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ABSTRACT 

Populations of simultaneously recorded hippocampal place cells were 

studied in three tasks that required shuttling between a variably placed box 

and a reward location predicted by fixed or variably located landmarks. 

Groups of place cells fired at fixed locations relative to the behaviorally 

relevant landmarks or to the absolute spatial framework of the envirorunent. 

The initial segment of the joumeys was represented by a sequence of cells that 

fired at fixed distances with respect to the landmark of origin, behind the 

animal, irrespective of where that landmark was located. The final segments 

of the joumeys were represented by cells that fired at fixed locations relative 

to the landmark of destination. We propose that on the initial parts of the 

journey, the spatial coordinate represented by each cell was updated 

predominantly by path integration. When approaching the landmark of 

destination, the coordinates were updated and corrected by visual landmarks 

(or other serisory cues). The intermediate zone was characterized by a 

transition from the reference frame of the origin to the reference frame of the 

destination. Small distortion of the envirorunent led to a smooth, 

continuous transition, while a large distortion led to abrupt transitions. 

These observations suggest that in the hippocampus, place can be represented 

in multiple spatial reference frames established by behaviorally relevant 

landmarks. Further experiments showed that these landmarks, or their 

sensory properties, are not represented explicitly by place cells, because cells 
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did not maintain their landmark-related firing in a similar task, performed in 

a different environment. 



BMTRODUCnON 

12 

The study of spatial learning is important from a theoretical and a 

practical point of view. Theoretically, it may lead to better understanding of 

the ability of the brain to take in sensory information and construct an 

internal representation of our three dimensional world. This internal 

construct provides the framework within which all movements are plarmed 

and carried out. From a practical standpoint, a better model of how living 

creatures achieve spatial orientation and navigation may lead to the design of 

new devices for robotics and ultimately for computer-organism interfaces. 

Spatial information processing is not just another sensory modality or a 

particular, isolated function of the mammalian brain. Time and space are 

ubiquitous and hence obligatory attributes of any event. Animals learn 

correlations between events and acquire in parallel knowledge about the 

spatial and temporal relations between events or objects. The way this may 

happen has been the subject of scientific discourse since Aristotle and remains 

today incompletely tmderstood. 

The cognitive approach to learning and memory promoted by Tolman 

(1949) held that there are multiple learning and memory systems in the brain, 

and that between stimuli and responses, information processing goes through 

several stages of mental computations. Tolman's proposal has been 

supported by theoreticians and experimentalists (see Nadel 1992) who 

parceled the mammalian brain into content addressable learning systems 

(Sherry and Schacter, 1987). On this background, and on the basis of a large 
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body of experimental data, O'Keefe and Nadel (1978) developed a theory that 

assigns the hippocampus a central role in spatial information processing. 

The work included in this dissertation was motivated by the desire to 

understand the nature of spatial representation in the rat hippocampus 

assuming that changes in spatial representation induced by environmental 

manipulations shed light on how the brain processes spatial information in 

general. Three experiments are presented and discussed, each contributing 

independently to the main query. The point of departxire of this work is the 

cognitive map theory, which proposes that the hippocampus contains map

like representations manifested in the activity of place cells (O'Keefe and 

Nadel, 1978). The neural correspondent of each location in the map is the 

activity pattern of a set of hippocampal place cells. These cells are active 

when the animal travels through a particular location in the environment, 

called the place field of the cells. In the physical world, a map is characterized 

by a scale, a metric, and specific cardinal points of reference. The coordinate 

values for each location on the map are established with respect to a reference 

frame defined by geographical points or prominent landmarks. The scale and 

the metric of the map-like representation in the hippocampus are not fully 

vmderstood, but the reference frame can be defined as a subset of objects or 

events in an environment that determines the current coordinate 

representation on a map. A coordinate system is a medium in which the 

relative locations of arbitrary points are represented. Thus, in a place cell 

map, each location is represented by a set of partially overlapping place fields 

each place field having a set of coordinates measured from other place fields 

and from the reference landmarks. 
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The first experiment presented evidence that space can be represented 

in the hippocampus in multiple spatial reference frames. This was illustrated 

by the existence of different groups of place cells with firing fields bound to 

some, but not to other, behaviorally relevant landmarks. A shift of a 

landmark was followed by an equal shift of place fields, indicating that these 

landmarks establish independent reference frames within which place cells 

encode location. 

Only a few cortical structures other than the hippocampus, are known 

to represent extracorporeal space in multiple reference frames: the ventral 

premotor area, the posterior parietal cortex and possibly the putamen. The 

first two are high level association cortices capable of flexible representations 

in both egocentric and allocentric coordinate frames (Gross and Graziano, 

1995). The findings of the first experiment demonstrate that, in the 

hippocampus, multiple maps are used to represent the same envirorunent. 

The next goal was to determine what makes a landmark "the anchor" of a 

reference frame and what determines which reference frame is active at any 

given time. 

The second experiment showed that the site of origin of a journey is 

the reference point that rats use to represent location. The coordinates for 

the rat's location in a map are determined by the coordinates represented by 

previously active cells and ultimately by the first cells that fired at the point of 

departure. Coordinate values presumably are updated by path integration 

and corrected by visual landmarks. In the case of a small mismatch between 

the position predicted by path integration and the surrounding landmarks, 

the neural representation of position was gradually corrected by external 
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input, causing the location and the size of the place fields to appear distorted. 

In the case of large mismatches, position predicted by surroimding landmarks 

outweighed the position predicted by path integration, resulting in an abrupt 

jump from the reference frame of the origin to that of the destination. (Recall 

that for the purpose of this dissertation reference frame was defined as the 

landmarks that update and correct the animal's coordinates on a given map). 

Different sets of cells were active during passes though the place field in 

opposite directions, which made place fields appear to be directionally 

selective. 

The third experiment showed that hippocampal cells do not represent 

specifically the sensory features of the landmarks and hence the hippocampus 

may not explicitly represent external stimuli. Place cells represent instead 

locations where specific stimuli were repeatedly encountered. In addition, 

this experiment showed that the same physical location in a given 

environment may be represented in multiple maps. These maps appeared to 

be sequentially activated, the shift from one map to another was dependent 

on the demand of the task. 

The work included in this dissertation demonstrates that the 

hippocampus sustains multiple reference frames for representing 

environmental space and suggests that in each reference frame, the 

representation depends primarily on the internal dynamics of the 

hippocampal place cell population and secondarily on landmark-derived 

information. 
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The hippocampal formation is a part of the mammalian cerebral cortex 

that has rolled inward and folded onto itself forming an elongated stnictvire 

in the core of medial temporal lobe. In the rat, it appears as two C-shaped 

interlocking structures with the longitudinal axis sparming dorsally and 

laterally from the septal nuclei to the ventral medial temporal lobe. The 

hippocampal formation in the rat constitutes a large part of the cortex, and its 

surface (1.2 cm^) is barely smaller than that of the neocortex (1.5 cm^) 

(Swanson et al., 1987). The hippocampal formation includes the dentate 

gyrus (DG), the hippocampus proper, or the CA fields (HP), the subicular 

complex (SU), and the entorhinal cortex (EC). Although the adjacent 

perirhinal and parahippocampal cortices are not part of the hippocampal 

formation, they must be discussed together, given the fact that most of the 

cortical input that reaches the hippocampus originates from these regions, 

and thus comprise what has been referred to as the medial temporal lobe 

memory system (e.g.. Squire, 1992) 

2.1.1. The perirhinal and parahippocampal cortices 

The perirhinal cortex encompasses Brodmann areas 35 and 36 (areas 

perirhinalis and ectorhinalis respectively). The parahippocampal cortex (area 

TH and TF) spans caudally from area 35 and 36 and is defined as postrhinal 

region in the rat (Amaral, 1993). Area TH is a thin strip of cortex lying 

between the parasubiculum and the EC, while area TF is considerably larger 
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and lies laterally to area TH. Area TH laterally borders area TE, which is 

temporal cortex allocated to visual function. 

c 

O X 

C o 
W u 

35 36 

^ f 

TH+TF 

-w 

TE 

OcZL 

Rostral 

Caudal 

Figure 3.1. The perirhinal and parahippocampal cortices (after Burwell). 
Areas 35 and 36 comprise the perirhinal cortex. Areas TH and TF constitute the 

postrhinal cortex. TE = temporal cortex, C)c2L = secondary visual cortex. The arrows 
show the connections between them. The gray arrows represent connections among the 
perirhinal and postrhinal cortices. 

In the rat, the perirhinal cortex occupies only the caudal region of the 

rhinal sulcus, while in the monkey and humans the perirhinal cortex borders 

the full length of the rhinal sulcus (Burwell et al., 1995). The perirhinal and 

parahippocampal cortices project heavily to the EC. This projection fans out 

such that the targets of the perirhinal and parahippocampal fibers overlap in 

the EC. This projection has a rostro-caudal topography, such that the rostral 

parts of the EC receive more input from the perirhinal cortex, whereas the 

caudal parts receive more input from the postrhinal cortex. The EC gives rise 

to a return projection that is also topographical. The rostral EC projects 

preferentially to perirhinal cortex, and the caudal parts of EC project to both 

the perirhinal and postrhinal cortices. 
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The perirhinal and postrhinal cortices are reciprocally connected and 

receive cortical and subcortical inputs segregated along the rostro-caudal axis. 

Medial prefrontal 
Insular 
Auditory 

Orbital prefrontal 
Retrosplenial 
Pariet^ 
Entorhinal 

Cingulate 
Occipital 

Amygdaloid complex 
Nucleus Accumbens 
Perigeniculate Thalamus 

Caudate nucleus 
Midline Thalamus 

Claustrum 
Lateral Thalamus 

CORTICAL INPUTS SUBCORTICAL INPUTS 

Figure 3.2. Cortical and subcortical inputs to the perirhinal (35+36) and the 
postrhinal (TH+TF) cortices. 

Cortical afferents to the perirhinal cortex that do not project to the postrhinal 
cortex include the following: piriform cortex, insular cortex, auditory, olfactory and 
somatosensory association areas, and polymodal association cortices (medial prefrontal 
and ventrolateral prefrontal). Other polymodal association information reaches the 
perirhinal cortex via the postrhinal area. Subcortical afferents to the perirhinal cortex 
that do not project to the postrhinal cortex originate from the amygdala, nucleus 
accumbens, and Ae midline thalamic nuclei. 

The afferents to the postrhinal cortex that do not project to the perirhinal cortex 
include direct input from primary visual area (17), visual association area 18a, 2ind the 
anterior cingulate cortex. Subcortical structures that project exclusively to the postrhinal 
cortex originate from the claustrum and lateral posterior thalamic nuclei. Therefore, this 
region receives both multisensory and limbic signals. 

Connections common to both areas include bidirectional projections to the 
midline thalamic nuclei. Also, both areas receive input from orbital prefrontal, 
retrosplenial, and entorhinal cortices. 
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The cortical regions that convey critical information for place specific 

activity to the hippocampus (e.g., posterior parietal, anterior dngulate, etc.) 

project to both the perirhinal and postrhinal cortices. Affect- and motivation-

related information (e.g., from the amygdaloid complex or from nucleus 

accumbens) reaches orUy the perirhinal cortex. It is possible therefore, that 

the fvindamental operations performed by these areas are different. Because 

of the topographical projections from the perirhinal and postrhinal cortices to 

the entorhinal cortex and the hippocampus, this segregation of input is 

possibly conserved along the septo-temporal axis of the hippocampus. 

2.1.2. The lamellar organization of the hippocampal formation 

Prior to the development of sophisticated labeling techniques, the 

hippocampus was described as a lamellar structure with each lamella forming 

a trisynaptic unidirectional loop (Andersen, 1971). In the rat, the orientation 

of the lamellae is transverse to the longitudinal, septo-temporal axis of the 

hippocampus. More recently, the lamellar organization has been fotmd to 

hold only for the distribution of granule cell axons to the CAS pyramidal 

areas (Amaral, 1993). It is now clear that the three-dimensional sfructure of 

the hippocampal formation is more complex. Projections from small areas of 

the entorhinal cortex are widely distributed to the CA regions. Furthermore, 

association fibers that originate from the collaterals of p)n*amidal cells in the 

CA regions project longitudinally across several lamellae (Amaral et al., 1989). 

Although the lamellar model is not tenable in detail (Amaral, 1993), it does 

provide a general framework in which much of the basic hippocampal 

circuitry can be described. Although the following parts of this chapter 
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review the components of the hippocampal formation in the sequence 

suggested by lamellar organization, this does not imply an adoption of this 

scheme. 

2.1.3. Entorhinal cortex 

The major soiu^ce of direct cortical input to the hippocampus is via the 

EC that is adjacent to the hippocampus (for a review see Amaral, 1991). 

Entorhinal projections arise in layer II and m and form the perforant pathway 

that terminates in the dentate gyrus, the hippocampus proper (CA fields) and 

the subiculum. 

DG 
CAl 

Subiculum 

CAS 

Figure 3.3. The distribution of layer EC layer 11 and layer EI projections. 
The gray lines depict the connections along the conventional trisynaptic loop. 

The EC is divided into a lateral area (lateral entorhinal cortex, LEC) and 

a medial area (medial entorhinal cortex, MEC). In the LEC, layers n and IE are 

different and easy to distinguish; layer n contains small, densely packed. 
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stellate neurons, which are modified pyramidal cells, while layer HI contains 

larger and more dispersed pyramidal cells. (Layers II and IE are less 

distinguishable in the MEC.) Cells in layer n project to DG and CAS, and layer 

m cells project to CAl and subiculum. These cells are under local and septal 

GABAergic inhibitory control (Amaral and Witter, 1995). Thus, in principle, 

activation of the EC layer III can lead to the activation of CAl and the 

subiculum without activation of the DG or CAS. 

Cells from the MEC make synaptic contacts with the dendrites of the 

granule cells in the middle of the molecular layer (outer dendrites), while 

cells from the LEC synapse on the outer 1/S of the molecular layer. The 

entorhinal projection to the DG is organized such that dorsolateral and 

caudomedial portions project to septal portion of DG. These projections carry 

multisensory information from neocortical origins. More ventromedial 

parts, adjacent to the amygdaloid fissure, project to more temporal parts of the 

DG and presumably carry affect-related information. Perforant path fibers 

from MEC and LEC synapse on the distal dendrites of CAS p5n:amidal cells. 

The perforant path projection to CAl is topographically organized such that 

fibers firom the MEC terminate closer to the border of CAS and CAl, and fibers 

from the LEC terminate closer to the border between CAl and the subiculimi 

(for a review see Amaral, 199S). Distal CAl pyramidal cells and proximal 

subicular cells receive input from the LEC, while more proximal regions of 

the CAl field receive input only from the MEC. Layer HI projections from 

LEC terminate throughout the molecular layer of the subiculum but only at a 

restricted transverse region between the border between CAl and the 

subiculum (Witter and Amaral, 1991). 
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2.1.4. The dentate gyrus 

Approximately 1,000,000 granule cells are the targets of the entorhinal 

cortical projection to the DG. There is a 1 to 10 divergence from EC to DG so 

that each granule cell receives about 4,000 inputs from EC while one EC cell 

contacts approximately 18,000 granule cells (for a review see Patton and 

McNaughton, 1993). An important input to the DG originates from the 

parasubicular pyramidal cells. (This projection is particularly important for 

spatial information processing in the DG, because parasubicular cells respond 

specifically to head orientation). The dentate gyrus contains five major types 

of GABAergic interneurons: a) chandelier or axo-axonic cells, b) several 

groups of basket cells that terminate on granule cells dendrites, c) 

interneurons with hilar dendrites and ascending axons (HIPP cells) that 

mediate feedback inhibition of granule cells, d) hilar border neurons with 

ascending axons and dendrites (HICAP cells) that are presumably driven by 

feed-forward excitation from entorhinal afferents, and e) hilar neurons with 

projection to the CA fields and subiculum that travel along the perforant 

pathways (Freund and Buzsaki, 1996). These interneurons are GABAergic but 

also contain modulatory neuropeptides such as somatostatin (HIPP cells), 

neuropeptide Y (basket cells and HIPP cells), colecystokinine (basket cells), etc. 

The functional role of each type of intemeuron, and of the modulatory 

peptides, is not yet understood. Their widespread longitudinal and 

interregional projection has important implications on the physiological 

operations performed by the dentate gyrus and its connected structures. 

Presumably, interneurons throughout the hippocampus, set the excitatory 

threshold of distinct groups of principle cells, thereby diversifying their 
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possible functional states. On the other hand, intemeurons were shown to 

increase the amount of coherence among cells with similar input (Sik et al., 

1994). A direct consequence of this coherence is the emergence of oscillatory 

waves and, in pathological cases, epileptic patterns. The propagation of these 

waves in the longitudinal direction is often faster than could be accoimted for 

by the conduction velocity of principle cells . 

2.1.5. The CA fields 

Granule cell axons (mossy fibers), terminate on CAS pyramidal cells. 

Each granule cell contacts approximately fourteen to twenty-eight CAS 

pyramidal cells (Claiborn et al., 1986). This projection has a complicated 

topography, nevertheless it spans the whole curvature of the CAS region. 

Each mossy fiber branches out to contact mossy cells in the hilus. Mossy cells 

excite granule cells and GABAergic cells in the molecular layer and send 

projections to the contralateral E)G. 

