle: stand, 
star inside circle: flowerpot. The position of the flower pot and stand were interchanged, 
the kettle was moved and the briefcase remained at the same place. 

! 
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Task 4: Eight-Arm Radial-Maze 

The 8-arm radial-maze is another spatial memory task typically used with rats 

(Olton and Papas, 1979). It involves learning to visit each of 8 baited arms originating 

from a central platform. A repeated entry within a trial is considered a working memory 

error. 

Rats: Rats were first adapted to the maze for several days, during which they had to 

learn to eat food scattered around the maze and to retrieve food from the arms. One trial 

consists of allowing the animal to make 8 entries, or to allow the rats to enter into all 8 

arms. One trial per day was given for 30 days. Errors consisted of the number of entries 

into previously chosen arms, made in the first 8 choices. 

Humans: A human 8-arm radial maze was created by placing 8 identical stands 1.4 m 

from a center point and at an equal distance from each other (Figure 2.10). On top of 

each stand was a cup containing one coin. The subjects from group 1 and groups 4 to 9 

were instructed to retrieve all the coins, within a limit of 16 choices. Only subjects in 

group 1 were able to keep the money acquired in the first 8 choices. Errors consisted of 

responses to previously chosen cups. The experimenter gave the following instructions: 

There are 8 stands in the room. If you remove the little plastic cover 
from the top of the stand, you will find a coin. When you find a coin, 
you should take it and replace the plastic cover as you found it. You will 
start from the center of the room and retrieve each coin in a random 
order, and you should visit each stand only once. You should retrieve all 
8 coins but you can only keep the coins from the first 8 choices. While 
you are in the center listen to instructions before visiting each stand. 
You will be instructed to make either half or a quarter of a turn, either 
to the left or to the right. During this time the lights will be turned off 
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The subjects were rotated m order to prevent them from visiting 8 adjacent 

stands in a sequence. Preventive measures are often used with rats, by e.g., restraining 

them in the center of the apparatus for about 10 sec. with Plexiglas doors, as described 

above. 

Additionally the experimenter instructed the patient not to try to use strategies 

like choosing one stand after the next, or to select 4 stands in a row on one side, then 

the other 4 m a row from the other side. The experimenter said; "Since we are noting 

your choices, we will be able to notice if you are using such a strategy, and in this case 

we will not be able to use your results". The patient was instructed to solve the task in 

the following way; "You must choose one stand at random, then remember which stand 

you selected. Then you must choose one stand, again at random, from the remaining 

unvisited stands. Again you should choose one stand at random and remember which, 

until all stands have been visited at least once." 
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Figure 2.10: This figure shows a top view of the testing room with the location of the 8 
stands used in the 8-arm radial maze. The cross indicates where subjects have to stand 
between choices. The numbers were used on the experimenter's sheet only. 
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Task 5: Non-Spatial Working Memory 

The goal of this experiment was to devise a non-spatial memory task that could 

easily be compared with the S-arm radiai-maze, similar to an object-non-match to sample 

task. The assumption is that such a task may not be dependent on hippocampus, rather 

this task may depend on medial temporal cortical areas surrounding the hippocampus, 

for example the perirhinal cortex. 

Subjects from group 1 and groups 4 to 9 had to select each of 8 white cards, 

made from thin cardboard folded in 2 or 3, thus forming various shapes. The cards 

differed only in shape (Figure 2.11), and each had a number between 1 and 8 inscribed 

inside. The subject had to select each card only once (based on the shape) and was 

allowed up to 16 choices. Each card had a monetary value, and subjects from group 1 

only were allowed to keep the money acquired in the first 8 choices. This task could be 

viewed as a non-spatial visual discrimination and memory task. Memory was measured 

by the number of errors made in the first 8 or 16 choices. The experimenter gave the 

following instructions: 

There are eight cards of different shapes each containing the numbers 1 
to 8. Take a card, unfold it, read the number, fold it again and return the 
card with the other ones. The cards will be shuflQed before the next 
choice. You must take each card only once. Again try not to use any 
strategies, but rather just remember all the previously selected cards. 

There were 2 measures of memory in this task; 1) the number of errors made in 

the first 8 choices, and 2) the number of errors made in the first 16 choices. The 16 

choices are given in order to allow the subject to find the missing cards after the first 8 

choices. 
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Figure 2.11; Example of the display of cards of various shapes used in the non-spatial 
working memory task. 

I 
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Task 6: Rey-Osterrieth Complex Figure 

This is a standard neuropsychological test in which subjects from groups 4 to 9 

were asked to reproduce a complex drawing (Figure 2.12) after having copied it. 

Additionally, subjects were asked to reproduce it after a delay of 30 minutes. See 

Caramanos et al., 1994 for an extensive analysis of performance on the Rey-Osterrieth 

by patients with right or left frontal or temporal lobe lesions). 

Task 7: Rey Auditory Verbal Learning Task 

This is a standard neuropsychological test which involves learning a list of 15 

words (Figure 2.13-A), by first hearing the list, then repeating it. After the 5 learning 

trials, an interference trial (Figure 2.13-B), composed of words not studied, is given. 

This is followed by the immediate recall trial reported in this study where subjects must 

recall the studied list. Subjects were asked to recall the list again after 30 minutes. 

Subjects from groups 4 to 9 participated in this task. 
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Figure 2.12 : Example of the Rey Osterrieth Complex Figure. 



85 

REY AUDITORY VERBAL LEARNING TASK 

A 

Learning List 

B 

Interference List 

Violin 

Tree 

Scarf 

Ham 

Suitcase 

Cousin 

Earth 

Knife 

Stair 

Dog 

Banana 

Radio 

Hunter 

Bucket 

Field 

Orange 

Armchair 

Toad 

Cork 

Bus 

Chin 

Beach 

Soap 

Hotel 

Donkey 

Spider 

Bathroom 

Casserole 

Soldier 

Lock 

Figure 2.13: Example of the list of 15 words studied in the Rey Auditory Verbal 
Learning Task (list A) and the words given during the interference trial (list B). 
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Task 8: Oddball Task 

Two computerized tasks were developed to assess memory for two types of 

information; changes in the spatial configuration of objects, and changes in the particular 

objects displayed. Two sets of stimuli were developed, each following the same format. 

These tasks were designed in the oddball fashion for use with Evoked Potentials (see 

Allen et al., 1994). 

Subjects from groups 4 to 9 were tested on this task, with the exception of 

patients KoA and MH from group 6 and patient FA from group 8. In each task, a 

standard display depicting 5 unrelated objects appeared on 80% of the trials, and 

alterations of this standard display appeared on 20% of the trials (see Fig. 2.14). On 

10% of the trials, a new object appeared in the place of one of the objects on the 

standard display (object change). On 10% of the trials, two of the objects from the 

standard display switched locations (spatial change). In any sequence of 10 displays, one 

spatial change and one object change occurred, with a standard display following each of 

these changes. The standard display which followed the object or the spatid changes 

were never included in the analyses, as these represented a change back to the standard 

condition. 

In each task, 5 blocks of 50 displays of objects were presented. Each block of 

fifty was comprised of 5 sets of 10 displays, such that only one object change and one 

spatial change occurred within each 10 displays. Each display was presented for a 

duration of 1496 ms, followed by a black screen of 1500 ms before the onset of the next 

display. For each trial, the subject's reaction time was recorded up to a maximum of 

1500 ms. The order of task presentation was counterbalanced. Each stimulus set was 
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used for either task, but for any given subject each stimulus set was used for only one 

task. 

Object detection task 

Subjects were presented with several of the standard displays, and then 

instructed to press the left shift key when the standard scene was presented (80% of the 

trials). When one of the five objects was replaced by a novel object (this happened 10% 

of the time) subjects were instructed to press the right key. During this task, an 

exchange of the position of two of the objects occurred on 10% of the trials as well. The 

subjects were instructed to ignore this spatial change and to press the left key. The 

keyboard was marked with the word "object" on the right, and the word "space" on the 

left in order to cue the subjects. 

Spatial detection task 

Subjects were presented with several standard scenes, different from those used 

in the object task, which appeared on 80% of the trials. Subjects were instructed to press 

the left shift key when the standard scene was presented. When two of the five objects 

exchanged positions (10% of trials), subjects were instructed to press the right shift key. 

During this task, one of the objects was replaced by a novel object on 10% of the trials. 

Subjects were instructed to ignore this object change and to press the left key. The 

keyboard was marked with the word "space" on the right, and the word "object" on the 

left in order to cue the subjects. 
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CHAPTER THREE 

EXPERIMENT 1: NORMAL CONTROLS 
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In this section, only normal control data is reported. No statistics were 

performed. This group is presented separately because it generated interesting results in 

itself and the strategies used are discussed in the first part of the detailed discussion (part 

n-A.). The second experiment aimed at comparing normal performance of rats and of 

humans, which in turn is discussed in part II-B. of the discussion. And the last 

experiment (3) is presented in the third experimental section, as well as in Part II-C. of 

the discussion. 

Task 1: Non-Visual Spatial Exploration 

During random performance, the error for each object, averaged for all subjects 

and all objects was 1921 mm. The error averaged across subjects is shown in Figure 3.1 

for each object. The average error for each of the 3 objects shown in Figure 3.1, under 

the blindfolded condition was 547 mm (for an example of the distribution of objects see 

Figure 3.2), which is different fi'om random performance and different fi"om the error 

measured in the visual memory condition; 278 mm (for an example of the distribution of 

objects see Figure 3.3). Thus, blindfolded humans were able to construct a cognitive 

map from movement integration which they later recalled from memory as shown in 

Figure 3.2 for 10 subjects. When visual confirmation was allowed (visual observation), 

error was reduced to 194 mm (Figure 3.1, and for an example of the distribution of 

objects see Figure 3.4). 

While exploring the room blindfolded, 21/26 subjects first searched around the 

walls of the room and then ventured inwards to find the objects (example shown in 

Figure 3.5). The other five subjects headed directly towards the center at the onset of 



the trial. Two of these used a zigzag strategy to find the objects, 2 did not seem to have 

a strategy at all, and the final subject used a spiral strategy to locate the objects. 

Task 2: Invisible Sensor Task (1ST) 

Retention was assessed by allowing the subject to enter the room by the second 

door and measuring how long it took to find the invisible sensor (trial 2; Figure 3.7). 

Learning is measured by latency, in seconds, to find the hidden sensor, and by 

improvement between the first trial (Figure 3.6) and the second trial (Figure 3.7). A 

third trial was given after 30 minutes (Figure 3.8). Latencies to reach the invisible sensor 

are shown in Figure 3.9. The first trial (Figure 3.9) shows considerable variability among 

subjects which is understandable since they found the sensor by chance. Trials 2 and 3 

(Figure 3.9 show almost no variability, indicating that once subjects learned the location 

of the sensor, they remember it, and can go directly to it on subsequent trials. 