Each of the 3S0,000 CAS pyramidal cells, receives about 80 inputs from 

granule cells via the mossy fibers and approximately 6,000 inputs from other 

CAS pyramidal cells (Amaral et al., 1990). One CAS cell fans out to half of the 

extent of CAS (both hemispheres) and contacts 2% of all CAS cells. The axons 

of CAS pjnramidal cells form the Shaffer collaterals. The Shaffer collaterals 

establish 10,000 connections with CAl pyramidal cells. CAS cells have 

extensive arborizations, such that a single cell may commimicate with 30,000-

60,000 other cells. Another collateral of the CAS pyramidal cell projects to the 

lateral septum. 
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The Schaffer collaterals synapse on the apical and basal dendrites of 

CAl pyramidal cells. The topography of this projection is such that proximal 

parts of CAS, relative to the DG, project to more distal parts of CAl, and distal 

parts of CAS project to more proximal parts of CAl. These projections exhibit 

a patchy distribution (Li et al., 1994) and columnar organization (Ishizuka et 

al., 1990) along the septotemporal axis. 

CAl 

Figure 3.4. Topography of the CA3 to CAl projection. 
The thick gray lines represent the pyramidal layer in CA3 and CAl, the small 

black circles correspond to CA3 pyramidal cells and the large white circles are the 
targets of their projections (patches). 

Single CAS neurons may distribute their axonal arborization to CAS 

and CAl in the ipsilateral and contralateral hippocampus. Between CAS and 

CAl is an intermediate region defined as CA2 that begins where the mossy 

fibers stop. 
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The CAl field contains large pyramidal cells which receive input via 

the perforant pathway from two major sources, CAS, EC, and thalamic inputs. 

It is interesting that CAl and the subicular complex are distinguishable from 

CAS and the DG on the basis of whether or not they receive thalamic input 

The intrinsic connectivity of CAl is determined by the distribution of the 

Shaffer collaterals. Intracellular labeling of CAS pyramidal cells showed that 

differences in the projection patterns change gradually along the sep to-

temporal axis of the CAl. More distal CAS neurons innervate the basal 

dendrites of CAl pyramids, whereas more proximally situated cells 

predominantly innervate the apical dendrites. These patches generated by 

local distribution of CAS projections are similar to cortical hypercolunms in 

the visual cortex reported by Gilbert and Wiesel (198S). Thus, CAS activation 

patterns would excite several clusters of CAl cells at different locations along 

the septo-temporal axis, known to receive different types of inputs from the 

EC and the subiculum. There are only sparse, excitatory recurrent collaterals 

in CAl and few association fibers between different regions. The CAl 

projection terminates on the subiculimi and in the EC in a columnar 

organization (Ishizuka, 1990). 

2.1.6. The subicular complex 

The subicular complex consists of the prosubiculum (a diffuse layer of 

neurons), the subiculum (a diffuse layer of pyramidal cells), the 

postsubiculum (or presubiculum), and the parasubiculum (Amaral and 

Witter, 1989). The postsubiculum and the parasubiculum appear as 

multilayered cortices in apposition to EC. The postsubiculum and the 



26 

parasubiculum are reciprocally connected to the EC. Fibers from the 

presubiculum terminate in layer in of the EC, and fibers from the 

parasubiailum terminate preferentially in layer II (Kohler, 1985). The dorsal 

and ventral subicxilum have different cormections. Dorsal subicular cells 

closer to CAl, project to the perirhinal cortex, LEC, lateral septum, and medial 

thalamus; subicular cells further from CAl project to the retrosplenial cortex, 

the anterior nuclei of thalamus, and the medial manunillary nuclei. The 

ventral subiculum projects to MEC, lateral septum, nucleus accumbens, 

basolateral amygdala, ventromedial hypothalamus and midline thalamus 

(Amaral and Witter, 1995). The projections to the manunillary bodies, EC 

and septum are topographical. 

MEC 
Lateral septum 
Nucleus accumbens 
Basolateral amygdala 

Perirhinal cortex 
LEC 
Lateral septum 
Medial thalamus 

Retrosplenial cortex 
Anterior thalamus 
Medial mammillary nuclei 

CAl 

Postsubiculum 

Dorsal 
Subiculum 

Mid-
Subiculum 

Ventral 
Subioilum 

Parasubiculum 

Prosubiculum 

Entorhinal cortex 

Ventromedian hypothalamus 
Midline thalamus 
Prefrontal cortex 

Figure 3.5. Subicular projections vary along the dorso-ventral axis of the subicular 
complex. 
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There are few direct cortical projections to the subiculum in the rat 

(Amaral and Witter, 1995). Subcortical inputs are, however, numerous. The 

medial septal nuclei and the nucleus of the diagonal band of Broca both 

project to the CA fields and the subiculum. The ventral subiculum (closer to 

CAl) receives strong input from the basal nucleus of the amygdala. Three 

regions of the thalamus project to the subicular complex: the reuniens and 

paraventricular nuclei project to the subiciilum, the anterior nuclei project 

mainly to the post- and parasubiculum, and the lateral nuclei to the 

postsubiculum. 

Entorhinal cortex 'osterior parietal cortex Hippocampus 

Medial vestibular nuclei 

Mammillary nuclei 

Subiculum 

Visual, auditory and olfectory cortices 

Dorsal and ventral tegmentum 

Figure 3.6. Cortical and subcortical connections of the subicular complex. The stippled 
areas correspond to structures in which cells exhibit head directional tuning. 
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The efferent cormections of the subicnlum are more numerous given 

that the subiculum is the main output structure of the hippocampus. Among 

the cortical projections a prominent one links the subiculimi to the medial 

prefrontal area and the medial orbitofrontal cortex (Swanson and Cowan, 

1977). This pathway may be a main avenue that links the hippocampal long-

term, associative memory system with the working memory system of the 

prefrontal cortex (Lopes da Silva, 1990). A substantial projection connects the 

subiculum with the retrosplenial cortex and a weaker one to the dngulate 

cortex (Amaral, 1993). The perirhinal cortex receives fibers from the 

subiculum that terminate in the superficial and deep layers (Burwell, 1995). 

The subcortical targets of the subiculum are the septal and mammillary 

nuclei. While the projection to the septal nuclei is almost exclusively 

ipsilateral, the projection to the mammillary bodies is both ipsilateral and 

contralateral. An equally robust fiber pathway projects to the nucleus 

accumbens and nucleus reuniens in the thalamus. The paraventricular 

nucleus and the nucleus gelatinosus also receive weaker projections from the 

subiculum, but these projections contain intermingled fibers from the 

subiculum and the adjacent presubiculum. The accessory basal nucleios of the 

amygdala also receives input from the subiculum but only from its ventral 

one third. 

The presubiculum receives a prominent projection from the 

retrosplenial cortex (layer V) that terminates on layers I and HI-V (Swanson 

and Cohen, 1977) and from the visual area 18b which terminates on layers I 

and in. A minor input arrives from the medial prefrontal cortex. The most 
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robust subcortical afferent to the presubiculum originates in the dorsal 

thalamus, the anteroventral and anterodorsal nuclei, and the laterodorsal 

nucleus (Thompson and Robertson, 1987). These connections may carry 

vestibular and visual information that is reflected in the directional tuning of 

the cells in this area (Taube et al., 1990 a and 1990 b). The ventral 

presubiculum receives input from the laterodorsal and anteroventral nucleus 

while the dorsal presubiculum receives input from the laterodorsal and 

anterodorsal nuclei (Van Groen and Wyss, 1990). The medial septal nucleus, 

the vertical limb of the diagonal band of Broca, the amygdala, and the 

mammillary and perimammillary regions of the hypothalamus also send 

projections to the presubiculum (Swanson et al., 1987). One can hypothesize 

that these connections link the presubiculum to areas concerned with 

motivation, emotion and instinctual behavior. 

The presubiculum (layer V) sends projections to layers I and n of the 

retrosplenial cortex in a topographical manner, such that the ventral 

presubiculimi projects to the ventral parts of the granular retrosplenial cortex, 

whereas the dorsal presubiculimi projects to the dorsal retrosplenial cortex 

(Van Groen and Wyss, 1990). Presubicular projections target the 

parasubiculum and the EC. The latter is directed only to MEC and terminates 

almost exclusively in layer IE. 

The parasubiculum has a distinct set of intrinsic and extrinsic 

projections. The most robust projection of the parasubiculum targets layer U 

of the EC . In contrast to the presubiculum, the parasubiculum sends 

ipsilateral and contralateral fibers to both LEC and MEC, however the 

contralateral projections are weak. Parasubicular efferent fibers contact the 
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outer 2/3 of the granule cells (Amaral and Witter, 1995). Because the 

parasubioilum receives a massive input from the anterior thalamus, it is 

conceivable that the projection to the DG provides a means by which 

thalamic head direction information becomes integrated in early spatial 

processing. The parasubiculum innervates the CA fields in a clear 

septotemporal, topographic manner (Amaral and Witter, 1995). The 

parasubiculum is reciprocally connected to the presubiculum. The 

parasubiculum sends and receives very few extrahippocampal projections. 

More prominent inputs arrive from the amygdala and retrosplenial cortex. 

2.1.7. Conclusion 

The principles of the anatomical organization of the hippocampal 

formation and the connected cortical and subcortical structures provide 

insight into the flow of information and the fvmction of the hippocampus. 

Confrary to the previously held concept of two-dimensional, lammellar 

organization (Andersen et al., 1971), new findings indicate that the intrinsic 

hippocampal connections are disfributed broadly along the septo-temporal 

and fransverse axes of the hippocampus, forming three-dimensional 

networks with complicated topographical connections (Ishizuka, 1990; 

Amaral, 1993; Li et al., 1994; Sik et al., 1994; Amaral and Witter, 1995). The 

extrinsic connections show a degree of topographical segregation along the 

septo-temporal axis, suggesting that qualitatively different types of 

information is processed at various points along this axis (Swanson and 

Cowan, 1977; Witter and Groeneweger, 1984; Witter et al., 1989; Lopes da 

Silva, 1990; Burwell et al., 1995). It has been suggested that the dorsal 
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hippocampus preferentially processes multisensory information, while the 

ventral hippocampus may have a preponderant role in processing autonomic 

signals together with information arising in affect- and motivation related 

structures (Witter et al., 1986; Lopes da Silva et al., 1990; Amaral and Witter, 

1995). This has powerful implications for information processing in the 

hippocampus and suggests that the dorsal and ventral aspects are involved 

differentiy in similar operations, or, perhaps quasi-independentiy, in different 

operations. On the other hand, massive longitudinal connections may blur 

these distinctions. Lesion and physiological studies can cortfirm or refute 

these predictions, e.g., lesions to the ventral hippocampus resulted in less of a 

spatial deficit than lesions to the dorsal hippocampus (Moser et al., 1993). 

Similarly, place cells showed more spatial specificity in the dorsal 

hippocampus than in the ventral hippocampus (Jung et al., 1994). 
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3.2 Behavioral deficits following hippocampal lesions in humans and 

animals 

The role of a neural structure may be derived from the description of 

its input and output connections, the nature of the deficits following its 

destruction or disconnection from the rest of the brain, functional imaging 

and from behavioral correlates of its constituent neurons. This chapter 

presents, in a historical perspective, the main neuropsychological findings in 

humans with hippocampal lesions and a summary of several decades of 

lesion experiments in rats. 

3.2.1. How the hippocampus became a memory structure 

The hippocampus and its functions were originally brought into the 

light of scientific curiosity in 1878 by Broca, who claimed that the great limbic 

lobe was the common denominator of all mammalian brains. Because of the 

abundance of cormections between the olfactory apparatus and the limbic 

lobe, Broca attributed to the limbic lobe olfactory fimctions. Later, Papez 

ascribed to the limbic lobe non-olfactory ftmctions and, on anatomical 

grounds, developed the idea of a circuit implicated in the expression of 

emotions. Because patients with rabies, (a virus which has a predilection for 

the hippocampus) suffer ft-om extreme terror and animals with rabies show 

excessive aggressiveness, Broca proposed that the hippocampus was a key 

station in the "stream of feeling" 

In the 1950's, MacLean studied the electrical activity of temporal lobe 

structures in epileptic patients and developed the concept of a "limbic 
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system". He noted that in psychomotor epilepsy, in conjunction with 

emotional feelings, patients experience not only olfactory but polysensory 

hallucination. In many of these cases, the epileptic focus was localized to the 

hippocampus. MacLean mapped the connections of all cortical sensory 

systems with the hippocampal formation, and concluded that the 

hippocampus fuses interoceptive and exteroceptive impressions to form 

complex representations. In 1952, MacLean concluded that although the 

intellectual fimctions of the brain are mediated in the newest and highly 

developed neocortex, the limbic system is where what we "feel" and what we 

"know" come together and are understood. 

In the 1930's Heinrich Kliiver noticed that hallucinogens produced the 

same oral symptoms as uncinate seizures. To investigate the effects of the 

removal of the imcinate gyrus on oral symptoms, he requested Paul Bucy, a 

neurosurgeon, to remove the imcinate gyrus in wild, aggressive rhesus 

monkeys. Bucy removed the entire temporal lobe instead of just a small 

patch of olfactory cortex. After surgery, the animals displayed the expected 

oral tendencies, but these were also accompanied by emotional changes, 

psychic blindness, a compulsive tendency to examine every visible object, 

changes in dietary habits and changes in sexual behavior. The same authors 

showed later, that for the emergence of this syndrome (named after them the 

Kliiver-Bucy syndrome), bilateral lesions of the rhinencephalic structures, 

including the amygdala and the hippocampus, were necessary. Lesions of the 

first and second temporal convolution alone, or severance of the cormections 

between the temporal lobe with the frontal, parietal or occipital lobes failed to 

produce the same symptoms. 
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The earliest report of a human case of Kliiver-Bucy syndrome (Terzian 

and Ore de Padua, 1955 as cited by MacLean, 1994) served as the first clinical 

indication that lesions of the medial temporal lobe structiores lead to severe 

memory deficits. A 19-year old male patient imderwent bitemporal 

lobectomy to alleviate uncontrollable temporal lobe epilepsy that were 

manifested in bouts of rage and violence. Postoperatively, the patient showed 

loss of emotional expression, a tendency to examine all available objects, an 

insatiable appetite, exhibitionistic behavior, frequent masturbation, 

homosexual tendencies and spatial disorientation. The above picture 

corresponds to what Kluver saw in his monkeys. However, in addition to 

these sjmiptoms, this patient failed to recall recent and past memories despite 

his good sense of temporal relationships. 

Concomitantly, Scoville and Milner studied a patient, H.M., who 

underwent bilateral medial temporal lobectomy (Scoville eind Milner, 1957). 

His prepyriform gyrus, uncus, amygdala, and the anterior half of the 

hippocampus and the parahippocampal gyrus were removed, (Corkin, 1994). 

H.M. could remember many details of his life prior to his operation, but he 

had retrograde anmesia extending back approximately twelve years. His 

global intelligence scores remained high, but he was tmable to leam new facts, 

remember new experiences, or to make use of imagery or any other 

mnemonic technique to store information (Scoville & Milner, 1957). 

Procedural-type learning, however, remained intact. He learned a mirror 

drawing task and improved his performance over days, even though he did 

not remember ever trying it before (Corkin, 1984). H.M.'s short-term memory 

was normal (his digit span was 6). Also, he performed well on working 
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memory tasks, but if the task was interrupted by a distracter, the memory was 

lost. For example, an experimenter would leave the room, and after a few 

minutes, would return and ask H.M. how long she had been away. H.M. was 

able to keep track of time elapsed if he was not distracted while the 

experimenter was away from the room. If a distracter was introduced in this 

period, H.M was unable to perform. H.M. was not able to remember the 

events of the same day or of previous days. He would solve the same cross 

word puzzle for weeks in a row and would react with the same strong 

emotional response each time he was told that his uncle had died. Thus, 

H.M.' s short-term memory was normal but information could not be 

transferred from short-term memory into long-term memory. His deficit 

suggested that the long-term memory system, or the function of transferring 

immediate information for long-term storage, was localized to the area of his 

lesion. In retrospect, H.M.'s case predicted a distinction between two learning 

systems: one involved in learning motor skills, the other one for learning 

facts and events. (When evaluating H.M.'s deficit, it is important to keep in 

mind, however, that his damage did not include the entire hippocampus and 

that H.M. was an epileptic treated with anticonvulsivant drugs since the age 

of 16. Also, H.M. continued to have about ten petit mal seizures per day after 

surgery, which was performed when he was 27. A large body of literature 

implicates both neuroanatomical and neurochemical alterations in the 

hippocampi of epileptic patients). 

The exact limits of H.M.'s retrograde amnesia are not known. Certain 

events that occurred 11-13 years before the surgery were lost while others 

that took place only 2-3 years before surgery were preserved. The presence of 
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retrograde amnesia would indicate that the hippocampus is required not only 

at the time of acquisition but also for a variable period afterwards. Some 

lesion experiments in animals, however, do not attest to the existence of 

temporally graded retrograde amnesia (Weisend and Sutherland, 1996). 

Nevertheless, H.M.'s savings suggest that memory encoding and retrieval are 

independent processes. Due to an incomplete lesion of the hippocampus and 

an extensive lesion of the adjacent cortices, H.M.'s memory impairment 

could not be ascribed to any single medial temporal lobe structure. More 

selective lesions would have established which temporal lobe structures are 

responsible for the observed deficits. 

Many years later, another amnesic patient (R.B.) became available for 

study. R.B. had a lesion of the CAl region (Zola-Morgan et al., 1986), but his 

IQ was above normal and his motor learning skills intact. However, he 

showed marked anterograde amnesia, for mostly verbal material, no 

retrograde amnesia and no other cognitive impairments. During open heart 

surgery, R.B. suffered an ischemic episode which was known to selectively 

eliminate the CAl region in both hippocampi. Therefore, memory deficits 

seen in R.B. were attributed to a restricted lesion of the hippocampal 

formation (Zola-Morgan et al, 1986). This case illustrated that the loss of the 

hippocampus proper alone can cause non-procedural memory deficits, 

similar to those following more extensive temporal lobe damage. R.B. was 

tested on both spatial and non-spatial tasks and showed clear impairments. 

One difficulty with the conclusion drawn from this case is that it relies on the 

selectivity of the hjrpoxic lesion, discoxmting the possibility that, aside from 

the obvious cell loss in CAl, fine lesions undetected by the anatomical 
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evaluation or altered cell activity may contribute to the observed changes 

(Duva et al., 1993). 

Patient K.W. added a new insights into what was known about 

hippocampal lesions in humans. After surgical removal of a localized tumor 

on the left fornix, the patient presented with a severe verbal learning deficit 

(Tucker et al., 1988) but had no deficit in recalling visual spatial information. 

Oral presentation of the stimuli, rather than visual presentation, resulted 

poorer performance in recognition tasks. Her case demonstrated that, at least 

in humans, hippocampal function is lateralized such that the left 

hippocampus is specialized for processing language, while the right 

hippocampus is more involved with the processing of spatial information 

(Milner, 1965; O'Keefe and Nadel, 1978). Two additional patients with left 

fornix lesions were described by Hodges and Carpenter (1991). Both patients 

exhibited marked anterograde amnesia for verbal and non-verbal material; 

However, the non-verbal deficit, together with the retrograde amnesia, 

improved over time. 

Furthermore, patient D.C. exhibited more severe verbal learning deficit 

caused by left fornix damage accompanied by damage to the dngulate bimdle, 

the dorsal hippocampus, superior parietal lobule, and left caudate. This 

patient had retrograde amnesia for only two month (von Cramon and Schuri, 

1992). 

In an attempt to reconcile the human neurophysiological findings with 

the animal literature Pigott and Milner (1993) compared right and left 

temporal lobe patients and right and left frontal lobe patients on both verbal 

and spatial memory tasks. The spatial task required the subjects to remember 
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the relative location of objects in a complex scene. The use of this task was 

motivated by the observation that monkeys with fornix lesions were unable 

to remember complex scenes (Gaffan, 1994). The results demonstrated that 

left temporal patients were impaired on verbal memory tasks. The groups 

with right and left frontal, and left temporal, damage scored comparably with 

normal controls on memory for complex visual scenes. Only the right 

temporal damage patients showed deficits in the recognition of the relative 

location of objects in a scene. 

These findings provide evidence that, in humans, the right 

hippocampus has spatial memory functions, while the verbal deficits 

observed in most amnesic patients may be due to left hippocampal damage. 

To further imderstand the functional parcellation of the medial temporal 

lobe, behavioral tests were conducted in animals with restricted lesions to 

each component of this system. 

3.2.2. Behavioral deficits in animals with hippocampal lesions 

The aim of this review is to present and support the hypothesis that an 

intact and functional hippocampus is necessary for spatial information 

processing and effective navigation. A large body of literature concerning the 

effects of hippocampal lesions on operant conditioning, timing, affect and 

species-specific behavior, motor behavior, etc., will not be discussed (for 

detailed review see Gray and McNaughton, 1983). Many studies in animals 

with selective hippocampal lesions, or with combined lesions of the 

hippocampus and its connected structures, were designed to test memory 

functions. The discoveries attributing amnesia that followed temporal lobe 
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damage were consistent with contemporary cognitivist approaches to 

learning. In this atmosphere, O'Keefe and Nadel (1978) reviewed the 

relevant literature and concluded that the common element of all learning 

deficits seen in humans and animals with hippocampal lesions was the 

spatial demand of the task. Tolman was the first to show that rats use map

like representations to solve a tasks that require the flexible use of knowledge 

regarding the layout of several interconnected paths, leading to a goal location 

(Tolman, 1948). O'Keefe and Nadel (1978), suggested that this strategy was 

contingent upon an intact hippocampus. To assess this hypothesis directly, 

Harley (1979) compared hippocampal-lesioned, neocortex-lesioned, and 

control rats in a place learning task that utilized a maze almost identical to 

that of Tolman's. When the passage from the start arm to the goal arm was 

blocked, hippocampal lesioned rats did not chose the correct alternative path 

to the goal, as controls did (Harley, 1979). 

Several behavioral and electrophysiological experiments followed 

these initial findings and led to various hypotheses on the role of the 

hippocampus and its functional architecture. The cognitive map hypothesis 

of O'Keefe and Nadel (1978) remained the prevailing view on hippocampal 

function since the majority of experimental data pointed toward the essential 

role of the hippocampus in tasks with spatial demands. Alternative 

hypotheses that assigned the hippocampus a central role in declarative 

(Squire 1991) or relational memory (Cohen and Eichenbaum, 1993, 

Eichenbaum et al., 1994) accommodated the spatial function of the 

hippocampus, proposing that spatial tasks are inherently "declarative" and 

require "relational processing". The major source of conflict between the 
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cognitive map hypothesis and other theories on hippocampal function was 

due to possible role of the hippocampus in non-spatial functions, such as 

configural associations (Sutherland and Rudy, 1989), working memory (Olton 

et al., 1979), associative learning (Rawlins, 1985), non-spatial conditional 

discriminations (Hirsh, 1980; Eichenbaum et al., 1992), response inhibition 

(Isaacson and Douglas, 1961; Hirsh, 1974), and emotional functions (Gray, 

1982). In the following sections, a sxmimary of the literature concerning 

hippocampal lesions in rats and primates is presented. 

3.2. 3. Spatial deficits in rats with hippocampal lesions 

Spatial deficits in rats are relatively easy to demonstrate because adult 

rats naturally prefer, if possible, to use spatial strategies to solve a task (Barnes 

et al, 1980). Severe spatial deficits were obtained on radial-arm mazes, in 

which rats failed to use efficiently the relationships among the extramaze 

cues to find a goal arm (Olton and Samuelson 1976) and on the Barnes 

circular maze (Barnes, 1979) where rats failed to find an escape hole based on 

its spatial relationship to distal visual cues (McNaughton et al., 1989). In the 

simple version of the radial eight-arm maze task (free choice version), each 

arm is baited. To avoid entering the same arm twice, the rats have to 

remember which arm they have already visited in order to collect the reward 

in optimal time. In a more complicated version of the task, only four arms 

are baited and the rat is required to remember which are baited and which 

were already visited. The type of errors made in this task differentiate 

between spatial reference memory and spatial working memory. If a rat re

entered an arm which had been baited and already visited, then it failed to 
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remember information that was useful for a short period of time and only for 

that set of trials (working memory error). If, however, a rat entered an arm 

which had not been baited, then it failed to remember the spatial 

relationships between the baited arm and the surrounding objects (reference 

memory error). Rats with hippocampal lesions made more errors on the 

reference memory tasks (for reviews see Barnes, 1988; Jarrard, 1993). 

Another apparatus used to test spatial learning is the Morris water 

maze. Rats placed in a circular swimming pool with opaque water are 

required to find an escape platform hidden beneath the water surface, using 

the spatial cues outside the water tank (Morris, 1981). Rats are severely 

impaired on this task, following hippocampal dysfunctions produced by direct 

damage (e.g., Morris et al., 1982; Sutherland et al., 1982, Morris et al., 1982; 

Whishaw, 1987) or by lesions to the fornix (e.g., Sutherland and Rodriguez, 

1989; Eichenbaum et al., 1990). An obvious difference between hippocampal 

lesioned and control animals was revealed when the hidden platform was 

removed. The lesioned animals circled around the walls of the pool, while 

controls swam in the vicinity of the target. If, however, the platform was 

raised above the level of the water, then hippocampal rats performed 

similarly to controls, indicating that they were able to swim and to see but 

they were not able to compute the target location based on spatial cues. The 

nature of the lesion does not appear to affect the type of deficits obtained: rats 

with aspiration or neurotoxin lesions (e.g., Morris et al., 1982; Gallagher and 

Holland 1992) exhibited the same deficits as obtained with electrolytic or 

transection lesions (e.g., Morris, 1981; Sutherland et al., 1982; Barnes, 1988). 
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Some experiments illustrated that rats with electrolytic lesions to the 

fimbria fornix exhibited working memory errors but performed normally 

with regard to reference memory (Olton and Papas 1979). In addition, 

hippocampal lesions lead to working memory deficits on non-spatial tasks 

(Olton and Feustle 1981). From these results, Olton concluded that the 

hippocampus is more concerned with working memory than with spatial 

reference memory. Olton's hypothesis was refuted later because it did not 

account for a large body of experimental findings and because working 

memory deficits without reference memory deficits were not replicated in 

hippocampal lesioned rats (Rasmussen et al., 1989). To the contrary, results of 

O'Keefe and Conway (1980) provided evidence for reference memory deficits 

in rats with fornix lesions. In addition, Nadel and McDonald (1980) and 

Jarrard (1993) foimd reference memory deficits in rats with electrolytic and 

neurotoxic lesions to the hippocampus. 

Although the rat lesion literature overwhelmingly supports the 

hypothesis that hippocampus processes spatial information, non-spatial 

deficits were also obtained with restricted lesions to the hippocampus. 

Because himians and primates with hippocampal lesions (often accompanied 

by damage to the adjacent structures) showed recognition memory deficits on 

delayed non-matching to sample procedures, recent experiments have 

adopted this task for the rat. Results show that hippocampal damaged and 

control rats did not differ in acquisition and performance without delays in 

recognition memory tasks. When delays were introduced, hippocampal rats 

were only mildly impaired (Otto and Eichenbaimi, 1992, Aggleton et al., 1986; 

Kolb et al., 1994). Recentiy, Bimsey and Eichenbaum trained rats on odor-
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odor paired associates. Rats were presented with a sample cup, A or D, and 

then were offered a choice between cups B and C, or E and F. The rats were 

rewarded if they chose B when presented with A, and E when presented with 

D. 

Once the rats learned the association between the samples and the 

corresponding choice stimuli, the transitivity and synunetry of the 

associations were tested. Symmetry was assessed by presenting previous 

choice odors as samples. If A was the sample and B was the choice between B 

and C, in the transitivity test, the rat had to choose A when presented with B. 

The transitivity of the association was tested by presenting sample odors from 

the first set and choice odors from the second set If A was associated with B, 

and D was associated with E, when presented with A as sample and E and F as 

choice stimuli, the correct answer was to choose E since E as a choice stimulus 

was associated indirectly with the sample A. Rats with neurotoxic lesions 

selective for the hippocampus proper and dentate gyrus exhibited no 

impairment on acquisition of these paired associates, but hippocampal 

lesioned animals showed no symmetry and transitivity. Although this 

evidence for a lack of flexible use of learned information, following 

hippocampal lesions is compelling, it is important to point out that this 

phenomenon is not only observed as a result of hippocampal lesions. 

Lesions to prefrontal cortical areas have lead to the same deficit (Gisquet-

Verrier and Delatour, 1993) 
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Taken together, the lesion literature provides compelling evidence for 

the crucial role of the rat hippocampus in spatial learning and memory. 

There is evidence, however, for hippocampal involvement in non-spatial 

tasks, thus it is possible that the hippocampus is necessary for a broad array of 

cognitive processes. 

3.2.4. Hippocampal lesions in primates 

While the rat literature clearly indicates a preponderance of spatial 

deficits following hippocampal lesions, the primate and human literature is 

more controversial. The apparent breadth of the deficit spectrum obtained 

with hippocampal lesions in primates challenged the cognitive map 

hypothesis. Squire (1987) proposed that the hippocampus together with the 

entire medial temporal lobe, is allocated for declarative memory. Declarative 

memory is a form of memory for facts and events involving conscious 

recollection (Squire, 1992). Eichenbaum et al. (1994) argued that the 

fundamental characteristic of declarative memory in humans and animals is 

"a capacity for relational representation, supporting both memory for 

relationships among perceptually distinct items and flexible expression of 

memories in novel contexts". In this light, spatial memory is only one form 

of declarative memory. Typically, declarative memory in primates is tested in 

object recognition tasks which require the animal to remember an object that 

is presented first (the sample) and to choose from two or more objects 

presented later as either the matching or the non-matching one. Delays of 

various duration are introduced between the presentation of the sample and 

the match or non-match object. 
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The first few lesion experiments on monkeys attempted to replicate 

H.M.'s deficit. When monkeys received lesions that encompassed the 

hippocampus, the amygdala and the surrounding cortical structures, severe 

memory deficits occurred (Mishkin 1978). Subsequent lesions studies 

disambiguated the role of the amygdala from that of the hippocampus 

(Murray, 1991) and demonstrated that amygdala lesions did not lead to 

memory impairments and did not exacerbate memory deficits resulting from 

lesion of other medial temporal lobe structures (Zola-Morgan et al., 1989). 

Hippocampal lesions were often accompanied by damage to the surrounding 

cortical areas and most often included the perirhinal, parahippocampal, or 

entorhinal cortices. Monkeys with such lesions showed a deficit in the 

delayed non-match to sample (DNMS) task (Zola-Morgan Squire, 1986). To 

assess whether lesions to the hippocampus or of the adjacent cortices were 

responsible for the observed deficits, the lesions had to be made more 

selectively. Selective lesions suggested that these cortical areas may 

contribute in different ways to the memory function of the medial temporal 

lobe (Suzuki, 1996). For example, selective lesions to the entorhinal cortex 

lead to severe deficit on the DNMS task, while lesions of the hippocampus 

caused mild deficits that were evident only after long delays were introduced 

(Zola-Morgan et al., 1989). Lesions to the perirhinal and parahippocampal 

cortices lead to severe impairments on visual and tactual object recognition 

tasks (Suzuki et al., 1993). Monkeys with lesions comprising the 

hippocampus and the underlying cortices were not impaired on the learning 

of paired associates and performed as well as the imoperated controls on 

object reversals; however, the animals showed severe deficits on spatial 
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reversals (Murray et al., 1993a and 1993b). It appears therefore, that in 

monkeys the rhinal cortex is more important for object learning, whereas the 

hippocampus is more important for spatial learning and may not be involved 

in object recognition (Nadel, 1995). Curiously, when hippocampal lesions 

were made in addition to rhinal lesions, the monkey's performance on an 

object recognition task improved instead of deteriorating further, thereby 

suggesting that the hippocampus proper may not participate in object 

recognition at all (Meunier et al., 1995). Such functional parcellation of the 

medial temporal lobe memory system excludes the possibility that the 

consequence of a lesion is dependent on the extent, and not on the site, of the 

damage (Zola-Morgan et al., 1994). Furthermore, a review of the anatomy of 

the medial temporal lobe structures indicates that different input-output 

connections, by themselves, warrant different functions. Anatomically, the 

entorhinal, perirhinal and parahippocampal cortices are polymodal 

association areas that receive distinct sets of cortical inputs and send non

symmetrical projections to each other, to subcortical structures, and to 

different components of the hippocampal formation (for a review see 

previous chapter and Suzuki, 1996). 

The spatial functions of the hippocampus were revealed by tasks that 

required remembering the location of objects. Monkeys with fornix or 

hippocampal lesions were impaired on spatial tasks (e.g., Mahut, 1972; 

Murray et al., 1989; Gaffan, 1994) and on the spatial version of the DNMS task 

where the match or non-match refers to the location of the object and not to 

the object itself (Parkinson et al., 1988; Angeli et al., 1993). Hippocampal 

lesioned monkeys are unable to make an arm movement to left or to the 
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right, based on visual cues (Murray et al., 1995) or to press one of three keys 

depending on which of three possible locations a stimulus was presented 

(Baylis et al., 1994). These monkeys, however, had little difficulty on the 

DNMS task (Zola-Morgan and Squire, 1993). Moreover, Gaffan (1994) 

demonstrated a double dissociation on the effects of fornix lesions and 

perirhinal cortex lesions in monkeys: lesions to the perirhinal region led to 

impairments on a DNMS task with complex, natioralistic scenes, while 

hippocampal lesions led to impairment on spatial discrimination learning 

and reversal. These observations are congruent with similar deficits seen in 

human patients with right hippocampal lesions (Pigott and Milner, 1993). 

3.2.5. Conclusions 

It appears, therefore, that the bulk of the aforementioned results are 

compatible with the notion that in both rats and primates, selective 

hippocampal lesions cause more impairments in spatial tasks than in 

stimulus-stimulus association tasks (O'Keefe and Nadel, 1978; Jarrard, 1993; 

Nadel, 1995; Murray et al., 1989; Gaffan, 1989). The lesion literature strongly 

suggests that each anatomical component of the medial temporal lobe 

memory system is processing different tj^es of information, and hence 

contributes different aspects to the types of memories that depend on the 

functional integrity of the system. Neither the cognitive map hypothesis nor 

the alternative theoretical proposals can accoimt for all of the experimental 

observations; nevertheless, the crucial role of the hippocampal formation for 

spatial representations is consistent with aU of the existing theories. Whether 

the hippocampal formation is exclusively dedicated for spatial fimction, or 
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contributes to the performance of non-spatial functions, remains highly 

debated. 
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3.3. Behavioral correlates of hippocampal neural activity 

The basic method of behavioral neurophysiology is to infer the 

function of a structure from the response properties of the cells comprising it. 

The majority of hippocampal single unit studies concentrate on three main 

types of neurons: 1) complex spike cells, which correspond to pyramidal cells 

in the CA fields (Ranck, 1977), 2) granule cells in the dentate gyrus 0img and 

McNaughton, 1993), and 3) theta cells, which correspond to GABAergic 

intemeurons (Freund and Buzsaki, 1996). This review focuses on studies of 

complex spike cell activity during spatial and non-spatial tasks. 