Most subjects seemed to use a strategy while searching for the sensor. Many 

(19/32) used a zigzag strategy. These subjects would start searching along one wall, and 

then go back and forth in a parallel fashion until they covered the room (Figure 3.10). 

Another strategy was to go around all the walls, and explore in a circular fashion moving 

towards the center (in 13/32 subjects; Figures 3.6 and 3.10). 
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Figure 3.1; Mean error or distance (nun) between the estimated position of objects and 
the real location of objects during the test condition (non-visual spatial memory), the 
two control conditions (visual memory, and visual observation) and random 
performance of the non-visual spatial exploration. 
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Figure 3.2; Non-visual memory; placement of the 3 objects found during the blindfolded 
condition of the non-visual spatial exploration task. Subjects from group 1 (first 10 
subjects) placed the objects on the map by sight after having explored the room. Filled 
shapes correspond to the real location of objects and unfilled shapes correspond to the 
location of objects estimated from memory. Square: chair, triangle: trash, and circle; 
stand. 

f 
5 t 



94 

:> A 
o 

p 

a 

Figure 3.3; Visual memory; placement of the 3 objects seen in a control of the non-
visual spatial exploration task. Subjects from group 3 placed the objects on the map 
from memory after having seen them in the room. Filled shapes correspond to the real 
location of objects and unfilled shapes correspond to the location of objects estimated 
from memory. Square; chair, triangle; trash, and circle; stand. 
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Figure 3.4; Visual observation; placement of the 3 objects while the subjects from group 
3 were standing in the room with the objects, in a control of the non-visual spatial 
exploration task. Filled shapes correspond to the real location of objects and unfilled 
shapes correspond to the location of objects estimated from memory. Square: chair, 
triangle: trash, and circle: stand. 
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Figure 3.5; Example of the trajectory of a blindfolded subject exploring the room during 
the non-visual spatial exploration task. Circles indicate the location of the 3 objects. 



Figure 3.6; Invisible sensor task, trial 1; example of the path taken by a subject using a 
circular strategy while looking for the hidden sensor. 
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Figure 3.7; Invisible sensor task, trial 2; example of the path taken to reach the invisible 
sensor 30 sec. after trial 1, by the same subject who used the circular strategy shown in 
Figure 3.6. 
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Figure 3.8; Invisible sensor task, trial 3; example of the path taken to reach the invisible 
sensor 30 min. after trial 1, by the same subject who used the circular strategy shown in 
Figure 3.6. 
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Figure 3.9; Latencies to reach the hidden sensor as subjects from groups 1 and 3 
perform the invisible sensor task, an analog to the Morris water task. Trial I shows the 
latencies during the search for the sensor, trial 2 was given 30 sec. after trial 1, and trial 
3 was given after a 30 min. delay. 
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Figure 3.10; Invisible sensor task: search strategies. This figure contrasts the two 
different exploration strategies used by subjects while searching for the sensor hidden 
under the carpet. 



102 

Task 3: Object Location 

A. Recall 

The average displacement error in the object location recall task is shown in 

Figure 3.11. The error when subjects viewed the objects was 255 mm which is 

comparable to the error previously measured in the control for Task 1 (278 mm), when 

subjects also viewed objects for the same amount of time and recalled the objects' 

positions from memory. 

B) Recognition; 

All the subjects identified the correct map. This was expected since all subjects 

performed well in the recall task. 

C. Novelty detection: 

The subjects performed this task very well. They scored 100% correct when 

asked whether the displaced object had changed locations. When two objects were 

switched, the average detection score was 95% correct and the average detection score 

for the objects which did not change spatial locations was 90% correct. 
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Figure 3.11; Object location task; error or distance (mm) between the estimated position 
of objects by subjects and the real location of objects. Rectangle; briefcase, filled circle: 
kettle, circle inside circle; stand, star inside circle; flowerpot. 
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Task 4: Eight-Arm Radial-Maze 

Subjects made 0.7 mistakes in the first 8 choices (Figure 3.12). They performed 

very well in this task, selecting adjacent stands as frequently as they chose stands 

opposite from each other. When allowed to continue until they had visited all the stands, 

subjects made on average 1.8 errors. 

Task 5: Non-Spatial Working Memory 

Subjects averaged 0.7 mistakes on the first 8 choices and 2.9 errors when 

allowed to search until all cards were chosen at least once (Figure 3.13). 
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Figure 3.12: Performance on the 8-arm radial-maze, measured by the number of errors 
in the first 8 choices, and total number of errors made within 16 choices. 
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1st 8 choices 

Figure 3.13: Performance on the non-spatial working memory task, measured by the 
number of errors in the first 8 choices, and total number of errors made within 16 
choices. 



CHAPTER FOUR 

EXPERIMENT 2 : COMPARISONS WITH RATS 
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It was our original intention to compare human with rat spatial memory 

performance. We presented the normal control and the rat data on both the water maze 

and the radial maze, but when we tested patients with unilateral lesions to the 

hippocampus, the results differed from our expectations, that is, patients with lesions to 

the right hippocampus were not impaired on either the radial maze or the water maze. In 

retrospect, the lesions not being equal, a human rat comparison based solely on subjerts 

with intact brain data is insufiBcient and data with subjects who have equal lesions is 

necessary. A qualitative analysis of the subject's behavior is presented but further 

interpretation of the results should be made with caution. 

Task 2: Invisible Sensor Task 

Exploration while searching for the sensor was qualitatively similar in both rats 

and humans in that they both search from the periphery. Humans used several different 

exploration strategies when searching for the sensor (Figure 3.10). Most of the human 

subjects (18/26) used a systematic strategy, where they would start searching along one 

wall, and go back and forth in a parallel fashion until they covered the room. Another 

exploration strategy was to go around ail the walls, and explore in a circular fashion 

going towards the center (done by 8/26 subjects). Naive rats always swim around the 

walls of the pool during the first few training trials on the Morris water maze. They later 

leam to explore towards the center of the pool. Pretrained rats tend to swim around the 

periphery of the water maze at a certain distance from the wall, which will increase their 

probability of finding the platform (Figure 4.1). 
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Latencies to find the platform (rats) or sensor (humans) show that humans and 

rats are comparable on the second trial of this task, both going straight to the goal 

(Figure 4.2). The first trial shows a difference in latencies. 

Task 4: Eight-Ann Radial-Maze 

Humans made 0.73 mistakes (standard error: 0.13) in the first 8 choices (Figure 

4.3), which is comparable to performance in rats published in Markowska et al. (1983) 

(mean: 0.66, standard error: 0.095). Both groups performed very well in this task. The 

choice of arm or stand selection, showed similarities in both species (Figure 4.4). Rats 

(in Markowska et al., 1983) and humans both tend to select arms or stands that are 

positioned ±90° away (2 arms a%^ ay) fi-om the current selection about 35% of the time. 

However the rats tend to select the arm adjacent to the visited arm 50% of the time 

compared to 31% for humans. Rats selected arms 180° away 6.5% of the time, whereas 

humans selected the stand opposite to the current choice stand (180° away) 13% of the 

time. 
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Figure 4.1: This figure shows the exploration strategy used by a pretrained rat searching 
for the new location of the submerged platform during the first trial of the working 
memory version of the Morris water task. At first the rat searches for the platform at its 
previous location and later engages in exploratory behavior, searching for the platform. 
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Figure 4.2: Latencies to reach the hidden sensor for human subjects on the invisible 
sensor task and latencies to the submerged platform for rats in the working memory 
version of the Morris water maze. 
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Humans Rats 

Figure 4.3: Performance of rats and humans, measured by the number of errors in the 
first 8 choices on the 8-arm radial-maze. 
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Figure 4.4; Percentage of occurrences of the distance (angle) between 2 consecutive 
arms, in the 8-ann radial-maze. Clockwise and counterclockwise directions were 
summed. 
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CHAPTER FIVE 

EXPERIMENTS: 

EFFECTS OF SELECTIVE MEDIAL TEMPORAL LOBE LESIONS 
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Subjects' Lesions 

Based on the MRI scans, the following groups were identified; 

Group 6. Right Kppocampus: 

Six patients who had damage to the right hippocampus were included in this 

group. Patient BS had a complete right hippocampal lesion, some damage to the right 

amygdala, and minor damage to the anterior portion of the right perirhinal cortex and 

the right inferior temporal neocortex (Figure 5.1a; also see Figure 7.1 in Appendix A for 

an enlargement of the lesion). Patient FL had damage to the right anterior hippocampus 

and additional damage to the amygdala bilaterally (Figure 5.1b). Patient MH had damage 

to the right anterior hippocampus, some damage to the right amygdala, as well as slight 

damage to the anterior portion of the perirhinal cortex and to the white matter around 

the parahippocampal cortex (Figure 5.1c). Patient KoA had damage to the right anterior 

hippocampus, with additional damage to the right amygdala and slight damage to the 

anterior portion of the right perirhinal cortex (Figure 5.Id). Patient KP had a right 

hippocampal lesion and additional damage to the right amygdala only (Figure S.le). 

Patient MJ had a right anterior lesion to the hippocampus with additional damage to the 

right amygdala (Figure 5.If). Most importantly, the subjects in this group did not have 

damage to the parahippocampal cortex. 

Group 7. Right Parahippocampal cortex: 

Three patients were included in this group. All had damage to the right posterior 

parahippocampal cortex. In addition to the lesion in the parahippocampal cortex, patient 

PV had damage to the right anterior hippocampus and the right perirhinal cortex (Figure 

5.2a). PM had damage to the right parahippocampal cortex, anterior and posterior 
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portions of the right hippocampus, the right amygdala, but no damage to the perirhinal 

or entorhinal cortex (Figure 5.2b). KrA had damage to the parahippocampal cortex, the 

entorhinal and perirhinal cortex, but no damage to the right hippocampus (Figure 5.2c; 

also see Figure 7.2 in Appendix A for an enlargement of the lesion). The lesions are not 

larger than other patients in the right hippocampal group. 

Group 8. Left Hippocampus: 

Four patients with lesions to the left hippocampus were included in this group 

(FA, KS, SV, VP). Patient FA had damage to the left anterior hippocampus, and left 

amygdala (Figure 5.3a). Patient KS had damage to the left anterior hippocampus, left 

amygdala, and minor damage to the left entorhinal and perirhinal cortex (Figure 5.3b). 

Patient S V had damage to the posterior part of the left hippocampus, bilateral damage to 

the amygdala, and damage to the anterior portion of the left perirhinal cortex (Figure 

5.3c). Patient VP had a lesion to the left hippocampus and partial damage to the left 

amygdala (Figure 5.3d). 

Group 9. Left Parahippocampal cortex: 

One patient (SI) had damage to the left parahippocampal cortex. This patient 

also had some damage to the left amygdala and left perirhinal cortex (Figure 5.4). 
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Figure 5.1. a). A sagittal section and coronal sections from patient BS, who is included 
in the group with lesions to the right hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Patient FL 

Figxxre 5.1. b). A sagittal section and coronal sections from patient FL, who is included 
in the group with lesions to the right hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Patient MH 

Figure 5.1. c). A sagittal section and coronal sections from patient MH, who is included 
in the group with lesions to the right hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Figure 5.1. d). A sagittal section and coronal sections from patient KoA. who is 
included in the group with lesions to the right hippocampus. Arrows indicate the 
location of the lesion. Dark areas which are not indicated by arrows correspond to 
ventricular space. 
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Figxire 5.1. e). A sagittal section and coronal sections from patient KP, who is included 
in the group with lesions to the right hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Patient MJ 

/ 

Figure 5.1. f). A sagittal section and coronal sections from patient MJ, who is included 
in the group with lesions to the right hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Figure 5.2. a). A sagittal section and coronal sections from patient PV, who is included 
in the group with lesions to the right parahippocampal cortex. Arrows indicate die 
location of the lesion. Dark areas which are not indicated by arrows correspond to 
ventricular space. 
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Patient FM 
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Figure 5.2. b). A sagittal section and coronal sections from patient PM, who is included 
in the group with lesions to the right parahippocampal cortex. Arrows indicate the 
location of the lesion. Dark areas which are not indicated by arrows correspond to 
ventricular space. 
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Patient Kr A 
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Figure 5.2. c). A sagittal section and coronal sections from patient KjA, who is included 
in the group with lesions to the right parahippocampal cortex. Arrows indicate the 
location of the lesion. Dark areas which are not indicated by arrows correspond to 
ventricular space. 
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Patient FA 
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Figure 5.3. a). A sagittal section and coronal sections from patient FA, who is included 
in the group with lesions to the left hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Figure 5.3. b). A sagittal section and coronal sections from patient KS, who is included 
in the group with lesions to the left hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Figure 5.3. c). A sagittal section and coronal sections from patient SV, who is included 
in the group with lesions to the left hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Figure 5.3. d). A sagittal section and coronal sections from patient VP, who is included 
in the group with lesions to the left hippocampus. Arrows indicate the location of the 
lesion. Dark areas which are not indicated by arrows correspond to ventricular space. 
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Figure 5.4. A sagittal section and coronal sections from patient SI, who has a lesion to 
the left parahipixx:ampal cortex. Arrows indicate the location of the lesion. Dark areab 
which are not indicated by arrows correspond to ventricular space. 
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Because the assumption of a normal distribution can not be made in groups with 

small sizes, a non-parametric analysis of variance, the Kruskal-WaUis H test, was used to 

analyze the data. The single patient with a left parahippocampal lesion was not included 

in any of the statistical analyses. The 5 groups included in the analyses were: the back-

pain control (BPC) and the epilepsy patient control (EPC) groups, as well as the patient 

groups with lesions to the right hippocampus (RH), right parahippocampal cortex 

(RPH), and left hippocampus (LH). Further analysis was done with the Wilcoxon Rank 

Sum Test for comparing two independent samples. First we compared the Back-Pain 

Control group to the Epilepsy Patient Control group and there were no significant 

differences on any test. The EpDepsy Patient Control group was compared with each 

brain operated patient group. Planned comparisons were carried out where a prediction 

had been made, such as in the comparisons of the control group with the group with left 

hippocampal lesions on verbal memory tasks, and the one with right hippocampal lesions 

on spatial memory tasks. 

Task 1. Non-Visual Spatial Exploration: 

The mean error for the estimated position of each of the 3 objects in the 

blindfolded condition is shown in Figure 5.5 for all groups. On average, subjects 

performed well on this task, shown by the error under 700 mm for most groups. The 

statistical test approached significance, but there were no significant differences between 

the groups (Kruskal-Wallis rank test, H=8.75, df=4, n.s.). 
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Figure 5.5. Non-visual spatial exploration task; The error (in mm) is measured by the 
difference between the estimated position of the objects and the real position. Each 
column corresponds to the mean error of the identified group: BPC; Back-Pain 
Controls, EPC; Epileptic Patients Controls, LPH; left parahippocampal cortex, LH: left 
hippocampus, RH; right hippocampus, RPH; right parahippocampal gyrus. 
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Task 2. Invisible Sensor Task: 

On immediate recall, all groups of patients rapidly found the invisible sensor 

(Figure 5.6); there were no significant diflferences (Kruskal-Wallis rank test, H=1.15, 

dfM, n.s.). Planned comparisons showed no differences between patients with lesions to 

the right hippocampus and the epilepsy patient controls in the Wilcoxon Rank Sum Test. 

Figure 5.7 shows the latencies to find the invisible sensor after the 30 minute delay. 

After this delay, significant differences between the groups on the recall of the location 

of the invisible sensor were found (Kruskal-Wallis rank test, H=11.33, df^, p<0.05). 

The one-tailed Wilcoxon test showed that the patients with lesions to the right 

parahippocampal cortex were impaired relative to the back-pain controls (z=2.35, 

p<0.01), and relative to the epilepsy patient controls (z=2.45, p<0.01). Patients with 

right or left hippocampal lesions were unimpaired on this task. 
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Figure 5.6. Latencies for reaching the invisible sensor (trial 2; no delay). Each column 
corresponds to the mean latency of the identified group; BPC; Back-Pain Control^ 
EPC; Epileptic Patients Controls, LPH; left parahippocampai cortex, LH; left 
hippocampus, RH; right hippocampus, RPH; right parahippocampai gyrus. 
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Figure 5.7. Latencies for reaching the invisible sensor (trial 3; at a 30 minute delay). 
Each column corresponds to the mean of the identified group: BPC. Back-Pain 
Controls, EPC: Epileptic Patients Controls, LPH: left parahippocampal cortex, LH: left 
hippocampus, RH: right hippocampus, RPH; right parahippocampal gyrus. ** : different 
fi-om EPC, p<0.01. 



136 

Task 3. Object Location 

A: Recall 

The mean error for the estimated position of each one of the 4 objects for the 

different groups is shown in Figure 5.8. The Kruskal-Wallis analysis of variance 

indicated that there were significant differences between the groups (H=9.65, dfM, 

p<0.05). Further analysis with the Wilcoxon Rank Sum Test showed that relative to the 

epileptic patient controls, both the right hippocampal group (z=1.90, p<0,05) and the 

right parahippocampal cortex group (z=1.77, p<0.05) were significantly impaired; in 

addition the right parahippocampal cortex group was significantly impaired relative to 

back-pain controls (z=2.14, p<0.05) . The left hippocampal group was unimpaired on 

this task. 

B. Recognition 

All subjects from the back-pain control group, epileptic control group, and braun-

operated patient groups (right and left hippocampus, right and left parahippocampal 

cortex), recognized correctly the map representing the objects they previously observed, 

with the exception of one subject from the right hippocampal group and one subject 

from the right parahippocampal cortex group, suggesting that they had encoded some 

information correctly. 

C. Novelty Detection 

All subjects were able to notice that some changes were made to the layout of 

objects in the room with the exception of one subject from the right parahippocampal 

group who thought that none of the objects had moved to another location. Specifically, 
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when the 2 objects switched positions, the back-pain control group scored 15/16, the 

epileptic control group scored 17/20, the left parahippocampal cortex subject scored 

0/2, the left hippocampus group scored 6/8, the right hippocampus group scored 4/12, 

and the right parahippocampal group scored 0/6 points. When the object was displaced 

the back-pain control group scored 8/8, the epileptic control group scored 7/10, the left 

parahippocampal cortex subject scored 1/1, the left hippocampus group scored 3/4, the 

right hippocampus group scored 5/6, and the right parahippocampal group scored 2/3 

points. Finally when the object remained at the same location the back-pain control 

group scored 7/8, the epileptic control group scored 10/10, the left parahippocampal 

cortex subject scored 0/1, the left hippocampus group scored 3/4, the right hippocampus 

group scored 3/6, and the right parahippocampal group scored 3/3 points. In summary, 

the back-pain control group scored 90% on our measure of novelty detection, the 

epileptic patient controls scored 83%, the left parahippocampal cortex subject scored 

25%, the left hippocampus group scored 75%, the right hippocampus group scored 

50%, and the right parahippocampal group had a 41% score. 
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Figure 5.8. Object location task; The error (in mm) is the difference between the 
estimated position of the objects and in the real position. Each column corresponds to 
the mean error of the identified group: BPC: Back-Pain Controls, BPC: Epileptic 
Patients Controls, LPH: left parahippocampal cortex, LH: left hippocampus, RH: right 
hippocampus, RPH; right parahippocampal gyrus. * : different from EPC p<0.05. 
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Figure 5.9. Errors on the 8-arm radial-maze in the first 8 choices. Because many ties 
occurred, the data were slightly separated in order to show the distribution of scores. 
Each column corresponds to the mean of the identified group; BPC: Back-Pain 
Controls, EPC: Epileptic Patients Controls, LPH; left parahippocampal cortex, LH; left 
hippocampus, RH; ri^t hippocampus, RPH; right parahippocampal gyrus. 
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Figure 5.10. Errors on the non-spatial working memory in the first 8 choices. Because 
many ties occurred, the data were slightly separated in order to show the distribution of 
scores. Each column corresponds to the mean of the identified group: BPC; Back-Pain 
Controls, EPC: Epileptic Patients Controls, LPH: left parahippocampal cortex, LH: left 
hippocampus, RH: right hippocampus, RPH: right parahippocampal gyrus. 
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Figure 5.11. Scores on the Rey-Osterreith complex figure task after immediate recall. 
Each column corresponds to the mean of the identified group: BPC: Back-Pain 
Controls, EPC: Epileptic Patients Controls, LPH: left parahippocampal cortex, LH: left 
hippocampus, RH: right hippocampus, RPH: right parahippocampal gyrus. * : different 
firom EPC p<0.05. 
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Figure 5.12. Scores on the Rey-Osterreith complex figure task at a 30 minute delay. 
Each column corresponds to the mean of the identified group; BPC: Back-Pain 
Controls, EPC: Epileptic Patients Controls, LPH; left parahippocampal cortex, LH; left 
hippocampus, RH; right hippocampus, RPH; right parahippocampal gyrus. * : different 
fi-om EPC p<0.05. 
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Figure 5.13. Scores on the Rey Auditory Verbal Learning Test recall after te 
interference trial. Each column corresponds to the mean of the identified ^oup; B 
Back-Pain Controls, EPC; Epileptic Patients Controls, LPH: left parabppocampa^ 
cortex, LH: left hippocampus, RH: right hippocampus, RPH: nght parahippocampal 
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Figure 5.14. Scores on the Rey Auditory Verbal Learning Test, recall after a 30 minute 
delay. Each column corresponds to the mean of the identified group; BPC; Back-Pain 
Controls, EPC; Epileptic Patients Controls, LPH; left parahippocampal cortex, LH; left 
hippocampus, RH; right hippocampus, RPH; right parahippocampal gyrus. * ; different 
from EPC p<0.05. 
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Task 4. Eight-Ann Radial-Maze: 

The number of errors made in the first 8 choices in the different groups is shown 

in Figure 5.9. There were no significant group differences (Kruskal-Wailis test; H=4.16, 

df=4, n.s.). Planned comparisons showed no differences between patients with lesions to 

the right hippocampus and the epilepsy patient controls with the Wilcoxon Rank Sum 

Test. 