3.3.1. The early findings 

In their seminal paper, O'Keefe and Dostrovsky (1971) reported that rat 

hippocampal cells responded selectively and maximally when the rat was at a 

particular site on a platform facing a particular direction. Outside the area of 

elevated firing, cell activity was practically absent. These cells were called 

"place cells", and the areas of elevated firing, "place fields". This discovery 

led O'Keefe to hypothesize that place cells are the building blocks of an 

internal map, in which each cell represents a particular location in space. 

O'Keefe (1979) stated that "these findings suggest that the hippocampus 

provides the rest of the brain with a spatial reference map. The activity of 

cells in such a map would specify the direction in which the rat was pointing 

relative the environmental landmarks and the occurrence of a particular 

tactile, visual, etc., stimuli whilst facing that orientation." The initial 

challenge was to determine whether place cell firing was due to 
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environmental factors or to the rat's actions in a particular location. Visual 

stimuli were eliminated by turning off the room lights while the rat was 

rtmning on a '+' shaped apparatus (OTCeefe, 1976). For a brief period after the 

lights were turned off, place cells stopped firing, but cell activity reappeared 

shortly without significant change compared to the previous pattern. The 

role of simple auditory and olfactory stimuli were also excluded. For 

example, deaf and blind rats had normal place fields (Hill and Best, 1981). In 

addition, olfactory and tactile cues were tested by rotating or translating a T-

shaped, plus-shaped, or multiple-arm apparatus relative to the room cues, or 

interchanging the arms. Cells maintained their spatial relationship to distal 

room cues and not to intra-maze cues (Olton et al, 1978; Ranck, 1977; Miller 

and Best, 1978; O'Keefe and Conway, 1978). Thus, the early findings 

established that place cells were not driven by simple sensory stimuli. Rather, 

the location-specific firing appeared to be influenced by the surrounding 

spatial cues. 

3.3.2. The role of extramaze cues for place cell activity 

The influence of the extramaze visual cues was tested by removing or 

shifting objects surrounding the maze. Small alterations (e.g. removing a 

single cue, or switching two cues) usually failed to modify the firing fields 

(O'Keefe and Conway, 1978). On the other hand, rotating the whole array of 

cues surrounding the behavioral apparatus, led to an equal rotation of place 

fields, so that distal cues and place fields remained in register. This 

phenomenon of "cue-control" over place fields, was observed initially in 

experiments where the distal cues directed the rat's behavior by predicting the 
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reward location (e.g., O'Keefe and Conway, 1978; Miller and Best, 1980; 

O'Keefe and Speakman, 1987). In later experiments involving random 

foraging, extramaze cues were shown to control place fields, even in tasks 

where the rat's behavior is not directed by these cues. During random 

foraging in a gray-walled cylinder, place cells usually maintain a stable 

geometric relationship with cue cards affixed to the wall, so that when the cue 

card is rotated to a new position, place cells rotate by the same amoimt (e.g., 

MuUer et al., 1987; MuUer and Kubie, 1987; Bostock et al., 1988) 

The cue-control phenomenon raised the question of which properties 

of the distal cues control place cell activity. In other words, what makes 

certain cues be influential and other not? When both distal and local cues 

were present in an envirorunent, the distal cues were more effective than 

local cues (Miller and Best, 1980; MuUer and Kubie, 1987). Landmark stability, 

(i.e., the animal's experience of finding the landmark in the same location on 

repeated trials) proved to be an important attribute of an external cue. If rats 

are repeatedly disoriented prior to exposure to the cylinder, rotation of the 

card is not followed by an equal rotation of the place fields (Knierim et al., 

1995), suggesting that the animal's internal representation is not entirely 

dependent of the available visual cues. It was interpreted that due to passive 

rotation before being placed in the cylinder, the rat experienced a conflict 

between its internal compass direction and the position of the cue card. 

Moreover, in rats with disorientation training, spontaneous rotations of place 

fields were observed in the presence of the visual cue (Knierim et al., 1995), 

suggesting that because of its instability, the rats associated it with multiple 

locations. This interpretation is reinforced by behavioral experiments 
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showing that landmark stability is a prerequisite for spatial learning (Biegler 

and Morris, 1993). Temporary spontaneous rotations may occur even in the 

presence of stable landmarks. Jung and McNaughton (1993) reported that in 

rats trained without intentional disorientation, the entire place field array 

could rotate spontaneously on the eight-arm maze surroimded by distal 

visual cues. Thus, place cell activity can be sustained independently of 

external sensory cues, probably on the basis of idiothetic signals. 

3.3.3. The influence of idiothetic cues on place cell activity 

Despite demonstrable cue control in certain situations, the persistence 

of spatial firing in the dark and the relative independence of place fields of 

distal cues, suggested that place cells are driven by more than just the distal 

cues. It was assumed that, when visual landmarks are not available, 

idiothetic (self-motion) cues are responsible for place cell activity. Self-

motion signals originate in the vestibular and motor apparatus during 

locomotion, and are sufficient to update location information for short 

distances, when other cues are not available. (The role of idiothetic cues for 

spatial representations is discussed in following chapter). The 

complementarity of self-motion and external sensory cues was formulated in 

the local view hjrpothesis (McNaughton et al., 1989; McNaughton and Nadel, 

1990). This hypothesis maintained that "the spatial relationships between 

adjacent locations is encoded in terms of the elementary movement that 

connects them" (McNaughton et al., 1989). A location was defined as a 

particular local view, encompassing several co-occurring aspects of the 

environment. 
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Sharp et al., (1990) assessed the contribution of internally generated 

signals to place cell firing by testing rats in a visually symmetrical 

environment. Rats were trained to forage for food pellets scattered on the 

floor of a gray cylinder with a white cue card on the wall. On probe trials, an 

identical cue card was introduced, 180° away from the first card, creating 

visually equivalent pairs of locations. Place cells continued to have single 

fields of the same size and shape, and in the same location as in the training 

trials. In the absence of directionally polarizing cues, visually symmetrical 

locations were distinguished presiunably by self-motion cues. Shifting the 

entry point 180' caused an equal rotation of the place fields, suggesting that 

the two visually symmetrical locations were distinguished by updating 

location with respect to the point of entry. This process of updating one's 

location relative to a start point using idiothetic information is called "path 

integration" or "dead reckoning" and will be discussed in detail the following 

chapter. 

Visual motion, vestibular activation, and proprioceptive signals are 

the most important movement-related cues. Sharp et al. (1995) tested the 

contribution of visual motion and vestibular cues to place cells activity. Rats 

were trained to forage for food in a cylindrical apparatus with symmetric black 

and white stipes on its walls. The walls and the floor of the cylinder could be 

rotated separately to provide vestibular input, visual flow, or both. When the 

wall and floor were rotated in the dark, the firing fields remained imchanged 

with respect to room, indicating that the animal integrated the angular 

displacement and compensated for it. Rotation of the walls alone with the 

lights on did not alter the place fields, suggesting the visual motion alone 
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cannot cause the hippocampal system to behave as if the rat had moved. 

When these two manipulations were combined, the shift of the place field 

relative to the apparatus floor and walls predicted accurately the amount of 

rotation that the rat received. Repeated manipulations of this kind showed 

an effect of adaptation, so that with increasing experience the cells were more 

likely to show changes as a result of the manipulations. 

Less is known about how idiothetic signals originating in the motor 

system influence place cell activity. Place cells cease firing when rats are 

restrained, even when they were transported passively through the place field 

(Foster and McNaughton, 1989). Place cells are active when rats are 

transported through the place field without restraint, hence the cessation of 

firing may be attributed to the an inactive motor set, or lack of preparedness 

to move. It appears that the whole path integration process is impaired by 

restraint. Golden hamsters were not able to return to their nest if they were 

passively transported in a small cylinder in which they could not turn or 

walk (Etienne, 1986). The same animals performed well when they were 

taken away from the nest in a large box in which they could move. Head 

direction cells in the dorsal presubicxilum and the anterior thalamus are also 

silent during restraint (Taube et al., 1990b; BCnierim et al., 1995). It appears, 

therefore, that the functional state of the locomotor system gates path 

integration and spatial representations. 

A path integration mechanism may account for the existence and 

persistence of place fields in the dark (McNaughton et al., 1989; Quirk et al., 

1990; Markus et al., 1995). Indeed, several experimental results , previously 

accounted for in terms of mnemonic processes, can be explained instead by 
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path integration. For example, O'Keefe and Speakman (1987), reported that 

place cells fired in their expected location when rats trained on a spatial 

reference memory task had to choose a goal arm in the absence of the 

controlled cues. Once the rats learned to choose the goal arm based on the 

configuration of a set of controlled cues, they were able to choose the correct 

arm, after the cues were removed in the animal's presence. The authors 

argue that a remembered map, corresponding to a particular cue 

configuration relative to the static background cues, was activated at the 

beginning of the trial and from which the location of each place field was 

read. An alternative explanation is that once the rat was placed on the start 

arm, a path integration process was initiated which was corrected for 

accumulating error by local cues, such as the end of the arms. 

Similarly, a recent experiment of O'Keefe and Burgess (1996), designed 

to test the hypothesis that the peak firing of each place cell represents simple 

determinants, such as the rat's distance from two orthogonal walls, can be 

explained by path integration. Place cells were recorded in a box in which rats 

foraged for scattered food on the floor. The side walls could be adjusted so 

that the size and the shape of the box could be varied. The experiment 

showed that place cells responded to stretching of the box by elongating their 

firing field, and in extreme cases, by splitting of the field. For example, a place 

field centered with respect to the north wall was elongated when the box was 

stretched horizontedly by 50%. If the size of the north wall was doubled, the 

field usually spUt such that the two halves maintained their original distance 

from the two side walls (west and east). A further stretch of the box, but this 

time in the other axis, resulted in a mild expansion of the field in that axis. 
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Compressions of the box by a factor of 1, almost invariably led to cessation of 

firing. Analysis of the directional preference of cells before and after box 

expansion, showed the two halves of the split fields had opposite 

directionality. (Place fields are considered directional if the cell is active only 

when the rat faces a particular direction; usually, place fields are not 

directional in this type of behavioral apparatus.) It appeared that the wall 

behind the rat was the best predictor of where the cell would fire. These 

findings can be explained by assuming that the rats computed their location 

based on self-motion cues, with respect to the wall behind them, rather than 

based on visual input or geometric relation among the walls. 

The available literature does not indicate whether path integration or 

visual landmark-based mechanisms are active simultaneously or they 

alternate depending on the situation. A few conjectures can be however, 

made from the available data. For example, changing the task from random 

search to one in which goal-directed trajectories were followed, led to a 

rearrangement of place cells on the surface of the platform accompanied by an 

increase in directional firing (Markus et al., 1995). Given that the external 

cues remained the same, the observed changes can be attributed to a change in 

the animal's movements through the environment. Also, when the lights 

were extinguished while a rat was running a task on a radial eight-arm maze, 

the radial coordinates of place cells were better preserved than the angular 

coordinates (McNaughton et al, 1989). This suggests that the radial 

coordinates benefited more from the remaining sensory information in 

darkness (such as tactile, olfactory, auditory, etc.). It appears, therefore, that 

path integration and landmark-based spatial representation may be 
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complementary, each mechanism contributing to different degrees depending 

on the task and on the animal's experience in the environment. 

3.3.4. The representation of different spatial reference frames 

A location can be defined, in principle, with respect to different 

landmarks. A constellation of landmarks that predict the same coordinates 

for a location constitute a reference frame. The same location can be defined 

in multiple reference frames, for example the position of a traveler on a road 

can be established with respect to the dty of departure, the dty of destination, 

or in absolute geographical coordinates. O'Keefe and Speakman (1987) 

performed an experiment that shed light on the reference frames in which 

place cells encoded location. They trained rats to perform a place 

discrimination task on an elevated four-arm maze surrounded by curtains, 

which separated the cue-controlled environment from the rest of the 

laboratory. The controlled cues were objects inside the curtains that could be 

re-arranged or removed, while the background cues were all other objects. 

The rat's task was to learn which arm was rewarded, based on the 

configuration of controlled cues, and remember that configuration when 

asked to choose the reward arm in the absence of the cues (the cues were 

removed in the presence of the rat). The maze and controlled cues were 

rotated between trials. Two control tests were done: 1) the rat was placed on 

the maze with all the controlled cues removed, and 2) the rat was forced to 

make detour trials, i.e., to visit a non-goal arm before he was allowed to chose 

the reward arm. Firing rate was computed with respect to the controlled cues. 
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the static background cues and location on each arm. Directionality was not 

assessed. 

The results of this experiment demonstrated that different aspects of 

the environment influence place cells to different degrees - most potent were 

those aspects of the environment that were related to the task requirements. 

In the control trials with no visual cues, place cells fired in relation to the arm 

that the rat chose as the reward arm. In addition to those cells influenced by 

the controlled cues, a few cells showed stable place fields with respect to the 

static background cues despite the fact that the background cues were not 

sufficient to predict which arm was rewarded. An analysis of variance 

indicated that place cell firing reflects an interaction between static 

background cues and controlled cues. Some cells fired with significantly 

higher rates when the controlled cues were aligned in a particular way with 

the backgrotmd cues. These data suggested that different sets of cues establish 

different spatial reference frames. 

3.3.5. The role of reward contingencies 

In early experiments, O'Keefe (1976) described a category of cells which 

he called "mismatch cells", which fired when the rat was sniffing inside the 

place field. O'Keefe did not follow up on these findings, but the issue of 

spatial vs. non-spatial firing correlates of hippocampal pyramidal cells has 

been highly debated ever since. In the 1970's, stimulus-response theories 

were gradually replaced by cognitive theories and this change in theoretical 

orientation influenced the interpretation of experimental observations. For 

example, Ranck (1973) reported "approach-consummate", "approach-
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consummate-mismatch", "appetitive" and "motion punctuate" firing 

correlates in hippocampal complex spike cells while others found that reward 

contingency has little or no effect on place cell firing (Hill, 1978; O'Keefe and 

Conway, 1978). 

The goal-approach interpretation was revived by Eichenbaum et al., 

(1987) based on experiments in which rats shuttled between a fixed odor port 

and several fixed water delivery sites at the comers of a 40 cm wide box. 

Hippocampal cells were shown to fire in relation to sampling odor, 

approaching a goal, and traveling through specific locations. These data were 

used to reconcile "spatial" and "relational" functions of the hippocampus by 

proposing that in a complex task, some cells respond to location while others 

are related to reward and investigatory behavior. One difficulty with this 

interpretation, however, is that a cell associated with cue-sampling and goal-

approach could not be distinguished unequivocally from place-specific 

activity because the odor port and the reward sites were fixed in space. Place 

vs. goal-approach firing correlates could be distinguished only if the rats were 

forced to sample the vicinity of the goal on detour trials. In detour trials the 

goal should be in another comer. While the authors' interpretation cannot 

be entirely abandoned, the lack of firing of goal-approach cells on detour trials 

would be a far more convincing argument in favor of non-spatial correlates 

than perievent histograms aligned on the time of sniffing an odor or time of 

arrival at the reward site. 

In a follow-up experiment rats were trained to perform an odor 

discrimination and a spatial task in the same environment (Wiener et al., 

1989). Cells that appeared to have cue-sampling and reward-related firing 
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correlates in the odor discrimination task, showed clear place fields in the 

spatial task. This result was interpreted as a shift in representation that 

reflects the different (spatial and non-spatial) demands of the two tasks. It was 

proposed that hippocampal cells encode relations between elements of the 

environment and the task, irrespective of their spatial or non-spatial natiire. 

This argument is weakened, however, by results that show a dramatic change 

in place field distribution when the rat alternates between two different 

spatial tasks in the same environment (Markus et al., 1995). Therefore, the 

change in firing properties observed by Wiener et al. (1989) may not have 

been due to the different cognitive demands of odor discrimination and a 

spatial task, but rather due to different spatial representations in the two tasks. 

In both the Eichenbaum et al. (1987) and the Wiener et al., (1989) 

studies several cells showed conjimctive properties, i.e., the firing pattern of 

certain cells could be accoimted for by a specific conjimction of location and a 

behavior or a reward contingency. The existence of cells with conjunctive 

properties favored the theoretical position that the hippocampus processes 

relational information, between spatial and non-spatial aspects of the 

environment or of the task. However, the cell isolation technique used in 

these studies does not allow adequate separation of spikes from multiple cells. 

The pyramidal cells in the CA fields are densely packed so that a single wire 

electrode transmits signals from multiple cells (McNaughton et al., 1983). 

Moreover, the amplitude of extracellularly recorded action potentials from 

complex spikes cells are highly variable, therefore, a window discriminator 

will be bound to allow misclassification of spikes. Two separate cells 

misclassified as a single cell would show spurious conjunctive properties. On 
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the other hand, all single unit recording techniques are faced with this 

dilemma, even multichannel electrode techniques. It has been shown, 

however, that increasing the number or channels from 1 to 2 or 4 reduces the 

size of the place fields and the number of cells with multiple fields (Recce, 

1991). 

Reward related firing correlates of hippocampal cells were also reported 

by Breese et al. (1989) in rats that were required to shuttle for reward between 

comers of a featureless square arena. The reward was delivered only in one 

of the four comers. When the reward site was shifted, place fields also shifted 

so that a stable relationship was maintained between the field and the reward 

site. The authors interpreted this phenomenon as a preferential 

representation of the locations with biological significance. 

A slightly different version of this task was performed by Fukuda et al. 

(1992) who found that place fields established during random exploration in a 

featvu"eless cylinder could be gradually moved to other positions, by focusing 

the locations of intracranial self stimulation (ICSS) reward delivery to one or 

two sites. The interpretation of these results do not require the existence of a 

separate category of hippocampal cells that are reward-related, rather a 

broadening of the definition of "landmark". Usually landmarks are 

conspicuous objects, visible from various distances that mark a location. 