Task 5. Non-Spatial Working Memory: 

The number of errors made in the first 8 choices is shown in Figure 5.10. No 

significant group differences were detected (Kruskal-Wallis rank test, H=2.74, df=4, 

n.s.). 

Task 6. Rey-Osterrieth Complex Figure Task: 

All patients were able to copy the figure. Four patients showed signs of 

perceptual fi"agmentation. The scores during immediate recall and after a 30 min. delay 

are shown in Figures 5.11 and 5.12, respectively. In both conditions, there were 

significant group differences (immediate recall: H=10.64, dfM, p<0.05; delayed recall 

H=12.31, dfM, p<0.05). Paired comparisons with the Wilcoxon Rank Sum Test showed 

impairments in the right hippocampal group (immediate recall; z=1.85, p<0.05; delayed 

recall; z=1.90, p<0.05) and the right parahippocampal cortex group (immediate recall; 

z=1.95, p<0.05; delayed recall; z=2.12, p<0.05) relative to epileptic patient controls, and 

impairments in the right hippocampal group (immediate recall; z=2.07, p<0.05; delayed 

recall; z=2.22, p<0.05) and the right parahippocampal cortex group (immediate recall: 

z=2.28, p<0.05; delayed recall; z=2.28, p<0.05) relative to back-pain patient controls. 

Patients with lesions to the left hippocampus were unimpaired on this task. 
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Task 7. Rey Auditory Verbal Learning Test: 

The scores during recall after the interference trial and after a 30 min. delay are 

shown in Figures 5.13 and 5.14, respectively. No main efifects were detected for either 

condition (after the interference trial: Kruskal-Wallis rank test, H=5.37, df=4, n.s.; after 

the 30 min. delay: Kruskal-Wallis rank test, H=8.74, dfM, n.s.), although the 30 min. 

delay condition approached significance. Patients with lesions to the left hippocampus 

are usually impaired in this task. It was therefore important to determine if direct 

comparisons would yield any statistical differences. Patients with left hippocampal 

lesions were compared with the epilepsy patient controls with the Wilcoxon Rank Sum 

Test. They performed similarly when asked to recall the list of words after a short delay 

during which an interference trial was given, but they were significantly impaired relative 

to epileptic patient controls after a 30 minute delay (z=2.00, p<0.05). The group with 

lesions to the RPH also seemed impaired, but no statistics were performed on this group 

since this comparison was not planned. 

Task 8. Oddball Task 

The Kruskal-Wallis test was performed on each condition: the right key presses, 

the left key presses, and no key presses, for the control and the test conditions of the 

object detection task and the spatial detection task. Further analysis was done with the 

Wilcoxon Rank Sum Test for comparing two independent samples. First we compared 

the Back-Pain Control group to the Epilepsy Patient Control group. The Back-Pain 

Control group and the Epilepsy Patient Control group were compared with each brain 

operated patient group. 

When "YES" responses do not add to 100%, this is the result of both failures to 

identify the spatial or object change (misses) and also because of non-responses. There 



were no differences in omission of responses for either the object detection task 

(Kruskal-Wallis rank test, H=2.48, dfM, n.s.) or the spatial detection task (Kruskal-

Wailis rank test, H=7.83, dfM, n.s.) across all groups. The subject's responses did not 

differ on standard scenes of the object detection task (Kruskal-Wallis rank test, H=2.41, 

d5=4, n.s.) or the spatial detection task (Kruskal-Wallis rank test, H=1.82, df=4, n.s.) 

either, and since these are not of primary interest, they will not be discussed any further. 

1. Object detection task: 

There were no differences in the correct detection of the object change (Kruskal-

WaUis rank test, H=7.58, dfM, n.s.) or the incorrect response to the spatial change 

(Kruskal-Wallis rank test, H=1.54, dfM, n.s.; see Figure 5.15). 

2. Spatial detection task: 

The right parahippocampal patients, and to some extent the right and left 

hippocampal patients showed poor discrimination of the spatial from the object changes 

in the spatial task (Figure 5.16). There were no differences in the number of incorrect 

responses to the object change (Kruskal-Wallis rank test, H=6.28, df^, n.s.). However 

the detection of spatial change was different across the groups (Kruskal-Wallis rank test, 

H=10.92, dfM, p<0.05). The one-tailed Wilcoxon test showed that the right 

parahippocampal group was impaired relative to the epileptic patient controls (z=1.95, 

p<0.05) and relative to the back-pain controls (2=2.26, p<0.05), and that the left 

hippocampal group was impaired relative to the back-pain controls (2=2.05, p<0.05). 

The patients with left hippocampal lesions were not impaired relative to the epileptic 

patient controls. This implies that the left hippocampal lesion itself did not significantly 

increase the impairments resulting fi-om the epilepsy. 
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3. Missing the target 

An analysis of the "NO" responses to the target changes (misses) showed 

impairments during both the object (Kruskal-Wallis rank test, H=9.57, df=4, p<0.05) 

and the spatial (Kruskal-Wallis rank test, H=13.10, df=4, p<0.01) tasks. 

On the object detection task, the one-tailed W^coxon test showed that the 

epileptic patient controls were significantly impaired relative to the back-pain controls 

(z=1.72, p<0.05). In addition, the right parahippocampal group was impaired relative to 

the epUeptic patient controls (z=1.83, p<0.05) and relative to the back-pain controls 

(z=2.57, p<0.01). 

On the spatial detection task, the one-tailed Wilcoxon test showed that the 

epileptic patient controls were significantly impaired relative to the back-pain controls 

(z=2.03, p<0.05). In addition, the right parahippocampal group was impaired relative to 

the epileptic patient controls (z=2.12, p<0.05) and relative to the back-pain controls 

(z=2.41, p<0.01), the right and the left hippocampal groups were impaired relative to 

back-pain controls (right hippocampus; z=2.26, p<0.05; left hippocampus; z=1.89, 

p<0.05). 

In summary, in both tasks (object and spatial oddball), the epileptic patient 

control group (without brain lesion) was impaired relative to the back-pain control 

group; and relative to the epileptic patient control group, only the group with lesions to 

the right parahippocampal cortex was impaired. 

4. Reaction times to irrelevant stimuli 

There is slowing for most subjects to the irrelevant change relative to standards 

for both the object and the spatial tasks, but the slowing was not so pronounced for 

spatial changes for the right hippocampal and right parahippocampal groups (Figure 
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5.17). There were no group differences for the spatial changes (Kruskai-Wallis rank test, 

H=2.96, dfM, n.s.) or the object changes (Kruskal-Wallis rank test, H=0.61, df=4, n.s.). 
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Figure 5.15: Object detection task; percent scores of correct detection of the object 
change, and incorrect detection of the spatial change. 
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Spatial Task 

Patient Group 

Figure 5.16: Spatial detection task: percent scores of correct detection of the spatial 
change, and incorrect detection of the object change. 
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Slowing to Irrelevant Change 
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Figure 5.17; Slowing to irrelevant change to spatial changes relative to standards (object 
task) and object changes relative to standards (spatial task). 
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Overall performance 

SPATIAL TASK 
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Figure 5.18; Overall performance score on the spatial and object oddball task. Scores 
are calculated by adding the correct detection of oddball scenes, minus mistakes on 
oddball scenes. For example, on the spatial task, correct detection of spatial changes 
were added to correct response to the object changes, while misses to spatial changes 
and detections during object changes were subtracted. 
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Table 3. Summary of Findings 

Task Patients EPC LPH LH RH RPH 

NVSM n.s omnibus - - - -

IST(IR) n.s omnibus - - n.s. plaimec -

1ST (DR) n.s. - n.s. n.s. p<0.01 

OL(A) n.s. - n.s. p<0.05 p<0.05 

OL(B) 10/10 1/1 4/4. 5/6 2/3 

OL(C) 83% 25% 75% 50% 41% 

RMAZE n.s omnibus - - - -

CARDS n.s omnibus - - - -

RO(IR) n.s. - n.s. p<0.05 p<0.05 

RO(DR) n.s. - n.s. p<0.05 p<0.05 

RAV(IR) n.s omnibus - n.s. plarmed - -

RAV(DR) n.s omnibus - p<0.05 plan. - -

OD-OT n.s omnibus - - - -

OD-ST n.s. - (p<0.05) n.s. p<0.05 

OD-SIC n.s omnibus - - - -

MIS-OT p<0.05 - n.s. n.s. p<0.05 

MIS-ST p<0.05 - (p<0.05) (p<0.05) p<0.05 

Table 3: Summary of results. EPC; patients with epilepsy, without lesion. LPH; patient 
with a lesion to the left parahippocampal cortex, LH to the left hippocampus, RH to the 
right hippocampus, RPH to the right parahippocampal cortex. NVSM; non-visual spatial 
memory. IR; immediate recall, DR; delayed recall, 1ST; invisible sensor task, OL; object 
location task. A; recall, B; recognition, and C; novelty detection. RMAZE; radial maze, 
CARDS; non-spatial working memory, RO; Rey Osterrieth Complex Figure, RAV; Rey 
Auditory Verbal Learning Task, OD; oddball task, MIS; misses on the spatial oddball 
task, SIC; slowing to irrelevant stimuli, OT; object task, ST; spatial task. (p<0.05); 
impaired relative to the back-pain controls and not relative to the EPC. p<0.05; impaired 
relative to the EPC, except those in the EPC column, comparing to BPC. 
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SUMMARY AND DISCUSSION 
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L Major Results Summarized 

A. Tasks and comparisons with rats 

Tasks that were influenced by the literature with rats were described and 

assessed. These could facilitate comparisons between these species (Morris water maze 

and 8-arm radial-maze). Other tasks were also developed, for example a task requiring 

the combination of locations and objects, in which subjects enter a room and encode the 

spatial relationships among the elements of that room. A recognition test and novelty 

detection were developed to further enrich the test battery. We designed a non-visual 

spatial memory task which showed that cognitive maps of an environment can be created 

in the absence of visual cues. Finally a non-spatial equivalent to the 8-arm radial maze 

was found to be slightly more difficult but generally comparable in the first 8 choices. 

Humans and rats appear to perform similarly, quantitatively and qualitatively in the 

Morris water task, in exploration strategies to locate the target, as well as the 8-arm 

radial maze. 

B. Selective MTL lesions 

In relation to other studies, our data with MTL patients seem to "fit" with the 

current literature. The fact that the same patients were tested on several tasks, including 

six spatial memory tasks, aided in the search for sensitive measures of hippocampal 

function. First we found tasks sensitive to lesions of the right hippocampus, as the object 

location task (and the Rey complex figure), thus confirming prior studies for example 

firom the laboratory of Milner (Smith and Milner, 1989; Pigott and Milner, 1993); in the 

present study, the lesions were more selective. Second we also confirmed the role of the 
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left hippocampus in verbal memory with the Rey auditory verbal learning task after a 

delay previously reported by Milner (1965), Jones-Gotman (1996). Third we have 

evidence suggesting that the parahippocampal cortex plays a role in spatial memory, 

distinct from that of the hippocampus, evidenced by the delayed recall of the invisible 

sensor task. Fourth, patients with epilepsy, without brain lesions were impaired on only 

one measure of memory; the spatial oddball task; others previously showed that 

information was lateralized even in patients with epilepsy without brain lesion, by 

correlating the side of the epilepsy with learning impairments. Fifth, all of the 

impairments reported in lesioned patients were in comparison to the group with epilepsy 

without brain damage, thus these impairments go beyond that of the epilepsy. This was 

an important control group which is rarely used because patients with epilepsy do not 

have normal brain function and could be impaired on selected tasks. Using this group, 

although ideal, could hide potential impairments in lesioned patients. In our case we 

were still able to detect significant impairments on several tasks. Sbcth, patients with 

lesions to the right parahippocampal cortex scored lower on the verbal learning test than 

the patients with lesions to the left hippocampus. This was surprising to us, but again, 

there are studies showing similar results. Seven, our patients with lesions to the left 

hippocampus were impaired on one spatial memory task: the spatial oddball task, 

concurring with Maguire et al., (1996a) who reported navigational memory deficit after 

unilateral temporal lesions (left and right). And last, when all the "amnesic" patients 

tested in the study are grouped together, irrespective of their lesion side or site, and we 

compare them to normal controls, impairments were found in components of all tasks, 

thus giving the impression that the medial temporal lobes play a much more general 

mnemonic role than that reported in the present dissertation. 
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IL Detailed Discussion 

For the detailed discussion, first the normal control results are discussed in 

section A. Then the human rat comparisons are discussed in section B. And finally the 

results fi-om the lesion experiments are discussed in section C. 

A. Tasks 

Non-Visual Spatial Exploration 

The displacement error data confirm that it is more difficult to use motor 

integration cues in building a cognitive map, than it is to use visual cues. However the 

data show that in the absence of visual input other information sources can be used to 

build a cognitive map (Gaunet and Thinus-Blanc, 1995; Moghaddam et al., 1996; Save, 

et al., 1996). 

In a novel environment and in the dark, subjects tend to follow the walls of the 

room while first exploring. This suggests that subjects attempt to compensate for the 

lack of visual input by seeking somatosensory input, possibly about the shape of the 

room. Only later did they seek the objects and try to remember their location. It is 

possible that subjects need to learn the shape of the room before they can mentally place 

objects within it. 

Subjects could have used any of the following forms of information to solve this 

task: 1) Internal representations of executed movements and positions relative to a 

landmark, i.e. the entrance to the room. 2) Knowledge about how many steps they took, 

towards the right and towards the left. 3) Representations of the distance between the 

objects and the wails, perhaps measured in arm's lengths, or the distance of one object to 

another. Neither of the last 2 strategies require building a cognitive map, thus this task 
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should be sensitive to lesions of the hippocampus only if subjects use the first strategy to 

solve the task. 

Invisible Sensor Task 

This test was designed to be similar to the Morris water task which is sensitive 

to hippocampal lesions in rats. In the traditional version of the task (reference memory 

version), rats do not leam in one trial. But after extensive pretraining on the working 

memory version of the Morris water task, where the platform firequently changes 

locations, rats do leam to go directly to the hidden platform after one trial. This learning 

persists for several hours (Panakhova, Buresova and Bures, 1984; Bohbot, et al. 1996). 

The extensive pretraining of a rat could serve the same purpose as the instructions given 

to human subjects. These findings show that it is possible to develop a spatial 

navigational task similar enough to the one used with rats. 

As opposed to the spu-al exploration strategy which most subjects used when 

visual cues were unavailable, when visual cues were available the same subjects 

zigzagged around the room. Latencies fi^om trial 1 to trial 2 improved enormously 

showing instant learning, and this learning is evident after a delay of 30 minutes, with 

virtually no forgetting. 

Possible strategies involved in performing this task include: 1) Remembering the 

location of the sensor in relation to the cues provided by the disposition of the rooni, or 

other cues. 2) Estimating the distance from the walls (coordinate system). 

Object Location Task 

The object location task is very important because it involves not only spatial 

locations but also memory for the objects which occupy them. Since some medial 
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temporal lobe structures, such as the perirhinal cortex, are important for learning and 

remembering about objects (Murray, 1996), and others, such as the hippocampi, are 

important in learning about space (OKeefe and Nadel, 1978), a task which requires both 

types of memory (objects and space) may yield interesting results with brain damaged 

patients. 

Normal subjects have no problem with the visual recollection of the locations of 

objects, shown by the low displacement error (255 mm). Possible strategies used during 

the performance of this task are; 1) the subjects could try to remember the layout of the 

objects in the room, i.e. where they were located in relation to each other and in relation 

to the room (construction of a cognitive map). 2) the subjects could try to remember the 

location of the objects in reference to their body position, i.e. the kettle was to my left 

and far away, the trash can was close and to my right, and this way they could encode 

egocentric coordinates for each object. 

A recognition task is typically much easier than recall. In general it is easier 

because remembering a subset of information can lead to the correct answer. It is 

unclear exactly how subjects solve this task, and whether they score well. 

The Novelty Detection task is interesting and more difficuh than the recognition 

task, and may be very useful in patients with brain damage because it is similar to 

experiments conducted with rats (SoflSe, et al., 1992). Large samples or several 

evaluations of this task, with different sets of objects each time should be used. 

Radial Maze 

This task is similar to the task used with rats and should therefore be suitable for 

cross-species comparisons. It is sensitive to lesions of the hippocampi. Human subjects 

performed quite well on the task, as do rats in general. Well trained rats make, on 
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average, 0.5 errors in the first 8 choices (Amemori, et al., 1989), while the human 

subjects made 0.7 errors in our experiment. It should be of particular interest to test 

brain damaged patients on this task. 

As noted, the experimenter allowed a maximum of 16 choices in order for all 

coins to be retrieved. There are 2 measures of memory in this task: 1) the number of 

errors made in the first 8 choices, and 2) the number of errors made in the first 16 

choices. If subjects made mistakes within the first 8 choices, we allowed them up to 16 

choices to find the missing coins. 

Among the strategies subjects might use: 1) Random selection of stands and 

memory for the selected spatial positions. 2) Associate each stand with a number and try 

to remember the numbers visited instead of the spatial locations. 3) Associate each stand 

with the closest visual cue: sink, heater, door; for this strategy there may not be enough 

cues for each stand so subjects would also have to use the relationship between several 

cues, or the position of the stand relative to the wall, in order to solve the task. 

Subjects' performance is similar in terms of the mean number of errors made on 

the first 8 choices of the visual discrimination task and the spatial task (8-arm radial 

maze). However when subjects were allowed to search until all the cards were retrieved, 

performance was not as good, suggesting that this non-spatial task is more difficult than 

the spatial version. 

Non-Spatial Working Memory 

Possible strategies used by subjects: 1) Memory for each different shape, 

previously selected by the subject. 2) Selection of the cards in ascending or descending 

order of length or width. This strategy would also have to involve some memory since 

some of the cards we designed with either identical widths or identical lengths 
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All tasks 

Various strategies are available to subjects and these are discussed for individual 

tasks. The tasks were designed to test memory for objects, for spatial locations, and for 

objects in space, which was usually described first in the strategies available. However, 

other strategies which may not depend on a functional hippocampal system may be 

available. For example subjects could try to use egocentric strategies to remember the 

object location. When rats are given a specific training schedule, disconnection of the 

hippocampus with a fornix cut does not prevent acquisition of the platform location in 

the Morris water maze (Eichenbaum et al., 1990; Whishaw et al., 1995). In Eichenbaum 

et al., (1990) rats were trained to solve the task by always starting fi-om the same 

location, thus they were probably using an egocentric strategy. A coordinate system or a 

number encoding system may be available in any of the other tasks (Foreman, 1985). 

When using such a system, the subjects only need to remember a few numbers (e.g. for 

one location: 2.5 m by 1 m) and this does not require a functional hippocampal system 

either since numbers can be retained in short term memory, even in patients with 

bilateral temporal damage (Corkin, 1984). 

For these reasons specific instructions on ways to solve and not to solve the 

tasks were given. Egocentric strategies, coordinate, and number strategies were reduced 

by increasing the difiSculty of the task; short acquisition times were allowed in the object 

location task and the 8-arms radial-maze, a 30 minute delay was imposed in the invisible 

sensor task, identical card widths or lengths were used in the non-spatial working 

memory task in order to prevent a simple order of size system. 

The level of diflBculty in an important variable which should be manipulated 

when testing patients with brain damage. The difficulty level can easily change the 

number of strategies available, thus it may also influence the brain areas used to solve 
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the task. The diflBculty levels can easily be raised by increasing the number of items to be 

remembered, decreasing the exposure during which the items get encoded, or increasing 

the delay before recall. This series of tasks was designed for human-rat comparisons and 

for testing brain damaged patients with a focus on the medial temporal lobes. 