Non-visual elements of an environment (e.g., an odor, a sound or an event) 

could also serve as landmarks, especially when visual landmarks are not 

available. The common element between the Breese et al. and the Fukuda et 

al. study is that the behavioral apparatus did not have visual landmarks and 

was highly symmetrical. In this situation it is conceivable that the reward 
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delivery itself became a kind of landmark and hence, the reward-related cells 

were place cells that represent location relative to the reward delivery 

location. 

3.3.6. The role of experience and learning for place cell activity 

The first study that questioned whether learning is necessary for place 

cell firing showed that place fields appeared instantaneously on the first 

exposure to a novel environment (Hill, 1978). A complementary finding was 

that place fields remained unchanged for extended periods of time (Best and 

Thompson, 1989). The recent introduction of parallel recording methods and 

of more refined quantitative analyses challenged these early findings and 

showed that experience can have significant effects. In a novel environment, 

place fields are formed and refined during the first few minutes, such that the 

reconstructed trajectory of a rat based on the activity of a population of place 

cells becomes more accurate with time (Wilson and McNaughton, 1993). This 

gradual "sharpening" of the population code is paralleled by a gradual 

reduction of firing rates in a subset of theta cells, which are inhibitory 

interneurons that are capable of setting an activation threshold for the 

pyramidal cells. Once formed, place fields undergo systematic changes with 

increasing experience even in highly familiar environments. Mehta and 

McNaughton (1996) have recentiy shown that with increasing number of 

passes through the same location, place fields expand in size and shift 

backwards relative to the center of mass of the field. In other words, on each 

lap the spikes occur earlier. This phenomenon cannot be attributed to 

velocity changes or increases in body or brain temperature, because it is 
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recapitulated if the rat is required to shift to a different apparatus in the same 

environment. The explanation of these findings may lie in asymmetric 

synaptic modification between cells that are activated repeatedly in the same 

sequence. 

The question of whether or not place fields reflect what the animal 

knows about the environment and the task was addressed in a lesion study by 

McNaughton et al. (1989). In this experiment, the dentate gyrus was 

eliminated bilaterally by multiple injections of colchicine, which selectively 

kills granule cells. It was expected that rats with dentate lesions would be 

impaired on spatial tasks. This expectation was confirmed by the observation 

of a severe learning deficit on several spatial reference memory tasks. 

Interestingly, despite the spatial learning deficit, quasi-normal hippocampal 

place fields were recorded in the CAl region. This finding suggested that 

place cell activity in CAl is not dependent on an intact dentate gyrus, and 

hence, spatial information may reach the CAl region bypassing the dentate 

gyrus. Alternatively, the CAl region may receive an incomplete input 

pattern from the upstream structures but is able to reconstruct the full, correct 

pattern. This pattern completion property of associative networks, originally 

proposed by Marr (1971), gained experimental support in this study. 

3.3.7. Representation of multiple environments 

In one of the early single unit recording experiments, O'Keefe and 

Conway (1978) placed the rat between trials on a small platform in the same 

room with the behavioral apparatus. Some cells had place fields both on the 

behavioral apparatus and on the small platform. These fields appeared 
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mirelated. Similarly, Thompson and Best (1989) reported that some cells with 

place fields in one environment were silent in other environments. The 

probability of a place cell to have a field in both environments was less than 

30% because only a small fraction of all the cells were active in either 

environment These observations, taken together with the small size of each 

place field and the very low baseline firing rates of place cells, led to the idea 

that the representation of an environment is sparse (i.e., only a small fraction 

of the cells are active at any time) and distributed (the representation of each 

environment is distributed over the entire population of place cells and 

hence a cell may participate in multiple representations). Based on 

theoretical arguments, Marr (1971) predicted that sparse, distributed coding 

ensures a large storage capacity without interference between stored patterns. 

The Thompson and Best study (1989) confirmed by experimental results (e.g., 

O'Keefe 1979; Muller et al., 1987; Knierim et al., 1995) and theoretical 

considerations (e.g., McNaughton and Nadel, 1990) indicated that the 

functional cormectivity of the hippocampus satisfies the above criteria for a 

large storage capacity. 

A related question was whether the representation of an enviroiunent 

was topographical. A simple form of topography would be indicated by 

neighboring cells having neighboring place fields. Although no systematic 

study was done to assess the relationship between fields from adjacent cells 

on the vertical or horizontal axes of the CA regions, there is general 

agreement that cells recorded from the same electrode or at different depths 

along the path of an electrode, do not show systematic spatial relationship 

(e.g., O'Keefe 1979; Muller et al, 1987; Wilson and McNaughton, 1993). 
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Adjacent place fields in one environment usually are not adjacent in a second 

environment, indicating that assignment to location across environments is 

not determined by a simple topography. 

3.3.8. Remapping 

When a large change is introduced into a familiar environment, a new 

set of cells becomes active. This new set includes some of the previously 

active set, but the spatial relationships among the place fields are altered. 

Several studies have demonstrated this property of the hippocampal 

network, which has been called "remapping". The following manipulations 

led remapping: displacing the most prominent cue (MuUer and Kubie, 1987; 

Knierim et al., 1994), removing cues (O'Keefe and Conway, 1978), darkening 

the room (Quirk et al., 1990; Markus et al, 1994), exchanging a white card for a 

black one (Bostock et al., 1991), introducing extra cues (Sharp et al. 1990), 

moving the maze while the animal is on it (O'Keefe 1979); changing the task 

from random foraging to straight trajectories between reward locations 

(Markus et al., 1995); and old age (Barnes et al., 1996). These studies also 

showed that the hippocampal sensitivity to environmental manipulations is 

non-linear; small alterations were usually ignored but when the alteration 

was sufficient for the animal to perceive a conflict between the expected 

appearance of the environment and the perceived one, the altered 

environment was represented by a different, partially overlapping, set of ceUs. 

For example, when a cylinder was scaled up in diameter and height by a factor 

of 2, some cells also increased the size of their firing fields, but remained at 

the same relative position in the cylinder (Miiller and Kubie, 1987). The 
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increase in the size of firing field was not proportional to the size increase of 

the cylinder; nevertheless, the place cell signaled the change. When the 

apparatus was changed from circular to square, the firing pattern was altered 

dramatically, some cells stopped firing and new place fields appeared, 

indicating the rat encoded the circular and square environments using 

partially overlapping sets of cells in different spatial relationships (MuUer and 

Kubie, 1987). 

3.3.9. Place cell directionality 

The first accoimt of place cells reported that these cells fired when the 

rat was in a certain location facing a particular direction (O'Keefe and 

Dostrovsky, 1971). The directional selectivity of place cells was confirmed and 

quantified in later experiments both on radial arm mazes and open platforms 

(e.g., McNaughton et al., 1983; Leonard and McNaughton, 1990). In some 

circumstances, however, place cells were omnidirectional (MuUer et al., 1987; 

Bostock, et al., 1988), even if the same cells showed directional preference on 

another apparatus. The lack of directional firing in impoverished 

environments such as cylindrical apparati was attributed to the relative 

paucity of visual cues (Leonard and McNaughton, 1990), or to biased 

directional sampling (MuUer et al., 1994). The former hypothesis was rejected 

on the basis of equal directional firing of the same cells in cylinders with a 

single or multiple cue cards (MuUer et al., 1994). The latter, was rejected based 

on the existence of directional place fields in cylindrical apparati (Leonard, 

1990). Furthermore, the existence of the non-directional firing mode of place 

ceUs in the presence of polarizing cues and of directional firing in the dark. 
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suggests that place cells signal more than the perception of a polarizing cue. 

The different paths taken by the rat in walled apparati with open floors and 

on linear tracks or multiple-arm mazes, may account for the difference in 

directionality. Indeed when the task is switched from random walk to 

straight trajectories between four equally spaced reward locations on the same 

open field apparatus, place cells become more directionally selective (Markus 

et al., 1995). In light of multiple representations of the same environment, 

these results suggest that the non-directional cells on the open platform task 

and the directional cells on the directed paths task, belonged to different 

representations or maps. 

3.3.10. Conclusion 

In an ideal situation place cell activity should be accounted for solely by 

the position of the arumal in space. In reality, however, place cell activity 

conveys more information than just pure location. Depending on the 

environment or behavioral task, place cells contain information about the 

direction the animal is facing (O'Keefe, 1979; McNaughton et al., 1983), 

running velocity (McNaughton et al., 1983), experience in that environment 

(Wilson and McNaughton, 1993; Mehta and McNaughton, 1996), distance and 

angle from some but not all landmarks (O'Keefe and Speakman; Gothard et 

al, 1996), the size of the environment (Muller and Kubie, 1987), reward 

contingencies (Breese et al., 1989; Fukuda et al., 1992), the functional state of 

the locomotor system (Foster and McNaughton, 1989), the nature of the task 

(Otto and Eichenbaimi, 1992; Eichenbaum et al., 1987; Markus et al., 1995), the 

spatial reference frame in which location is represented (Gothard et al., 1996), 
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and possibly other variables that will be attested by future experiments. These 

observations, do not challenge the idea that place cells represent a spatial 

coordinate, but suggest that the hippocampal representation for space is 

modulated by actions and the experiences of an animal in a particular 

location. In all instances the hippocampal cell ensemble activity appeared to 

contain a map-like representation of the environment, which transmits 

information both about the spatial coordinates of the animal and the objects 

and events associated with those coordinates. 
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3.4. The role of idiothetic cues for spatial representation 

As discussed in the previous chapter, place cells are controlled both by 

external sensory cues and by internally generated signals. These include 

vestibular and kinesthetic signals that arise during locomotion, and which 

inform the brain about movement parameters, head and limb position, 

muscle tension, joint angles, visual flow field, etc.. Through a process called 

path integration or dead reckoning, position information can be extracted 

from these signals over time. Self-motion cues originate mainly from the 

locomotor and vestibular systems and to a lesser degree from cutaneous 

afferents. This chapter presents the anatomical structure of the vestibular 

system and behavioral evidence for the role of vestibular input for path 

integration. The contribution of proprioceptive information and motor 

efference copy also will be discussed. Finally, the rat head direction system 

will be described to illustrate how vestibular and kinesthetic information 

contribute to spatial representation in the hippocampal formation. 

3.4.1. Functional anatomy of the vestibular system 

The central sites of information processing in the vestibular system are 

the vestibular nuclei in the brainstem. The inputs to these nuclei come from 

the cochlear apparatus (via the vestibular nerve), and from visual and 

proprioceptive pathways. The ultimate target of the outputs from the 

vestibular nuclei are the parietal, prefrontal and cingtilate cortices. These 

areas contain multimodal representations of space. 
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The central vestibular pathways are less understood than other sensory 

pathways, mostly because, quite early in the stream of processing, vestibular 

information gets intermingled with other modalities. 

The vestibular pathways originate in the cochlear apparatus, where 

angular acceleration is detected by the semicircular canals and linear 

acceleration by the otolithic system. Acceleration is transformed into velocity 

signals and is sent to the cochlear nuclei in the brainstem. From here the 

vestibular signals project to the ventral posterior lateral (VPL) nucleus of the 

thalamus and to the magnocellular part of the medial geniculate (Potegal 

1982), where vestibular information is mixed with somatosensory and 

proprioceptive signals. The vestibular nuclei also project to the intralanunar 

nuclei (Nauta et al. 1974). The intralaminar nuclei have strong cormections 

with the anterior cingulate (areas 24a and 24 b in the rat) and these 

cormections may be an important avenue for vestibular information to reach 

the parahippocampal gyrus and the ultimately the hippocampus (Thompson 

and Robertson, 1987). From the thalamus, vestibular and kinesthetic 

pathways project to somatosensory areas 2 and 3 of the neocortex, to the 

parietal cortex (anterior part of the parietal sulcus and areas 5 and 7) and to 

the insular area (Buttner and Buettner, 1978). 

The convergent processing of vestibular and proprioceptive 

information was demonstrated in complementary, physiological studies 

(Griisser, 1990). Single imit recordings at the superior border of the lateral 

sulcus near the posterior part of the insula showed that cells in this region 

responded equally well to vestibular, visual and proprioceptive stimuli. This 

region is called "parieto-insular-vestibular cortex" (PIVC) and it is likely to be 
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the locus of coordinate transformations from visual to vestibular space. The 

PIVC projects back to the vestibular nuclei, and to several cortical and 

subcortical structures involved in spatial information processing: area 7 of the 

parietal cortex, the intermediate layers of the superior colliculi, VPI and VN 

and intralaminar nuclei of the thalamus. These connections appear to close 

several loops which incorporate the anterior dngulate and the presubiculum 

and form a pathway for self-motion information into the hippocampal 

formation (Buttner and Buettner, 1978). 

3.4.2. The role of vestibular information for path integration 

To establish that animals can navigate based on vestibular information 

is not a trivial matter. If vestibular and self-motion information was 

sufficient for navigation, then an animal should be able to monitor its 

location in the absence of external sensory cues. A common paradigm used to 

assess this possibility is to passively transport blindfolded animals while 

eliminating or making external sensory cues irrelevant, and require the 

animals to return to the start location. Even if the animal can return to the 

start location, it still needs to be shown that elimination of vestibular input 

abolishes or at least impairs this ability. A serious complication is that 

vestibular damage can cause motor impairment; therefore although the 

animal may know where to go, it cannot plan and execute a straight 

trajectory. 

Despite this limitation, experiments along these lines have yielded 

valuable insights into the role the vestibular signals play in navigation. For 

example. Miller et al. (1983) trained water deprived rats to return to a water 
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bottle after being passively transported away from it along a trajectory that 

included at least one right angle turn. On their way back, the rats had to 

avoid several, identical bottles, hence they could not perform based on 

landmark cues. The rats showed good performance on several versions of 

this task and were severely impaired after receiving a lesion to the superior 

vestibular nuclei. 

In the above experiment, rats received both linear and angular 

acceleration information during passive transport. To assess the contribution 

of angular acceleration for path integration, Matthews et al (1989) trained rats 

on a plus-shaped maze to find a goal arm which was baited with a food 

reward. Initially, the rats were confined to the center of the maze and rotated 

by variable amounts (up to 10 full rotations). Then, they were released and 

required to find the baited arm. Rats with an intact vestibular apparatus were 

able to compensate for several full rotations and select the correct arm, while 

those with bilateral labyrinthectectomy were severely impaired on this task, 

even in the presence of visual cues. Thus, the angular acceleration received 

during passive rotation can be used to update directional information. 

Similar experiments with golden hamsters, mice and homing pigeons 

led to comparable results (for a review see Maurer and Seguinot, 1995). 

Female mice, removed from their nests and forced to search along a complex 

path for a displaced pup, retiirned to the nest in complete darkness along the 

shortest path (Mittelstaedt and Mittelstaedt 1980). This homing ability was 

preserved even after passive rotation of the experimental arena, with angular 

accelerations above vestibular threshold (-0.24 degrees/second). In confrast 

with Miller's results, however, if the passive displacement was only linear. 
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the homing paths were not correct These data suggested that, in this case, the 

somatic sensations generated by the animal's movements (kinesthetic cues) 

also contribute to assessment of self-position. Thus, vestibular inputs are 

necessary for path integration regardless of what other sensory cues are 

available. Position information derived from rotational acceleration gives a 

more accurate estimate for position than that derived from linear 

acceleration, but both angvilar and linear acceleration are complemented by 

kinesthetic signals. 

3.4.3. Kinesthetic signals derived from the motor system. 

In the motor system, self-motion signals originate at the level of 

muscle and joint receptors and transmit sensations about joint orientation 

and limb position (Matthews, 1982). The most important, and best 

imderstood peripheral receptors are the muscles spindles. The contribution 

of these muscle afferents to kinesthesia is shown by vibration-induced 

illusion of movement. When high frequency vibration is applied to a muscle 

or its tendon, the primary endings of muscle spindles are excited and this 

creates an illusion of movement about the joint that the muscle operates 

(Goodwin et al, 1972). Joint receptors also transmit kinesthetic signals. When 

a local anesthetic is injected into the joint capsule, the sense of position of the 

limb is abolished (Clark et al., 1979). Interestingly, anesthesia of the skin 

aroxmd the joint had the same result, suggesting that cutaneous afferents also 

participate in kinesthesia. Taken together these observations indicate that 

proprioceptive signals from diverse sources converge to give rise to 

awareness of limb position. Anatomical evidence supports the idea that 
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proprioceptive information reaches those structures of the brain that are 

crucial for navigation. Spinal proprioceptive pathways project to the 

cerebellum and to the dorsal and ventral tegmental region of the brainstem. 

From here proprioceptive signals are transmitted to the mammillary nuclei 

(Liu et al., 1984) which project to the anterior thalamus (Allen and Hopkins, 

1989). The anterior thalamus sends projections to the postsubiculimi, where 

cells fire specifically when the rat is facing particular directions (head 

directions cells). In principle, proprioceptive signals may reach the 

hippocampus on polysynaptic pathways via the posterior parietal and 

retrosplenial cortices. 

Another possible source of motion information, arising in the motor 

system, is the so-called corollary discharge. Corollary discharge refers to a 

signal transmitted to a sensory center from motor centers at the same time 

the motor command is sent to the muscles (Sperry, 1950). Corollary 

discharges provide a "motor efference copy" to compare the expected sensory 

consequences of a movement with the programmed motor act. While in the 

oculomotor system corollary discharges are the most likely mechanisms by 

which visual centers recognize the constancy of a visual scene (McCloskey, 

1981), in the somatic motor system, corollary discharges likely complement 

peripheral signals from muscle spindles, tendon organs, and cutaneous 

receptors. Given the widespread collaterals of the motor pathways and the 

reciprocal connections between motor, sensory and association areas (Kelly, 

1985), corollary discharges may convey movement information to all levels of 

the CNS (Matthews, 1982). Similar to proprioceptive signals, motor efference 

copy could reach the hippocampal formation from the brainstem tegmental 
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area via the mammillary bodies, or from the motor structixres (including the 

striatum) via a polysynaptic pathway. 