B. Human-Rat comparisons 

The goal of developing a human analog of the radial maze or water maze, is to 

investigate whether rats and humans behave in similar ways in various situations, for 

example whether they use similar strategies to solve the tasks. Do they make similar 

number of errors or do they have similar latencies while solving a task? Are the same 

brain regions used to perform the same tasks? This is of especially great interest since 

rats are often used to model memory. While humans can be given instructions before 

being tested on a task, in order to insure that rats understand the requirements of the 

task, they need pretraining. It would be imbalanced to compare human subjects who only 

received 1 search trial, for example on the invisible sensor task, with rats who were 

pretrained on the reference memory version of the Morris water maze. We therefore 

trained rats on the working memory version of the water maze so that the rat learns to 

search for the platform, because we change its location at any given day. We can 

therefore compare learning across the first two trials while rats learn a new platform 

location, and humans leam a new sensor location, having received instructions on the 

goal of the task. The following section is a qualitative description of patients' 

performance. A more conclusive comparison between rats and humans will be obtained 

once we can test both species with similar lesions, presumably to the hippocampus. 
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Water Maze 

Latencies to find the platform (rats) or sensor (humans) shows that humans and 

rats had comparable latencies on the second trial of this task, both learn to go straight to 

the goal (Figure 4.2). The first trial shows a difference in the latencies, and this 

difference can be accounted for in the following way: the search surface to goal surface 

ratio was much larger in humans than in rats (900 in humans, and 400 in rats); and since 

rats could not be given instructions, pretraining was necessary for the rats to learn what 

it is the experimenter expects them to do, during which rats can develop a search 

strategy, i.e. swim at a certain distance fi'om the wall. 

Exploration strategies adopted during the search for the target are very 

systematic for both rats and humans, in the Morris water maze and human analog. 

Humans search along walls first. Most subjects used a zigzag strategy and others 

spiraled around the room which was surprisingly similar to what rats do. When first 

placed in the water tank, or when searching for the platform on the first trial of the 

working memory version, rats circle around the walls of the tank. Both species search in 

a qualitatively similar way and learn very quickly to walk or swim straight to the goal. 

Both rats and humans learned to find the hidden location very quickly and this learning is 

robust for both species for at least 30 minutes (Panakhova, et al., 1984; Bohbot, et al., 

1996; Bohbot, et al., 1997). 

It is difficult to compare our "water maze" analogue to others, mainly because 

the measure of behavior is so different. Some reported distances, some arenas were very 

large and investigators did not report latencies, and a computer task, although very 

usefiil, does not necessarily provide the same precision of visual stimuli, which may 

result in completely different latencies. Distance to the target in Overman et al. (1996) 

was 1.5 times the straightest route to the goal on the first attempt to find it after having 
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been led there. In our task, subjects went straight to the goal on the second trial, which 

was the first attempt to reach it after having searched for it at random. Again the 

procedure was slightly different; the learning acquired by searching for the goal is 

greater because the subject learned where the goal is and locations where it is not. In the 

study by Overman subjects only get to learn about the location of the goal and not where 

the goal was not located since they were led by the experimenter directly to the goal. 

Another problem perhaps is the measure of latency which is irrelevant when we change 

the size of the testing apparatus. The size of our testing room was much smaller, thus a 

direct path may be easier to reach on the first recall trial. In Overman et al. (1996), 

subjects learned to go directly to the goal on the second recall trial, thus both our studies 

do show very rapid learning of one spatial location. 

Radial Maze 

A well trained rat on the 8-ann radial-maze always has to remember the arms 

visited during each single trial. A well trained rat will know how to solve the task but 

will still have to remember each location it visits during that trial. Humans who receive 

instructions are comparable because they understand the requirements of the task, and 

they also have to remember each visited location during that trial. 

Results show that rats and humans made a similar number of errors on the 8-arm 

radial-maze, rats made 0.66 errors during the first 8 choices whereas humans subjects 

made 0.73 errors. However, it is difficult to equate task diflBculty. Perhaps rats had an 

advantage because they were more familiar with the environment, since the data used for 

the comparison was after 30 days of training. While the subjects were in the center of the 

maze, they were instructed to make a series of left and right turns in the dark so that 

they would not develop non-spatial strategies. Rats were also restrained in the central 
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platform, however, the lights were not turned off between choices. Turning lights off is 

not necessary with rats because they always run around in a circle during the interchoice 

interval. Humans however would stand still and may more easily rehearse or use their 

body as a reference if the lights were turned on during the 10 sec intertrial delay. The 

lack of familiarity and darkness are factors which may have placed the human subjects at 

a disadvantage. On the other hand the human/maze ratio was much larger than the 

rat/maze ratio. This would render the task easier, because the visual association of 

locations could be made more easily. The fact that we aimed at using this task with brain 

damaged patients encouraged us to keep testing in the small room even if all factors 

were not equal. 

After rats choose one arm, they tend to visit adjacent arms slightly more 

frequently than arms opposite from each other (Figure 4.4), whereas humans select the 

adjacent arms as frequently as they chose arms opposite from each other. 

Again, it is difficult to directly compare the results of our study with others since 

the procedures and the measures of error are vastly different. The most similar, perhaps 

is the task by Glassman (1994). Glassman and his colleagues used a 17 arm maze, 15 m 

in diameter painted on a field. Subjects made on average 2.6 errors on the first 17 

choices. In this experiment the authors report that about half of the entries made (8.3) 

are 6 to 8 arms away (about 180 degrees) from the previous choice. About 5.3 entries 

are made into arms 3 to 5 away from the previous choice and 2.6 are 0 to 2 choices 

away. This does differ from the current experiment, however, in our experiment the 

location, size and number of arms were different. 

It is still premature to conclude whether both rats and humans possess similar 

structures which perform similar functions, but we can say that we can make a good 

attempt at recreating similar conditions for both rats and humans, which can facilitate the 
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comparison between both species, in hope to allow comparisons between humans and 

rats with similar brain damage, to the hippocampus for example, on equivalent spatial 

memory tasks. An attempt was made to further investigate the role of the right 

hippocampus or related structures on spatial memory. 

C. Selective MTL lesions 

The effects of unilateral damage to various medial temporal lobe structures were 

investigated on tasks mentioned above. The patients were also tested on standard 

neuropsychological tests, such as the Wechsler IQ, the Wechsler Memory Scale, the 

Rey-Osterrieth Complex Figure Task, and the Rey Auditory Verbal Learning Task. The 

patients had undergone thermo-coagulation with a single electrode along the amygdalo-

hippocampal axis in an attempt to alleviate their epilepsy. The precise localization of 

their lesion was assessed with digital high-resolution magnetic resonance imaging with 

in-house software allowing a 3-D reconstruction of the brain. For each patient, we 

estimated the extent of damage to the hippocampus, amygdala, entorhinal cortex, 

perirhinal cortex, and the parahippocampal cortex. Because of our interest in 

distinguishing the parahippocampal cortex from the hippocampus, the patients were 

classified into two groups: those involving the hippocampus without damage to the 

parahippocampal cortex, and those with damage to the parahippocampal cortex. 
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The Epileptic Patient Controls 

Patients with epilepsy, but without brain surgery were used as controls for the 

brain operated patients. These control patients did not differ from the back-pain 

controls, with the exception of the spatial oddball task. When adding the number of 

times each subject missed the target stimuli, the epileptic patient control group (without 

brain lesion) was impaired relative to the back-pain control group for both the object 

task and the spatial task. 

Patients with severe epilepsy often have neuronal loss, or atrophy associated 

with the side of the epileptic focus, as shown by volumetric measurements from MRI 

scans (Jones-Gotman, 1996). Such patients were impaired on specialized memory tests 

(Abrahams, et al., 1997; Jones-Gotman, 1996). The side of the epileptic focus was 

correlated with a memory impairment for locations (Abrahams, et al., 1997) or abstract 

designs (Jones-Gotman, 1996) in the case of the right hemisphere, or abstract words in 

the case of the left hemisphere (Jones-Gotman, 1996). The epileptic control patients in 

the present study had less severe epilepsy and were not surgical candidates. MRI data 

were not available, and therefore, brain atrophy could not be quantified or correlated 

with any task. Still in the spatial oddball task, the epileptic patient controls were 

impaired when we measured the target misses, but when measuring the correct response 

to the target from the same testing session, there is no statistically significant 

impairment. In some other tasks, a slight non-significant reduction in performance was 
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observed relative to the back-pain controls, and therefore these two control groups are 

presented separately for comparative purposes. 

This was an important control group for the epilepsy patients with brain lesion, 

so that significant impairments resulted from the lesion itself rather than the disorder of 

epilepsy. This was especially important because I attempted to localize function by 

correlating behavior with the lesion site. Others argue that patients with epilepsy would 

not make an appropriate control group since they have abnormal brain activity. This is 

true as well, but in our case, it did not influence the data since all impairments reported 

are beyond those of the epilepsy; including the impairment found in patients with lesions 

to the right parahippocampal cortex when the epileptic control group itself was impaired 

relative to the back-pain controls (in the misses of the spatial oddball task). 

The Right Hippocampus 

Patients with right hippocampal damage were impaired on the object location 

task (Figure 5.8) and the Rey-Osterrieth afler immediate (Fig. 5.11) and 30 min. delayed 

recall (Fig. 5.12). Both tasks require memory for spatial arrangement, either of objects 

or lines on a sheet of paper. Such impairments were observed even with the absence of 

lesions to the right parahippocampal cortex, suggesting that the right hippocampus is 

essential for learning of qualitative visual object and space memory tasks. Both tasks are 

visual and may require the combination of inputs from ventral temporal cortex 

processing object quality, which enters the hippocampus via the perirhinal and entorhinal 
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cortices, and spatial information processed in parieto-occipital cortical areas, which 

amongst other areas, enters the hippocampus via the parahippocampal and entorhinal 

cortices (Suzuki and Amaral, 1994). This selective pattern of deficits after right, but not 

left, hippocampal damage is consistent with other evidence for specialization of 

information processing within the medial temporal lobes, as shown before by others 

(Milner, 1965; Tucker, et al., 1988; Smith and Milner, 1989; Pigott and Milner, 1993; 

Abrahams, et al., 1997). 

The right hippocampal lesion group was not impaired on the Rey Auditory 

Verbal Learning Task (Figs. 5.13 and 5.14) or other non-verbal tasks such as the non-

spatial working memory (Fig. 5.10), the Invisible Sensor task at a 30 minute delay (Fig. 

5.7), the non-visual spatial exploration task (Fig. 5.5), the object and the spatial oddball 

task. It has been shown before that patients with right hippocampal damage perform well 

on verbal learning tasks (Mihier, 1965; Majdan et al., 1996). Normal performance was 

observed on the non-visual spatial exploration task, but a deficit was observed on the 

object location task. Both tasks required the subjects to remember the location of 

objects. The main differences between the tasks involved the modality of input and the 

duration of encoding. Because subjects were allowed to walk amongst the objects, touch 

them, and perhaps estimate distances firom the walls, during the 3 minutes allowed for 

the non-visual spatial exploration, it is likely that, in this condition, information was 

encoded using different strategies than in the visual observation condition. 