3.4.4. Idiothetic and landmark cues generate head direction information 

In the rat, several interconnected brain structures contain cells tuned to 

a particular head direction in the horizontal plane. The range of directional 

tuning is about 20-90® and is independent of behavior or location. Head 

direction cells have been recorded in the postsubiculum (imder a different 

nomenclature, the dorsal presubiculum; Ranck, 1984; Taube et al., 1990), the 

refrosplenial and posterior parietal cortices (Chen et al, 1994 a and 1994 b), the 

lateral dorsal nucleus of the thalamus (Mizumori and Williams 1991), the 

anterior dorsal nucleus of the thalamus (Taube, 1995), and the sfriatum 

(Wiener et al. 1991). 

Head direction cells are influenced by idiothetic signals and by learned 

spatial relationships between landmarks. For example, vestibular signals 

appear to affect head direction cell activity. Directional tuning was lost in the 

anterior thalamic cells following lesions of the vestibular pathways 

(Stackman and Taube, 1995). Also, when the lights were turned off, or when 

rats moved from a familiar to a novel environment, head direction cells in 

the postsubiculum maintained stable directional firing (Taube, 1990b; Taube 

and Burton, 1995). In both situations, the rat could not rely on external cues 

to establish its orientation and most likely used vestibular signals to do so. 

Head direction cells are also influenced by the functional state of the 

motor system. The importance of movement-related signals, i.e., an active 

"motor set" or preparedness to move, was demonstrated by the cessation of 
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head direction cell activity in restrained rats both in the anterior thalamus 

(Knierim et al., 1995) and in the postsubiculum (Taube et al., 1990b). 

Interestingly, the ability to integrate passive rotations is also prevented by 

restraint, suggesting that the possibility to move, or at least for postural 

adjustments induced by passive rotation, is a prerequisite for path integration. 

External visual cues (landmarks) also influence head direction cells. 

When a conflict is created between the animal's internally generated 

directional representation and the orientation of established landmarks, the 

head direction system is "re-set" by the landmark cues (Knierim et al, 1995; 

Goodridge and Taube, 1995). Thus, in the head direction system, information 

derived from idiothetic cues and from landmark-related information are 

integrated into a single representation of bearing relative to an allocentric 

reference frame. 

3.4.5. Conclusions 

From the above review, it appears that position and orientation 

information can be extracted from kinesthetic signals given a reference 

location and direction. Because the vestibular system is designed to work in 

egocentric coordinates, additional information is required to represent 

position in an external reference frame. The head direction system, together 

with the hippocampal formation, may serve to keep external sensory cues in 

register with internally generated vestibular and kinesthetic signals. Once 

position is established, path integration and external sensory cues can be used 

to create an internal representation of the environment in which the start 
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point, the end point, and the trajectory taken between the two, are mapped 

relative to external coordinates. 



78 

SPEOnC QUESTIONS ADDRESSED IN TfflS DISSERTATION 

Behavioral and physiological experiments confirm the hjrpothesis that 

the rodent hippocampus contains a map-like representation of the 

environment in which each place cell represents a location in a given 

coordinate frame. Considerable evidence points towards a representation that 

contains information on landmarks and events associated with particular 

locations. Information about multisensory aspects of the environment and 

about specific events are available to the hippocampus from anatomically 

connected neocortical structures, while idiothetic cues reach the hippocampus 

mostly via subcortical structxires. Given the convergence of these signals at 

the hippocampal level, the factors controlling hippocampal place cell activity 

are task-dependent and complex. 

The influence of individual landmarks on place cell activity was 

addressed by the first experiment in which a subset of landmarks, that were 

assigned to control the animal's spatial behavior, were variably placed 

relative to another set of cues that remained stable, and constituted the global 

reference frame. In this situation, place fields became boimd to both the 

movable and the fixed landmarks, indicating that each cell represented 

location in the reference frame of some but not all landmarks. The mere 

vicinity of these objects did not accoimt for the object-related firing, because 

some cells fired selectively when the animal was approaching, or departing 

from these objects. The observation that some cells encoded location with 

respect to remote objects, that the animal departed from, suggested that place 

cells can be driven by self-motion cues; on the other hand, cell firing upon 
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approach of a landmark, confirmed earlier claims that place cell firing is 

driven by visual landmarks. 

The relative influence of self-motion and visual cues on place cells was 

addressed by the second experiment, in which a conflict was created between 

these two types of inputs. Results showed that on the first part of a journey 

between a variably located and a fixed landmark, place cell activity is more 

influenced by self-motion cues. The closer the einimal was to the destination 

the more prominent the influence of the external sensory cues. The 

traiisition from the reference frame of the origin to that of the destination 

was smooth and continuous. When a small mismatch was created between 

these cues, by slightly shortening the journeys, the place cell population 

adapted to it by compressing the representation so as to maintain the 

similarity with the full length journey. Large mismatches, created by further 

shorteriing of the journeys, led to a jump of the population activity from 

representing location with respect to the origin, to representing location with 

respect to the destination. These results revealed a competitive interaction 

between self-motion and external sensory cues for establishing a coordinate 

value represented by each cell in the hippocampal place cell map. 

These two experiments show that each cell represents location relative 

to a set of landmarks, and hence, they fire at the same distance and angle from 

that landmark irrespective of its location in the environment. In the 

previous literature, however, similar accounts of landmark-related cell 

activity were explained in non-spatial terms. To exclude the possibility that 

some sensory qualities of the landmarks or specific behavior displayed in 

their vicinity are responsible for landmark-related firing, cells were recorded 
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in two distinct environments that contained a common landmark. In both 

envirorunents the animals displayed the same behavior in the vicinity of the 

shared landmark. Resxilts indicate that only a small fraction of the place cells 

were bound to the common landmark in both environments, suggesting that 

landmarks are represented in the hippocampal place cell code only as specific 

coordinates, and not as distinct objects together with their sensory qualities. 
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4.1. Construction of electrode assembly 

"Tetrode" recording probes were constructed by twisting together four 

strands of polyimide-coated, 14 ^im diameter, nichrome wire (H.P. Reid, Inc., 

Neptune, NJ). To obtain adherence and stifftiess, the insulation was briefly 

softened by heating, while the wires were imder tension, and then allowed to 

cool. The wires were cut flat at the same level and each tip was gold-plated 

separately to reduce the impedance of individual electrodes to 400-500 BCI2. 

The overall diameter of the tetrode was approximately 40 |j.m. The tetrode 

was mounted and glued into two nested polyimide tubes (Hudson 

International, Trenton, GA), 78 and 110 [im outside diameter respectively, 

which were then moimted in a microdrive array. 

The multi-electrode drive array was similar in principle to a prototype 

developed by Wilson and McNaughton (1993). It consisted of an inverted 

conical core machined from Delrin (Small Parts Inc., Miami Lakes, FL) which 

contained an array of fourteen 30 gauge, stainless steel, guide cannulae (Small 

Parts Inc.). The guide-cannula array, held together with heat shrink tubing, 

ended at the apex of the cone (i.e., nearest the brain) so that the electrodes 

emerged from it into the brain in a parallel configuration. The other ends of 

the tubes fanned out at an angle of 30° through pre-drilled, inclined guide 

holes in the core, and emerged from the core as an evenly spaced circle 

around the base of the cone. A set of 14 drive screws (stainless steel 0-80) was 

distributed aroimd the top of the drive core, again at 30° angles from the 

vertical axis. These were each coupled via a molded plastic nut to a 23 gauge 
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directed through the guide hole and over the inclined portion of the 30 gauge 

guide cannula. A tetrode assembly was inserted into the drive cannula so 

that the tetrode tip just protruded from the bottom of the corresponding 

guide tube. The tetrode was glued to the drive cannula at the top end only. A 

full turn of the screw advanced the drive cannula and tetrode 320 |im. The 

tip of the tetrode was thus advanced through the brain, while the guide and 

drive cannulae prevented the portion of the probe remaining outside the 

brain from buckling. The total available travel distance was 5-7 nun. The 

tetrodes emerged from the guide cannula array in a parallel, hexagonal lattice 

with an inter-probe spacing of approximately 250 |im. Two of the tetrodes 

served as reference and/or EEG electrodes. The four wires of each of the other 

twelve tetrodes were connected to separate channels of a multipin connector 

mounted on the top of the drive core. A ground lead was connected to a 

jeweler's screw placed in the skull. 

4.2. Recording equipment 

Two, unity-gain, miniature, 25 channel FET-preamplifiers (CFP-1020, 

Multichannel Concepts, Gaithersberg, MD ) were attached to the cormector 

pin array on top of the drive assembly. A multiwire cable connected the 

preamplifiers to a 64 channel commutator (Beila Idea Development, 

Anaheim, CA) mounted in the ceiling of the recording room. From the 

commutator, the signal was directed to seven, custom-designed, 8-channel 

amplifier modules, with digitally programmable gain and filter settings 

(Neurolynx, Tucson, AZ). Each amplifier module processed data from two 
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tetrodes, and transmitted the corresponding signals to a dedicated 80486 

microprocessor-based computer. Each computer was equipped with an A/D 

converter capable of 32 KHz per channel sampling frequency (DT 2821G, Data 

Translation, Marlboro, MA), data acquisition software (Discovery, DataWave 

Inc., Longmont, CO), and a programmable 10 KHz time-stamp clock. One 

computer served as a master system which sjmchronized the time-stamp 

clocks of the six other computers via a parallel 8 bit command cable. A 

voltage threshold was set independently for each tetrode channel. When the 

threshold was exceeded on any of the channels, a 1 msec sample of data (32 

points/channel), beginning 1/4 msec before the threshold crossing, was 

collected from all four charuiels and stored on disk. 

The position and head orientation of the animal was monitored by 

tracking two clusters of infrared diodes mounted on the front and rear of a 17 

cm, lightweight, aluminum rod attached to the headstage. The front diodes 

generated a larger light spot than the back diodes, thus permitting the 

software to discrinunate front from back. The video fracking system (SA-2 

Dragon Tracker, Boulder, CO) registered the X,Y coordinates of the two sets of 

diodes with a sampling frequency of 20 Hz and an effective pixel resolution of 

approximately 1.5 cm. The total tracking error was estimated to be about 5 cm, 

in part because of tilt error due to the height of the diode array above the rat's 

head. The location of the front diode array was taken as the rat's location. 

4.3. Subjects and surgery 

In all the experiments described in this dissertation, eleven adult 

Fisher 344 male rats were used. These animals were 10-17 month old retired 
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breeders. They were caged separately and maintained on a reversed 12 h 

light-dark cycle (10 am to 10 pm lights off, 10 pm to 10 am lights on). Training 

and recording were done during the dark cycle. Initially, the rats were food 

restricted to 85% of their ad libitum weight. After the rats had learned the 

task, their weights were allowed to increase to 90-95% of the ad libitum 

weight. All procedures followed NIH guidelines for the use of vertebrate 

animals. 

Under sodium pentobarbital anesthesia (40 mg/kg body weight) the rats 

were placed in a stereotaxic frame and implanted with the microdrive 

assembly positioned over the dorsal hippocampus of the right hemisphere. 

After removal of the dura, the tip of the guide-tube array was placed on the 

brain surface so that subsequent rotation of the drive screws would advance 

the tetrode probes into the brain, leaving the guide tubes on the surface. The 

craniotomy surrounding the tube array was filled with melted bone wax to 

protect the brain and the tetrodes from the dental cement, which anchored 

the assembly to small stainless steel screws placed in the skull. The 

stereotaxic coordinates for the placement of the electrode array were 2.5 mm 

lateral and 3.8 mm posterior relative to Bregma, the tetrodes were gradually 

lowered to the CAl layer of the dorsal hippocampus. Postoperatively the 

animals received orally Tylenol and were fed a died of fresh fruits in addition 

to the usual rat chow. 

4.4. Cell identification 

Cells were distinguished primarily on the basis of the relative 

amplitudes of their spikes on the four tetrode wires (McNaughton et al.. 
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1983b; Recce et al., 1991). When the probe tip was located in the CAl 

P5rramidal layer, as many as fifteen cells could be identified and isolated with 

a technique called "cluster-cutting" (McNaughton et al., 1989). The method 

involved the extraction of a set of spike waveform parameters (mainly spike 

height and spike width) for each spike fi-om the four tetrode channels, and 

separation of units on the basis of these parameters using interactive 

computer-graphic software. Different combinations of parameter pairs were 

projected as two dimensional scatter plots. When this was done, points 

derived from single cells tended to form recognizable clusters. The spikes 

within a cluster were enclosed in a polygon drawn using a mouse. The data 

points were then projected into new two-dimensional plots in which the 

earlier partition of the data was preserved by color-coding the points lying 

within the polygon boundaries. This process was repeated until a 

multidimensional set of boundaries was established that provided the 

subjectively best separation of spike waveform clusters. 

Complex spike cells (i.e., pyramidal cells) were distinguished from 

theta cells (intemeurons) by a number of criteria (Fox and Ranck, 1981; 

McNaughton et al. 1983a). To be classified as a complex spike cell, a unit was 

required to (i) be recorded simultaneously with other complex spike cells (in 

the CAl layer); (ii) fire at least a small number of complex spike bursts during 

the recording session; (iii) have a spike width of at least 300 pisec, as measured 

from peak to valley of the average action potential waveform; and (iv) have 

an overall mean rate below 5 Hz during the recording session. To be 

classified as a theta cell, a unit was required to (i) fire no complex spike bursts; 
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(ii) have a spike width of less than 300 usee; and (iii) fire with a mean rate 

above 5 Hz during the recording session (McNaughton et al., 1983a). 

It is important to point out that only those cells are described in this 

dissertation that were active during the behavioral sessions. Previous studies 

(e.g., Thompson & Best, 1989) have shown that a large fraction of 

hippocampal cells that appear on an electrode during sleep become virtually 

silent in a particular behavioral task; thus, the proportion of cells with 

particular behavioral correlates reported here reflects the proportion of cells 

showing significant activity in these behavioral tasks and is probably larger 

than the true proportion within the population as a whole. 
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EXPERIMENT 1 

BINDING OF HIPPOCAMPAL CAl NEURAL ACTIVITY TO MULTIPLE 
SPATL\L REFERENCE FRAMES IN A LANDMARK-BASED NAVIGATION 

TASK 

Experiment 1 was based on the assumption that navigation involves 

encoding location with respect to discrete objects, i.e., landmarks. Behavioral 

studies of CoUett et al. (1986) showed that gerbils incorporate landmarks into 

their spatial representation by encoding and storing distances and bearings 

from individual landmarks to a reward location. The crucial role which the 

hippocampus plays in navigation, together with the findings of Collett et al., 

(1986) led to the question of whether positions relative to specific landmarks 

is represented in the hippocampus. The central hypothesis of this experiment 

was that the location-specific firing of hippocampal place cells, may contain 

distance and angle information which would become obvious if the orienting 

landmarks in an environment were variably placed. Previous studies have 

found that hippocampal cell activity, in some situations, is insensitive to 

partial or complete removal of cues (O'Keefe and Conway, 1978; McNaughton 

et al., 1989; Quirk et al., 1990; Markus et al., 1994). These studies, however, 

were not designed in such a way as to reveal explicit landmark 

representations. Experiment 1 was intended to fill this gap. 

The purpose of Experiment 1 was to examine the role of landmarks in 

controlling hippocampal cellular activity. In a task modeled after that of 

Collett et al. (1986), the locations of two landmarks were varied so that their 

influence could be distinguished from the influence of static backgroimd cues. 

The behavioral demands and the reward contingencies of the task remained 
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unchanged; only the locations where these behaviors were displayed varied 

across trials. 

Subjects and surgery 

Three nine-month-old Fisher 344 male rats were caged separately and 

maintained on a 12 h light-dark cycle. Training and recording were done 

during the dark cycle. Initially, the rats were food restricted to 85% of their ad 

libitum weight. After the rats had learned the task, their weights were 

allowed to increase to 90-95% of the ad libitum weight. The electrode array, 

the recording devices and the surgical techniques are described in detail in 

"General methods". 

Selectivity of hippocampal neurons is reduced when the animal is 

stationary, eating, grooming, or otherwise not engaged in what Vanderwolf 

(1975) referred to as Type I behavior (i.e., active locomotion, orienting, 

rearing, sniffing etc.). To minimize this effect, data were excluded for which 

the tracking diode velocity was lower than 15 cm/second. 

Training and recording environment 

The training and recording environment was a 3.5 m diameter circular 

arena, with black floors, surrounded by black curtains spanning from ceiling 

to floor (Fig. 5.1). Five large white objects were himg inside the airtains. 

These constituted static background cues, and they remained at fixed locations 

throughout training and recording- Two white cylindrical landmarks, a 

short, thick one (21 cm wide and 43 cm high) and a tall, thin one (6 cm wide 

and 76 cm high), were moved from trial to trial to new locations inside the 
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arena. The distance between the landmarks always remained the same (60 ± 5 

cm). The goal location was defined as the tip of an isosceles triangle whose 

base was the line connecting the two landmarks. The goal was always on the 

side of the landmarks from which the tall, thin landmark appeared on the 

right side and the short, thick landmark appeared on the left. The distance 

from the goal to each landmark was 40 cm. The arena was illuminated by 

four symmetrically motmted dim lights on the ceiling. (Fig. 5.1) 

Behavioral training 

The task was to find the goal location, which varied from trial to trial. 