171 

There were no significant differences between the groups on the radial maze and 

the Invisible Sensor task without a delay. Rats with bilateral hippocampal lesions are 

dramatically impaired on similar tasks (Olton et al., 1979a; Morris, et al., 1982). The 

different results in the two species could be explained in several ways. For instance, the 

himian subjects had unilateral lesions while rats are typically given bilateral lesions. Up 

to a point, the intact left hippocampal region may be suflScient to sustain performance on 

certain spatial memory tasks. Abrahams et al. (1997) found spatial memory impairments 

in patients with unilateral medial temporal damage (with or without resections of 

epileptic focus), when tested on the nine box maze, a radial maze analog which 

encourages allocentric encoding. The task was considerably more diflScult than the one 

presented here, evidenced by the number of errors made by normal controls (4 errors in 

Abrahams et al., 1997 and 0.5 errors in the present study). Increasing the difficulty of 

the radial maze may reveal impairments in the patients with selective right hippocampal 

lesions. 

The 8-ann radial-maze task used with patients in the present study may be solved 

differently than the way rats solve the typical 8-arm radial-maze. For example, human 

subjects are closer to the walls of the room and to local cues, and could therefore 

remember the 8 spatial locations using simple cue-arm associations. On the other hand, 

rats, who are much smaller in relation to the room, have to remember the arms of the 

maze by using the arrangement of cues in the room as opposed to a single cue. In future 

studies, both of these factors can be independently manipulated either by increasing the 

difficulty of the task with additional stands on the human radial maze or by testing the 

patients in a larger room. 

Another factor that must be considered is the portion of the hippocampus that is 

damaged. In the rat, it has been shown that there are behavioral and electrophysiological 
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dififerences between the dorsal and ventral hippocampus (Jung, et al., 1994; Moser et ai., 

1995; Nadel, 1967; Nadel, 1968). Bilateral lesions to the ventral 2/3 of the hippocampus 

in the rat do not cause spatial memory deficits in the Morris water maze, while damage 

to the dorsal 1/3 alone is suflBcient to cause a severe impairment (Moser et al., 1995). 

The dorsal hippocampus in the rat may be equivalent to the posterior hippocampus m 

the human. If the human posterior hippocampus is necessary for spatial navigation, as it 

is in the rat, then the present right hippocampal group in which 4/6 subjects had an intact 

posterior hippocampus, may not be expected to show a deficit on the invisible sensor 

task. If this is true, perhaps a parahippocampal lesion in the human would lead to a 

functional posterior hippocampal lesion, thus producing the spatial memory deficits 

observed in the invisible sensor task (note that this deficit was not observed on the 8-arm 

radial-maze). Since two of the six patients with damaged right posterior hippocampus 

were unimpaired on the invisible sensor task, the difference in dorsal-ventral 

hippocampal function can not be supported until more data are acquired. 

The Right Parahippocampal Cortex 

The main cortical inputs to the hippocampus come via the entorhinal cortex, 

fi-om the perirhinal and parahippocampal cortex. If lesions outside the hippocampus 

block inputs to the hippocampus, this could result in a functional hippocampal lesion 

(Van Hoesen, 1982). Thus, impairments caused by a right parahippocampal lesion could 

reflect such a fiinctional lesion. As in patients with lesions to the right hippocampus, 

patients with right parahippocampal cortex lesions were impaired in the object location 

task (Fig. 5.8) and the Rey-Osterrieth at both delays (Figs. 5.11 and 5.12). Since RH 

patients, in whom the RPH was largely intact, were impaired on these tasks (object 

location and Rey-Osterrieth) the impairments in the RPH group could indeed reflect a 
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functional hippocampal lesion. The RPH may be involved in the object location task and 

the Rey-Osterrieth Complex Figure but the RH may be "essential" for these tasks. 

Several patients in both the RH and the RPH groups were unimpaired at the 

object location task. It is therefore unclear whether the RH and the RPH groups were 

impaired due to extra damage to other areas (e.g. the right entorhinal cortex or RPR) or 

whether the unimpaired patients solved the tasks using different strategies. Additional 

data are necessary in order to resolve this problem. The results reported here indicate 

that the right hippocampus is critical for remembering the object location task and the 

Rey-Osterrieth Complex Figure. 

On the invisible sensor task with a 30 minute delay, patients with right 

parahippocampal lesions were severely impaired in comparison with epileptic patient 

controls, patients with right hippocampal lesions or those with left hippocampal lesions. 

Surprisingly, patients with right hippocampal lesions, in some cases involving nearly 

complete removals, or patients with left hippocampal lesions were not impaired on this 

task (Figs. 5.6 and 5.7; see discussion in the section above). This implicates a structure 

other than the right hippocampus in performing the delayed invisible sensor task. The 

left hippocampus is a possible candidate; however, the patients with right 

parahippocampal cortex lesions, in whom the entire left medial temporal lobe was intact, 

were impaired on the invisible sensor task. This suggests that the left hippocampus (or 

left medial temporal lobe) is not sufficient for normal performance on this task, but that 

the RPH is. 

Along the same lines, the right parahippocampal group was impaired relative to 

the epileptic patient controls in the spatial oddball task, when counting the "yes" answers 

to spatial targets. The group with damage to the right hippocampus was not significantly 
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impaired in this task, and none of the patients were impaired on the object oddball 

version. This suggests that the right parahippocampal cortex is essential for this task. 

Note that the RPH group consists of 2 patients with some additional damage to 

the right hippocampus and one with the right hippocampus intact. Still the lesions of 

patients in the RPH group are about the same size or smaller than those in some patients 

in the RH group (BS and MH), so the resulting impairment in the invisible sensor task is 

not associated with the size of the lesion. As argued before, the parahippocampal cortex 

sends efiferents to the hippocampus, probably relating spatial information, so deficits 

arising firom a lesion to the parahippocampal cortex are often ascribed to a functional 

hippocampal lesion (Van Hoesen, 1982). This is not the case in the present situation 

because six patients in the RH group were not impaired on the invisible sensor task after 

a 30 minute delay, allowing us to conclude that the right parahippocampal cortex may be 

a structure critically involved in certain kinds of spatial memory. It is unclear how the 

contributions of the parahippocampal cortex differ from those of the hippocampus. It is 

worth noting that the more difficult tasks seem to rely more heavily on the hippocampus. 

While patients with right parahippocampal cortex lesions were impaired on the 

30 minute delayed recall version of the invisible sensor task (Fig. 5.7) they were not 

impaired on the immediate recall version of the same task (Fig. 5.6). This finding is 

consistent with a previous report (Smith and Milner, 1989) showing that patients with 

damage to the right medial temporal lobe are only impaired after some delay on spatial 

memory tasks. 

The Left Hippocampus 

Patients with left hippocampal damage were not impaired on the short delay (Fig. 

5.13) of the Rey Auditory Verbal Learning Test (trial after interference), but they were 
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impaired with longer delays (Fig. 5.14). Note that the only patient with a left 

parahippocampal lesion performed as well as controls on this task at both delays (Figs. 

5.13 and 5.14). The present data show that the left hippocampus is requu-ed in 

remembering word lists, a finding consistent with earlier work which suggested that the 

left hippocampal system was important in verbal memory (NClner, 1965; Majdan et al., 

1996). 

Note that the right parahippocampal group scored lower than the left 

hippocampal group on the Rey Auditory Verbal Learning Task with delay. No statistics 

were performed because this group was not part of a planned comparison. Interestingly, 

several studies reported a verbal learning impairment after right sided temporal resection 

(Incisa della Rocchetta et al., 1995; Mesulam, 1985). Abrahams et al. (1997) argued that 

the verbal learning impairment often precedes the surgical intervention, so further 

research is needed in order to clarify this issue. 

The Amvgdala 

The two patients with partial bilateral amygdala damage (SV and PL) were not 

impaired on spatial or object memory tasks, which is consistent with monkey work, 

showing that the amygdala is not involved in spatial memory (Parkinson et al., 1988) or 

memory for objects (Zola-Morgan et al., 1989a; Zola-Morgan et al., 1989b). 

The Right Perirhinal Cortex 

At the begirming of the study with the neurosurgical patients, we intended to 

search for deficits associated with the perirhinal cortex. Unfortunately, none of our 

patients had circumscribed lesions to that area. Instead, in addition to the lesion to the 

I 
i 

I 
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perirhinal cortex, one patient had additional damage to the hippocampus (6S), and two 

had additional damage to the parahippocampal cortex (PV and KrA). In addition PV had 

some damage to the hippocampus. Since monkey work predicted that this region would 

be especially important for processing object qualities, the performance of these patients 

on the non-spatial working memory was evaluated. These patients (BS, PV, and KrA) 

made 3, 2, and 2 errors respectively (Figure 5.10) compared to the mean errors of the 

epileptic patient controls (1 error), this is significant on a Wicoxon rank sum test 

(z=2.335 p<0.01). Further research on memory for objects with patients who have right 

perirhinal lesions could yield interesting results. 

Intellectual Quotient Correlations 

The IQ scores surprisingly correlated with most of our tasks, with the exception 

of the invisible sensor task (trials 2 & 3), the radial maze and the non-spatial working 

memory task. The question remained whether the RPH group, whose performance was 

systematically poorer than other groups, simply had an overall inability to perform on all 

tasks because their IQ was lower. This may have been the case for all tasks correlated 

with IQ, but the fact that the RPH were impaired on the invisible sensor task (trial 3) 

which was not correlated with IQ, goes against an overall impairment interpretation. In 

addition, the fact that the RH group who did not have a low IQ were still impaired on 

several spatial memory tasks, again is evidence against the interpretation that 

impairments were found because of an IQ correlation. In sum, the deficits reported with 
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patients with RH or RPH lesions can not be explained by their IQ, and rather the 

possibility that these deficits are caused by the lesion itself is in order. 

HL Overall Conclusions and Discussion 

A. Relation to other studies 

Although animal studies have established the important role of the hippocampus 

in spatial memory, in studies of patients, the evidence has come from lesions that 

included not only the hippocampus, but also the surrounding entorhinal, perirhinal, and 

parahippocampal cortex. The present study attempted to see whether lesions limited to 

the hippocampus are sufficient to impair spatial memory. The results reported above are 

in agreement with other lesion studies of spatial memory with humans, as well as recent 

neuroimaging studies of spatial memory. 

Pigott and Milner (1993) reported a study of memory for complex visual scenes 

in which patients with right temporal removals that included a large portion of the 

hippocampal region were impaired in the recognition of the relative location of objects in 

a scene, suggesting that the right hippocampus and/or parahippocampal region are 

critical in the memory of the spatial location of objects. Smith and Milner (1989) 

reported an impairment in object location memory in patients with right temporal lesions 

involving extensive damage to the hippocampal region. These patients remembered the 

locations of 16 toy objects as well as the control subjects immediately after learning, but 

not after a 4 min. delay. These results showed that patients with right hippocampal 

lesions were able to encode the spatial location of the objects, yet they rapidly forgot 

this information relative to controls. As with most other studies involving resections of 
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epileptic foci (for example Jones-Gotman, 1996, Abrahams, et al., 1997), in addition to 

the hippocampal damage, the patients studied by Smith and Milner had a temporal 

resection which included the anterior temporal pole, the amygdala, as well as the 

adjacent cortex, i.e. the entorhinal and perirhinal cortices. Thus it is difficult to ascribe 

the impairment to damage of the hippocampus per se. The present findings provide 

further evidence suggesting that damage limited to the right hippocampus is sufiBcient to 

impair performance on spatial memory tasks. 

Several studies of topographic memory (spatial memory in a large scale 

environment) or route learning, have been reported in patients with lesions to the right 

medial temporo-occipital gyri (Landis et al., 1986; Habib and Sirigu, 1987), right or left 

inferior mesial occipital, occipitotemporal, mesial temporal and right inferotemporal or 

inferior parietal regions (Barrash et al., 1996). Habib and Sirigu (1987) speculated that 

the critical region involved for topographical orientation was the parahippocampal 

gyrus, because this was a common area of damage to the 4 patients studied. So far, the 

brain damage associated with studies of topographical learning, was very large, 

encompassing various cortical fields, and no agreement could be reached on which areas 

were critical, among those in medial or lateral temporal, occipital or parietal cortices. 

In the current study, none of the patients had object agnosias, visual field 

neglect, encoding deficits, or impairments in visual perception; yet patients with lesions 

to the right parahippocampal cortex were impaired after a 30 minute delay, and no 

lesions to the occipital, parietal or lateral temporal cortices were detected with high-

resolution MRIs. The invisible sensor task and topographical learning are very different 

but both require spatial orientation and thus probably share common neural mechanisms. 

The question remains whether the right posterior hippocampus is required in addition to 

the right parahippocampal cortex in large scale spatial learning paradigms, both of which 
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were included in the above mentioned studies of topographical learning (Landis et al., 

1986; Habib and Sirigu, 1987; Barrash et al., 1996). Our data can not directly answer 

this question since we did not test patients on a large scale spatial memory task; 

however, in a small scale spatial memory task, the right parahippocampal cortex was 

critically involved. 

In a study reported by Maguire et al. (1994, 1996a), patients with either right or 

left temporal resections were impaired on a spatial memory task in which subjects learn 

about an environment while visualizing a videotape of the real world. Patients with right 

or left temporal lesions were impaired relative to controls, on measures of scene 

recognition, route plarming, route execution, and other measures related to the 

formation of a cognitive map. The difBculty of this task was considered to be an 

important variable explaining the requirement for both medial temporal lobes, relative to 

standard tasks used in the laboratory. In our study, the patients with left sided lesions 

were not impaired on any spatial memory tasks, with the exception of the spatial oddball 

task. In this task, the patients with left hippocampal lesions were impaired relative to the 

back-pain controls, but not relative to the epileptic controls. The significance of this 

finding is unclear as is the role of task complexity in demonstrating the contribution of 

bilateral medial temporal lobes. 

Functional neuroimaging studies with positron emission tomography (PET) have 

reported activation of the medial temporal lobe during performance of spatial memory 

tasks. While subjects performed spatial navigation tasks or route learning tasks, studies 

reported activation of the parahippocampal cortex (Aguirre et al., 1996), whereas others 

reported activation in the hippocampus (Maguire et al., 1997), in hippocampus and 

parahippocampal cortex (Maguire et al., 1996b) or both entorhinal cortex and 

parahippocampal cortex (Ghaem et al., 1997). Other studies reported activation of the 
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right hippocampus in a spatial working memory task (Owen et al., 1996a), and the right 

entorhinal cortex during the recall of objects and their locations (Owen et al., 1996b). 

Altogether, many activation studies have shown that the right parahippocampal cortex is 

involved in certain kinds of spatial memory, providing support for the present findings. 

B. Relation to other theories 

Theories suggesting that the hippocampus plays a more general role in memory 

(Cohen, and Eichenbaum, 1991; Sutherland and Rudy, 1989; Squire, 1992), i.e. not 

bound to a specific kind of information, do not predict that different medial temporal 

lobe structures have unique contributions to learning and memory. Instead of referring 

to the hippocampus itself, it is often referred to the hippocampal system. No 

dissociations are predicted by these models, either for formally related tasks, or among 

patients with lesions restricted to just parts of the medial temporal lobe. 

If the medial temporal lobes have a general role in memory, then should a task 

like the delayed invisible sensor task be considered under these general models? Our 

data do not support these ideas. The most important evidence against these general 

theories comes fi-om the fact that the patients with selective lesions to the right 

hippocampus were not impaired on the delayed invisible sensor task when patients with 

lesions to the right parahippocampal cortex were. This is an important fact because it 

eliminates the potential question of whether the task is a "declarative" task or not, a 

question which would arise after the finding that patients with lesions to the right 

hippocampus were not impaired. 

In many studies, large groups of patients are formed, sometimes based on the 

neurosurgeon's notes after temporal resections, merging patients with lesions of various 
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sizes or extent together (Smith and Milner, 1989); or sometimes based on patient's 

amnesia (Squire, 1992), merging different etiologies together, for example medial 

temporal lobe amnesics are often combined with thalamic amnesics. The way groups of 

patients are formed remains a very important difference between our study and other 

studies. In our study, patients with lesions to similar structures were grouped together. 

If we group our patients regardless of their brain lesion, including the patients who had 

atrophy and those who never had an MRI, we can then redo statistics on a group of 22 

subjects. In comparison with normal controls, the results from parametric analysis of 

variance (such as ANOVA) were that the group of "amnesics" were impaired in 

components of all tasks. In addition to being impaired on the delayed invisible sensor 

task (single factor ANOVA; F(l,36)=5.81, p<0.021), and the object location (single 

factor ANOVA; F(l,38)=8.47, p<0.006), the group of amnesics was impaired on the 

radial maze, on the total number of errors (single factor ANOVA; F(l,47)=5.75, 

p<0.02); and they were impaired on the non-spatial working memory task, on errors 

made in the first 8 choices (single factor ANOVA; F(l,47)=12.85, p<0.0008), and 

finally they were also impaired on the non-visual spatial exploration (single factor 

ANOVA; F(l,44)=7.02, p<0.011). Thus the conclusion that the hippocampal system 

plays a "general" role in memory, may stem from the types of patients and the analyses 

performed. 

C. Implications for future work 

Since our main focus was on "allocentric" spatial memory, that is, memory for 

spatial relations irrespective of the subjects position in the room, there are many facets 

of spatial memory or other kinds of memory that were not explored. For instance, 
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memory for faces, fine object discriminations, egocentric spatial memory was not tested. 

In addition we mainly focused on visual spatial memory while auditory spatial memory 

or cross-modal associations were ignored. We can not state that the human 

hippocampus is only involved in spatial memory, but instead we can attest that it was 

involved in some tasks with visuo-spatial memory components to them, as the object 

location or the Rey Complex Figure. These may require both the foveal processing 

pathway processed in the temporal lobes in addition to the spatial processing pathway 

processed in the parietal lobes and other areas. The question we can not answer here is; 

what other information is processed by the hippocampus? Single unit recordings in rats, 

monkeys and humans showed that neurons are active in relation to both allocentric as 

well as egocentric spatial coordinates. In a study by Gothard et al., (1996) units 

recorded in CAl responded to allocentric space, but in addition, other neurons 

responded to a goal box irrespective of its spatial location in the room. This was 

interpreted as evidence for several reference fi"ames, for example to the allocentric place 

as well as to behaviorally relevant, variably placed landmarks. Neurons in the monkey 

hippocampus would fire when the monkey was at a specific spatial location, but other 

units also responded to a stimulus presented fi'om a specific direction relative to the 

monkey, and the neuronal response continued when both the monkey and the stimulus 

were rotated (Ono, et al., 1991). Neurons in the monkey hippocampus respond to 

auditory stimuli, visual stimuli, or the combination of both modalities (Tamura et al., 

1992), as well as to the view of a specific location (Rolls and OTvIara, 1995) and body 

motion (OMara et al., 1994). Neurons selective for different face stimuli were recorded 

in the human hippocampus (Fried, et al., 1997). How do the egocentric, face or object 

units fit in the large fi"ame of the cognitive map in humans? Are these units responding to 

various non-allocentric stimuli because they are incorporated into the map? Or is the 
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hippocampus just as involved in object processing as spatial processing? Lesion and 

recording studies have just begun to answer some of these questions, but research on the 

human hippocampus is far behind advances with sub-human species. 

Further research is necessary to clarify the role of the hippocampus when it 

processes individual items that constitute spatial memory or whether these items are 

processed irrespective of a spatial framework. Why were some spatial tasks affected 

more than others? What are the variables which would best predict the performance of 

these patients? Potential variables which require further exploration include the degrees 

of difficulty of the task, degrees of complexity, degrees of abstraction and length of the 

delay. These will hopefully be tested in the future. 

CONCLUSION 

Most human studies of the medial temporal lobe and memory function have 

concentrated on the hippocampus; other regions in the medial temporal lobe such as the 

parahippocampal cortex have received little attention, although the lesions often go 

beyond the hippocampus proper and dentate gyrus to include the subicular complex, the 

entorhinal cortex, perirhinal cortex and the parahippocampal cortex. Our results suggest 

that the right hippocampus is certainly important for some spatial memory tasks (object 

location, Rey-Osterrieth with and without delay), and the left hippocampus for verbal 

(episodic) memory tasks (Rey Auditory Verbal Learning Task with delay). However, the 

present findings also suggest that even after a right hippocampal lesion, some spatial 

information can still be computed and remembered (invisible sensor task, and spatial 

oddball task). The right parahippocampal cortex appeared to be responsible for this 

particular function. 



APPENDIX A 



Figure 7.1 a: Enlargement of the coronal section showing the lesion to the 
hippocampus of patient BS on the MRI. 
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Figure 7.1 b; Enlargement of the sagittal section showing the lesion to the right 
hippocampus of patient BS on the MRI. 
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Figure 7.1 c: Enlargement of the axial section showing the lesion to the right 
hippocampus of patient BS on the MRI. 



Figure 7.2 a; Enlargement of the coronal section showing the lesion to the anterior part 
of the right parahippocampal cortex on the MRI of patient KrA. 
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Figure 7.2 b: Enlargement of the coronal section showing the lesion to the posterior pan 
of the right parahippocampal cortex on the MRI of patient KjA. 



Figure 7.2 c: Enlargement of the sagittal section showing the lesion to the right 
parahippocampal cortex on the MRI of patient KrA. 



Figure 7.2 d: Enlargement of the axial section showing the lesion to the right 
parahippocampal cortex on the MRI of patient KrA. 
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