The rat was released from, and returned to, a 38 x 28 cm, 30 cm high cardboard 

box with a drawbridge-style door. The landmarks were not visible from 

inside the box. The box was moved to a new location and baited with a few 

chocolate "sprinkles" (cake decoration; 2-5 mm long, 1mm diameter) while 

the rat was fraveling toward the goal, so that each trial ended in a different 

location from where it started. The goal was also baited, with 5-20 chocolate 

sprinkles placed on the black floor in a 1-2 cm diameter cluster. The goal was 

not baited on non-reward trials, which occurred randomly on one out of 

every six trials. The training was divided into three stages: pretraining, 

shaping and task-specific training. 

A) During prefraining, the rats were introduced into the arena and 

allowed to explore at will. The box and landmarks were placed at arbifrary, 

fixed locations in the arena. A white plastic cup at the goal location contained 

half of the animals' daily food ration supplemented with chocolate sprinkles. 

A similar plastic cup, with the other half of the daily food ration, was placed 
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Figure 5.1. Training and recording environment 
The 3.5 m diameter circular arena had a black floor and was surrounded by 

black curtains spanning from ceiling to floor. At the base of the curtains, a 30 cm high 
wall, made of 12 pieces of black-painted plywood, prevented the rats from escaping 
behind the curtains. Five objects were placed in front of the curtains as static 
backgrotmd cues: a 2 m diameter semicircular panel on the S wall, a 60 cm high white 
cone suspended from the ceiling at SW, two identical white polyhedra placed 20 cm 
apart at NW, and a 80X60 cm striped panel suspended at Nfe. As viewed from the 
goal, the tall, thin landmark appeared always on the right while the short, thick 
landmark appeared on the left. The animal was introduced into the environment 
without disorientation. During training and recording sessions, two experimenters were 
inside the arena with the rat. One experimenter moved the box and opened and closed 
the door of the box; the other experimenter relocated the landmarks while the animal 
was inside the box. 
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in the box. Initially, the rats spent most of the time inside the box; later they 

started exploring the surrounding and within a week, the rats became 

accustomed to the environment, the presence of the experimenters in the 

arena, and feeding at the goal and inside the box. 

B) During the shaping stage, the food reward, both in the box and at the 

goal, was gradually shifted from rodent pellets to chocolate sprinkles. The 

size of the plastic cups was gradually reduced until the cups were completely 

eliminated. In one session the rats visited the goal 5-10 times. At the end of 

this 5tage (approximately one week), the rats were accustomed to the open 

and closed box and were nmning confidently toward the goal every time the 

door of the box was opened. 

C) The final, task-specific phase of training was slightly different for 

each of the three variants of the task (described below). During the early part 

of the task-specific stage, the landmarks were only slightly shifted (20-30 cm) 

between trials; this distance was then increased gradually until the new 

location was completely random. The rats were not allowed to enter the box 

imtil the goal had been successfully located or imtil the search exceeded one 

minute. When the rats ran 30-40 trials in 30 min, they were considered ready 

for electrode implantation. After a recovery period of about a week, the rats 

were retrained and rapidly regained their previous levels of performance. 

During recording sessions, the duration of a trial rarely exceeded one minute. 

The sessions were terminated when the rat began to slow down, because of 

satiation or fatigue. 

Two experimenters were present in the arena with the rat, one opening 

and closing the box, the other repositioning the landmarks between trials. 
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Possible biases in the animals' behavior due to the presence of the two 

experimenters were minimized by requiring one experimenter always to 

stand behind the box and the other to take random positions at the periphery 

of the arena. 

Three different versions of the task were used: (Fig. 5.2) 

In the rotated version of the task, the landmarks could be placed 

anywhere in the arena, as long as the line connecting the landmarks was 

aligned on an east-west axis or rotated and aligned on a north-south axis. The 

rat was released from the box an5rwhere along the periphery of the arena; after 

the rat found the goal, the box was brought to the vicinity of the landmarks. 

The rat then entered the box and was carried to a new start location. 

In the translated version of the task, the landmarks were translated to 

random locations in the northern two-thirds of the arena, with the tall, thin 

landmark always to the east of the short, thick one, such that the goal was 

always south of the landmarks. The box was moved to random locations 

along the south edge of the arena, with the opening always facing north, 

toward the landmarks. The box was repositioned while the rat was near the 

goal, and was not moved while the rat was inside it. 

In the central version (which was used only as a control in one 

animal), the tall, thin landmark was always to the east of the short, thick 

landmark, and their range of movement was restricted to a 120 cm diameter 

region in the center of the arena. The box was placed in pseudorandom order 

at five pre-established locations in the arena with the opening always facing 

north. A new set of five locations was selected for each recording session. 
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Figure 5.2. Dlxistration of procediare for different versions of the task (not to scale). 
The trials are depicted in fixe reference frame of the arena. 

A. Two consecutive trials in the rotated version of the task. The large solid 
circles represent the short, thick landmark and the small solid circles the tall, thin 
landmark^ The dotted lines show the isosceles triangle whose vertex was the correct 
goal location. The goal was always on the side of the landmarks from which the tall, 
thin landmark appeared on the right side and the short, thick landmark appeared on the 
left. The open and solid squares indicate the location of the box at the begiiming of the 
trial and at the end of the trial, respectively. The solid lines indicate the trajectory of the 
rat. Between the two trials the landmarks were translated and rotated and the box was 
moved to a new location. 

B. Two consecutive trials in the translated version of the task. In this version of 
the task, the landmarks maintained their E-W orientation. 

C. Two consecutive trials in the cenfral version of the task. The range of 
movement of the landmarks was restricted to a 120 cm square region in the center of the 
arena. The box was placed in pseudorandom order at five pre-established locations in 
the arena, with the opening always fedng north. 
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Analysis of search behavior 

To measure the extent to which the search behavior of the rats was 

guided by the landmarks, the rats' trajectory data in all non-reinforced trials 

were superimposed and aligned so that the landmarks and the goal locations 

overlapped. On these trials, no olfactory or visual cues were available to 

locate the reward; therefore, the extent to which the paths taken by the rat 

were concentrated in the vidnity of the goal reflects the precision with which 

the rats located the goal on the basis of the landmarks. 

Measures of binding 

The task design permitted the analysis of the data with respect to each 

of four different reference frames: the static backgroimd, the landmark/goal, 

and the location of the box at the start and at the end of a trial. These analyses 

were made possible by keyboard entries of 'event flags' in the data files at the 

moment when the rat entered or exited the box, and when it arrived at the 

goal. 

If the firing of a cell bears a constant relationship to a particular feature 

of the environment or task, then a map of spatial firing rates, obtained by 

superimposing the maps for each trial aligned on that feature, should reveal a 

localized peak of firing. For example, if a cell is boimd to the landmarks, then 

a shift in the location of the landmarks should induce a corresponding shift 

in the location at which the cell fires. A firing rate map obtained by 

superimposing all the trials, aligned on the landmarks, should reveal 

concentrated firing, whereas a firing rate map aligned with respect to the 

arena or box reference frames should show broadly dispersed firing (Fig. 5.3). 
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Figure 5.3. The four reference frames in which spatial information of cell discharge was 
assessed. 

In each drawing, two hypothetical trials are shown, A and B (thin and thick line). 
The small and large stippled circles represent landmark positions. The open rectangle 
depicts the position of the box at the start of each trial, the solid rectangle the position 
of the box at the end of each trial, and the small open circles indicate the spikes fired by 
the cell. The h)rpothetical cell depicted in this figure fires a few spikes when the rat is 
near the goal and is silent in other locations. To establish the binding of this cell to a 
particular reference frame, the trials are aligned in four different ways: C in the fixed 
(arena) frame, D in the landmark/goal frame, E in the end-box frame, and F in the start-
box frame. In the landmark/goal frame, all the firing is concentrated in a single area 
whereas, in the other frames, two separate areas of firing appear. Such a cell would 
have been classified as bound primarily to the landmark/goal frame. Cells were 
classified based on the alignment that gave the tightest concenfration of firing (i.e., 
largest spatial information/spike). 
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To quantify the degree to which firing is spatially related to a feature, 

the spatial information per spike was calculated (Skaggs et al, 1993). This 

measure quantifies the amount of information that the occurrence of a single 

spike conveys about the rat's location, and is given by the formula: 

where I is the information, measured in bits per spike, i is the index of the bin 

representing the location where the spike occurred, pf is the probability of the 

rat being at location i, Af is the mean firing rate of the cell when the rat is at 

location i, and A= ZXpi is the overall mean firing rate of the cell. 

High information content per spike, signifies that a single spike is a 

strong predictor of the rat's location. For each cell, the spatial information per 

spike was examined relative to each of four different reference frames: (1) 

the arena frame, (2) the landmark/goal frame, (3) the start-location frame, and 

(4) the end-location frame. A nonparametric test was then used to determine 

whether the spatial tuning, in the reference frame giving the largest 

information/spike value, was statistically significant. This test involved 

recalculating the information/spike value with the spike sequence of the cell 

time-shifted with respect to the position sequence of the rat. The 

information/spike was calculated for 100 different time-shifts, each a random 

fraction of the total duration of the session G^ut never less than one minute). 

A cell was deemed to show significant (p<0.01) location-specific firing if the 

value of the information/spike on the actual data was larger than the value 

of the same measure on any of the 100 randomly time-shifted datasets. It 
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shovild be noted that this test is rather conservative, and does not depend on 

any assumptions about the spatio-temporal distribution of firing. 

Information/spike was calculated separately with the position and 

spike data collapsed onto either the X or Y axis, that is, using either the X or Y 

coordinate of the rat to represent its spatial location. This was done because 

the position sampling was often quite irregular across the two-dimensional 

region of the arena; the sampling was much better when the data were 

collapsed onto a single dimension. (The formula for information/spike 

requires only that the rafs position be represented by a bin index i; there is no 

reason why i cannot represent the X or Y coordinate rather than the fully 

specified two-dimensional position.) 

To be classified as having an identifiable behavioral correlate, a cell had 

to meet three criteria: (1) It had to fire at least 100 spikes over the course of the 

session (otherwise the sample was considered inadequate); (2) It had to have 

a significant (p<0.01) information/spike in at least one of the four reference 

frames; (3) The maximal information/spike had to occur in the same 

reference frame when the data were collapsed on the X axis as when the data 

were collapsed on the Y axis (otherwise the correlate was considered 

ambiguous). 

It was possible for the activity of a cell to be related to more than one 

feature of the environment or task. This could happen in at least two ways. 

First, a cell could be independently related to at least two features of the 

environment (disjunctive correlate). An example of a disjimctive correlate 

would be a cell that fired whenever the rat was leaving the box and also when 

the rat was at the goal location. Second, a cell could display significant activity 
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only when two or more features are combined in a particular way 

(conjunctive correlate). For example, a cell might have a strong relation to 

the landmarks, but only when the landmarks are located in a particular 

portion of the arena. 

It was not possible, however, to classify all cells in these terms 

statistically, because the behavioral sampling was not sufficient. (The 

recording environment was large, the rats did not nm more than 30-35 trials 

in one session, and they covered a variable and relatively small proportion of 

the environment on a given trial.) Although there were a number of cases in 

which complex properties were apparent on visual inspection of the data, 

when a cell was classified as boimd to a certain feature, no firm claim is 

intended as to whether it was bound independently, conjunctively, 

disjunctively, or otherwise; the only claim is that the activity of the cell bears 

a stronger relation to that feature than to any of the others considered in the 

analysis. Statistical verification of the precise nature of the relations would 

require a different experimental design, in which the spatial sampling is 

uniform in all alignments. 

Results 

Hippocampal CAl pyramidal cells were recorded from three rats. One 

rat was recorded from only in the rotated version of the task (42 cells), 

another rat was recorded from in the rotated (95 cells) and translated (296 

cells) versions, and a third rat was recorded from in the translated (25 cells) 

and central versions (26 cells). 
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The behavior was controlled by the landmarks 

After approximately 200 training trials, distributed over about 20 days, 

the rats learned to exit the box, orient to the landmarks, locate the goal, eat the 

reward, orient back to the box, and return to it In the initial stages of 

training, all three rats showed a strong tendency to return to the goal location 

from the previoiis trial, ignoring the landmarks. Without specific tests it was 

impossible to know which cues the rats used to locate the goal. Comparing 

the search pattern on rewarded and non-rewarded trials, however, failed to 

reveal any significant differences in path length, latency, or pattern of 

deviation from the direct path (data not shown). This suggests that the rats 

were guided more by the learned spatial relationship between the landmarks 

and the goal and less by the sensory qualities of the reward. Careful 

observation of the behavior indicated that the rats changed search strategy 

when they reached the vicinity of the goal. At approximately 10 cm from the 

goal, they typically slowed down and explored by casting about and vigorously 

moving their vibrissae, suggesting that they expected to find the reward using 

either visual, olfactory, or tactile cues. Although these sensory cues were 

readily available on all rewarded trials, the rats sometimes ran over the 

chocolate sprinkles without noticing them and occasionally missed the goal 

by passing within a few cm from it. 

The rats used the landmarks to find the goal, as shov^m by the 

concentration of their search within the distance between the landmarks and 

the goal. Fig. 5.4 shows a plot of the mean density of search 

(seconds/cm^/trial) as a function of distance from the goal, for all of the non-

rewarded trials. The peak search density was at the goal location and not in 
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Figure 5.4. Search behavior on the non-rewarded trials. The upper panels show plots of 
the density of search (seconds/cm^/trial) as a function of distance from the goal on 
non-rewarded trials. Under each plot a corresponding map is shown, representing all 
the non-rewarded trials overlaid in the alignment of the landmarks. The large and small 
gray dots represent the thick and thin landmarks respectively. The lines represent the 
overlaid trajectories of the rat. 

A. All non-rewarded trials (14) for rat 2 in the rotated version of the task. 
B. All non-rewarded trials (24) for rat 1 in the rotated version of the task. 
C. All non-rewarded trials (61) for rat 2 in the translated version of the task. 

Although the search pattern was more accurate in the translated version, in both 
versions, the densest occupancy was concentrated within 30 cm of the goal location, a 
radius smaller than the distance between the goal and the landmarks, which was 40 cm 
(indicated by the dotted line). This figure shows that the rats used the landmarks to 
guide their search. 
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the immediate vidnity of the landmarks, which indicates that the rats used 

the landmarks as spatial cues, rather than as beacons, at least from close range. 

In the rotated version of the task, the rats needed to discriminate 

between the two landmarks to determine on which side of the landmarks the 

goal was located (see Fig. 5.2 A - task versions). When the rat was at the 

correct goal location, the tall landmark appeared on the right, and the short 

landmark appeared on the left. Viewed from the opposite side, the 

landmarks were reversed. The rats often searched on whichever side they 

reached first, but at the correct distance from the landmarks, indicating that 

they learned the spatial relationships between the landmarks and the goal, 

but they did not learn to discriminate between the correct and reversed 

landmark configurations. 

Cells were bound to the static background cues, the landmarks and the box 

Four major categories of cells were observed (see Fig. 5.5): (1) Place cells 

with stable place fields relative to the static background cues; (2) 

Goal/landmark-related cells that were bound to the landmarks independently 

of their location in the arena; (3) Box-related cells that fired either inside the 

box, or as the animal was leaving or retTiming to the box. With few 

exceptions, the box-inward and box-outward cells fired for either inward or 

outward motion but not both; and (4) Cells with compound response 

profiles. 

Of the 484 recorded cells, 121 were eliminated from analysis either 

because they fired less than 100 spikes (61 cells) or because the nonparametric 

test for information content did not reach significance (p<0.01) in any 
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reference frame (60 cells). Most of the latter showed variations in firing rate 

as a function of location in one or more reference frames, but these variations 

were not large or consistent enough to permit the cells to be classified. Of the 

363 cells that were included in the analysis, 227 cells (62%) had an identifiable 

behavioral correlate. For the 136 remaining cells the behavioral correlate 

could not be interpreted unequivocally; these cells showed sigriificant (p<0.01) 

location-specific firing, but with the current classification criteria it was 

impossible to establish the reference frames to which these cells were bound. 

(Recall that the information/spike measure was obtained by collapsing the 

data on the X and Y axes, and the criterion to establish the binding of a cell to 

a reference frame was that the cell had maximal information/spike measures 

on both axes in the same reference frame. For example, if a cell had maximal 

information/spike on the X and the Y axes in the arena frame, it was 

classified as boimd to the arena frame (place cell), but if it had maximal 

information/spike in the arena frame on the X axis and in the landmark 

frame on the Y axis, then the reference frame to which it was boimd could not 

be established and the cell was eliminated from further analysis.) 

Of the 227 cells with an identifiable behavioral correlate, 102 cells (45%) 

were place cells, 23 cells (10%) were landmark/goal-related, 46 cells (20%) were 

box-outward, 38 cells (16%) were box-inward, and 18 cells (8%) were active 

when the rat was inside the box. 

Place cells 

A cell was classified as a place cell if it had the highest information 

content when the trials were aligned in the arena frame. Of the 102 place 
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Figure 5.5. Two examples of each category of cell. 
For each cell, the left panel shows a firing map in the arena frame, the middle 

panel shows the alignment most relevant for the strongest behavioral correlate, and the 
right panel shows histogram and raster plots for the same cell aligned on the relevant 
event. In each picture, the small and large black dots indicate the thin, tall landmark 
and the thick, short landmark respectively; the gray lines depict the superimposed 
trajectories of the rat; the small green marks indicate the position of the box at the start 
of each trial; the small blue marks show the position of the box at the end of each trial; 
and the small dots of various colors each represent a spike fired by the cell. 

A. Lanimarklgoal-related cell. The firing was more concentrated in the 
landmark/goal frame (center) than in the fixed (arena) frame Geft). The raster and 
histogram are aligned on the rat's arrival at the goal. This cell fired with higher rates 
when the rat was passing in front of the short, thidc landmark. 

B. Landmark/goal-related cell. Left: fixed frame. Center landmark/goal frame. 
Right: histogram and raster aligned on arrival at goal. This cell exhibited elevated rates 
of firing near the time of arrival at the goal. 

C Box-inward cell. Left: fixed frame. Center end-box frame. Right: histogram 
and raster aligned on arrival at box. This cell fired just before the rat entered the box. 

D. Box outward cell . Left: fixed frame. Center: start-box frame. Right: 
histogram and raster aligned on departure from box. This cell fired shortly after the rat 
exited the box. 
E. Place cell. Left: fixed frame. Center: landmark/goal frame. Right: histogram and 
raster aligned on arrival at goal. This cell had a place field near the center of the arena. 

P. Place cell. Left: fixed frame. Center: end-box frame. Right: histogram and 
raster aligned on arrival at box. This cell had a place field in the SE region of the arena. 
Note that the spatial concentration of firing is tighter in the arena-frame than the end-
box fi^me. 
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cells, 77 cells appeared to have a single field and 25 cells had multiple fields. 

An example of a place cell with a single field is shown in Fig 5.5 E. Place fields 

were scattered more or less homogeneously throughout the arena. Because of 

sampling irregularities due to the rat's behavior, it was rarely possible to 

quantify any dependence of firing of place cells on the rat's head orientation 

while the animal was in the place field. In the translated version of the task, 

however, there was an apparent tendency for cells with place fields in the 

southern half of the arena (i.e., within the range of movement of the box) to 

be more directionally dependent than cells with fields within the range of 

movement of the landmarks. These cells tended to fire preferentially when 

the rat was running through their fields in one direction (either to or from 

the box). Some cells fired robustly in their fields over a broad range of head 

orientations. 

Landmark/goal related cells 

For 23 cells, the information measure was maximal when the trials 

were aligned on the landmarks. For all but one of the cells in this category, 

the firing was concentrated near the goal location, but different cells fired 

maximally prior to arrival at the goal, at the goal itself, or after departure 

from the goal. The exceptional cell had increased firing rates when the rat 

was passing in fi-ont of the large landmark (Fig. 5.5 A). These cells could be 

described as place cells in landmark/goal-centered coordinates. Many cells 

classified by the analysis as goal-related had variable rates and were 

unreliable, sometimes failing altogether to fire at the goal, irrespective of its 

location in the arena. It was not clear whether this variability was related to 
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variation in the rat's exact location relative to the goal or to some other factor 

such as the location of the landmarks in the arena. With one exception, goal-

related cells fired during non-reinforced trials, indicating that they were not 

related directly to perception of the reward. 

Box-related cells 

In a similar manner, cells bound to the box could be considered place 

cells in box-centered coordinates. Of the 102 cells bound to the box, 18 cells 

fired when the rat was inside the box, 46 cells fired when the rat was leaving 

the box (box-outward cells), and 38 cells fired when the rat was entering the 

box (box-inward cells). Clear, box-related cells were found in all versions of 

the task and, in contrast to goal-related cells, their firing was highly reliable 

across trials. An example of a box-inward cell is shown in Fig. 5.5 C and of a 

box-outward cell in Fig. 5.5 D. For these cells, the information content in the 

end-box aligiunent or the start-box alignment, respectively, was higher than 

in the arena or landmark/goal alignments, indicating a stronger correlation 

of the cell discharge with the location of the rat relative to the box than with 

location in the arena. 

Box-inward cells exhibited peak firing at variable distances (20-40 cm) 

firom the box (see Fig. 5.6 B). These cells fired as the animal approached the 

box, regardless of whether it was opened or closed. Box-outward cells (see Fig. 

5.6 A) also had peak firing at various distances from the box (up to ~40 cm). 

Some box-outward cells fired for longer portions of the trajectory than others, 

but all box-outward cells in the sample stopped firing when the rat was 

further than ~70 cm from the box. While the rat was inside the box, eating 
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Figure 5.6. Properties of box-inward and box-outward cells. The upper panels show 
spatial firing maps in the reference frame of the arena. The lower panels show two 
raster plots for the same cells, with corresponding color code. 

A. Two simultaneously recorded box-outward cells from the translated version 
of the task, illustrating that different cells fired maximally at different locations within a 
given reference firame, rather them only in the immediate vicinity of the reference object. 
The rasters for the two cells (magenta and orange) are aligned on the moment of 
departure from the box. 

B. Two simultaneously recorded box-inward cells from the translated version of 
the task, again illustrating that different cells fired maximally at different locations 
within a given reference frame. The rasters for the two cells (teal and purple) are aligned 
on the moment of arrival at the box. 

C. A box-inward/outward cell recorded in the central version of the task. The 
five box locations are indicated by the clusters of green and blue marks, which represent 
the position of the box at the beginning and at the end of each trial respectively. The 
landmark locations are not shown. The red dots represent spikes emitted dxuing both 
box entry and exit. The firing was independent of the angle at which the rat approached 
or departed from the box. The upper raster is aligned on the arrival at the box; the 
lower raster is aligned on the departure from the box. 
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the reward and waiting to be released for a new trial, a different set of box-

related cells (in-box cells) was active. These cells stopped firing when the box 

was opened and the rat started outward. Many of these in-box cells appeared 

to have place fields occupjdng a fraction of the interior of the box. A few 

exceptional box-related cells fired both as the rat was exiting and entering the 

box. Fig. 5.6 C shows a box-inward/outward cell from the central version of 

the task. This example also illusfrates the fact that fields classified as box-

related were truly bound to the box and were not merely broad, directional 

place fields located at the southern edge of the arena, as might have been 

inferred from the franslated version of the task alone. 

Disjunctive and conjunctive cells 

Some cells clearly exhibited disjimctive properties. Disjunctive cells 

showed specific firing related to more than one reference frame in the task. 

Examples of disjimctions were observed between all combinations of 

reference frames (see Fig. 5.7). The demonsfration of conjimctive firing was 

much more problematic. Establishment of conjunctions would require 

multiple sampling for each goal- and box-location, and the experiments were 

not designed for this purpose. There were only 25-30 trials available from 

each recording session, and many more landmark and box-locations. The 

clearest example of apparent conjunction was a box-inward cell in the rotated 

version of the task (see Fig. 5.7 A) which fired only when the rat approached 

the box from N to S. (This cell could also be interpreted as one with a place 

field in box-centered coordinates located to the north of the box.) Cells that 
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Figure 5.7. Interactions among reference frames 
A. Putative conjunctive cell. The left panel shows a box-inward cell from the 

rotated version of the task. This box-inward cell fired mostly when the box was in the 
southern region at the arena and hence might be considered as reflecting a conjunction of 
the fixed and box firames; however, a more accurate description, revved by detailed, 
trial by trial analysis, is that this cell had a directioi\al place field in the box frame, firing 
only when the rat approached the box from the North. There were no unambiguous 
examples of conjunctive cells. 

B. Disjunctive cell. This cell fired both at the goal and inside the box. Left: 
fixed fi-ame. Center landmark/goal frame. Right upper raster aligned on arrival at 
goal; lower raster aligned on arrival at box. 

C Disjunctive cell. This cell fired both during departure firom the box and at two 
specific locations in the arena. Left: fixed firame. Center: start-box fiame. Right: upper 
raster aligned on arrival at goal; lower raster aligned on departure from box. 



1 1 2  



113 

fired inside the box were never conjunctive, i.e., they fired reliably in all box-

locations. 

Population properties 

There was no apparent evidence for a topographical organization of the 

observed correlates of the cells. Adjacent cells, recorded from the same 

tetrode, were not homogenous in terms of their behavioral correlates, nor did 

adjacent place cells show adjacent place fields. When a cell was recorded 

multiple times, it showed the same behavioral correlate over days. The 

relative proportion of cells with different behavioral correlates was constant 

over time and across animals. Cells with different behavioral correlates were 

co-active during a recording session, but no clear examples were seen in 

which cells bound to different reference frames fired at the same time. For 

example, in one session when 24 cells were recorded simultaneously, 8 cells 

had one or more place fields, 1 cell was goal-related, 1 cell was box-inward, 3 

cells were box-outward, 1 cell fired only when the animal was inside the box, 

and 9 were unclassifiable. In none of the cases was there evidence for 

simultaneous activation of multiple reference firames. 

While box-related cells were highly reliable, firing with similar rates on 

virtually every trial, goal-related cells often failed to fire on some trials. Place 

cells appeared to be intermediate in reliability, in that they fired more 

consistently than goal-related cells and less consistently than box-related cells. 

With two exceptions, none of the cells ceased firing in accordance with its 

assigned correlate as a result of any manipulation. The two exceptions were 
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the putative conjunctive cell shown in Fig 5.7 and a goal-related cell that 

ceased firing during nonrewarded trials. 

Discussion 

The main conclusion of Experiment 1 is that, in a task requiring 

guidance with respect to variably located objects within an otherwise fixed 

envirorunent, the moveable objects define independent spatial reference 

frames. The overall results can be summarized in 3 main points: 

1. The rats learned a spatial location predicted by landmarks whose 

position varied from trial to trial relative to the fixed reference frame. 

2. Landmark/goal-related cells and box-related cells fired in fixed spatial 

relationships to these objects, apparentiy independentiy of the location of the 

objects relative to the fixed frame. 

3. Although the static background cues were not directiy relevant for 

the required behavior, 45% of the cells showed the tightest disfribution of 

firing in relation to this frame (i.e., place cells). Note that this fraction does 

not reflect the 136/363 cells with significant spatial information/spike on one 

or more axes, but whose correlates could not be unequivocally established 

according to our criteria. 

The successful acquisition by the rats of a spatial task based on variably 

located landmarks is in contrast with the results of Biegler et al. (1993), who 

emphasized the importance of landmark stability for spatial learning. On the 

other hand, Collett et al. (1986) and Biegler and Morris (1993) showed that 

when two landmarks are stable with respect to each other, but imstable with 

respect to the fixed frame of the environment, rodents can leam to find a 
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location predicted by those landmarks. It is important to consider, however, 

that in this experiment, all rats initially showed a tendency to ignore the 

landmarks and to return to the previous goal location. Only after about 200 

training trials was the behavior reliably guided by the landmarks and not by 

the fixed backgroimd cues. The large proportion of place cells recorded in this 

task suggests that the rats did not ignore the global spatial frame of the arena, 

and appeared to update their location within it. Fig. 5.4, which illustrates the 

density of search as a function of the radius of a circle concentric with the 

goal, shows that, instead of searching near the landmarks, the rats used them 

to compute the goal location. If they had used the landmarks as beacons, the 

search would have been more concentrated in the immediate vicinity of the 

landmarks than at the correct distance from them. This is supported by the 

fact that the firing of goal-related cells was clustered near the goal, and was 

only exceptionally located in the vicinity of the landmarks themselves. 

Moreover, for both box-and goal-related cells, firing fields were distributed at 

different distances from their respective reference locations and were not all 

centered at a common point. This also supports the notion that these 

locations served as origins of spatial frames, rather than as beacons. It is 

likely, however, that the rats used the landmarks as beacons from larger 

distances and as spatial cues from smaller distances, and that, along the 

trajectory between box and goal and return, several changes of reference 

frame occurred. In other words, the representation of position on the active 

map was continuously updated with respect to the sensorily available 

landmarks. 
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It is interesting to consider these findings in light of the distinction 

suggested by O'Keefe and Nadel (1978) between taxon-based (hippocampal-

independent) and locale-based (hippocampal-dependent) problem solving. 

Oiu- results could be interpreted as indicating that the rats solve this task by 

treating the landmarks (or box) as a beacons (taxon strategy) when they are 

distant, and switch to a locale-based strategy in the vidnity of the goal or the 

box. A natural prediction arising from this interpretation is that, if animals 

with hippocampal lesions were trained in this task, they would be able to 

learn to search in the vicinity of the landmarks, but their search would be 

distributed over a considerably broader region. This prediction receives some 

support from the findings of Bingman and Mench (1990) that hippocampal-

lesioned honiing pigeons were able to fly into the vicinity of their home loft, 

but were impaired in using local landmarks to find the precise location. 

To account for the observed interaction between static background cues 

and a set of controlled spatial cues, which were rotated from trial to trial, 

O'Keefe and Speakman (1987) suggested that their rats acquired separate 

representations for each configuration of the controlled and static background 

cues. Although place cell firing in their study largely followed the orientation 

of the controlled cues, they demonstrated significant interactions between the 

two frameworks. Given that in the present experiment, over 300 

configurations of landmark and box locations were used, it seems rather 

imlikely that the rats acquired separate representations for each configuration. 

These data suggest that the animals solved this task by representing separately 

their location relative to the global and to the local spatial frames, and that 

these representation were largely independent of one another. Interactions 
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between reference frames (i.e., conjunctive cells) could not be clearly 

demonstrated or ruled out because of the limited sampling of the arena on 

any given trial. The existence of disjunctive cells, which appear to have place 

fields in more than one reference frame, is consistent with a large body of 

previous work indicating that place cells can have fields in more than one 

environment (O'Keefe and Conway, 1978; Kubie and Ranck, 1983). 

Although Experiment 1 was not designed to assess this question, it 

appeared that cells botmd to different reference frames were not activated 

simultaneously. For example, on those trials in which the goal location fell 

within the firing field of a place cell, the place cell appeared to be silent while 

the rat was at the goal; many goal-related cells, however, fired strongly at this 

time. Thus, the animal represents its location in a single reference frame at 

any given time. 

No difference was observed between the types and proportions of cells 

for the different versions of the task, in spite of the fact that the rats made 

different kinds of errors in each version. In the translated version, they had a 

tendency to overshoot the goal when the landmarks were placed very close to 

the start-box; in the rotated version, they did not successfully discriminate 

between the correct goal and the "inverted goal" (see Fig. 5.2). 

The existence of landmark- and box-related cells confirms the 

hypothesis that task-relevant landmarks may control the firing of 

hippocampal cells. Interestingly, however, none of the landmark- or box-

related cells fired at more than about 70 cm beyond the area in which the 

corresponding appropriate behavior was required, i.e., searching for the 

reward or entering or exiting the box. This suggests that behavioral context 
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may play an important role in switching spatial reference frames. The 

directional selectivity of the box-related cells (either box-inward, or box-

outward, but seldom both) indicate that the mere vicinity of the box cannot 

account alone for box-related firing. The existence of different 

sets of cells for departure and arrival to the box, suggest that during departure 

and arrival different maps were active. A similar switch between maps was 

shown by Markus et al. (1995), when rats were required to switch from 

random foraging to following directed paths in the same environment. In 

any event, the absence of landmark- and box-related firing at greater distances 

suggests that as the rat traveled away from a landmark, its influence 

extinguished or was overridden by other landmarks. 

Goal-related cells have been described previously in various 

paradigms, as approach-consummate (Ranck, 1973) or goal-approach cells 

(Eichenbaum et al., 1987), and other authors have reported shifting or 

alteration of place fields when reward locations change (Breese et al., 1989; 

Fukuda et al., 1992). The present findings raise the question as to whether 

these cells should be considered explicitly reward related, in the appetitive 

sense, or whether reward locations (among others) come to define the origins 

of spatial reference frames. The cells firing on the approach to the box or goal 

sites certainly are amenable to such an interpretation; however, the 

observations that different cells had peak firing zones at different distances 

from the reward sites, and that roughly the same proportions of cells were 

selective for departure from the goal or box as for the approach, again tend to 

support the hypothesis that these cells did not encode reward-related or 

landmark-specific information, only position relative to a landmark or event. 
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The idea that hippocampal representations of spatial relationships are 

partitioned into quasi-independent reference frames has much in common 

with the view that animals represent locations as bearings and distances (i.e., 

vectors) from or to landmarks, or points of particular behavioral sigiiificance 

(Mittelstaedt and Mittelstaedt, 1982; Collett et al., 1986; McNaughton et al., 

1991, 1994; Wan et al., 1993; Worden, 1992), rather than by encoding explicit 

relationships among groups of landmarks. This idea appears to be compatible 

with the body of experimental literature on hippocampal cells, and, in 

particular, it might accoimt for the long-standing problem of why place cells 

are directional in some contexts and not in others (McNaughton et al., 1983; 

Muller et al., 1987, 1994; Markus et al., 1995). Interestingly, in the translated 

version of the task, the box-related cells were almost always directional, while 

goal- and landmark-related cells were only exceptionally directional. In 

principle both the landmark and the box represent "goals" and arriving or 

departing from one goal or another should not make a difference. The 

source of this difference may be in that the landmarks could be approached 

from multiple directions, while departure and arrival to the box was mostly 

parallel to the N-S axis of the arena. Therefore landmark-bound place cells 

resembled non-directional place fields recorded on open platforms (Muller et 

al., 1994; Markus et al., 1995) and box-bound place fields resembled directional 

place fields recording on linear tracks (e.g., McNaughton et al., 1983; Markus 

et al., 1994; 1983; Experiment 2). An explanation for this phenomenon was 

provided by the second experiment. 
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EXPERIMENT 2 

DYNAMICS OF MISMATCH CORRECHON IN THE HIPPOCAMPAL 
ENSEMBLE CODE FOR SPACE: INTERACHON BETWEEN PATH 

INTEGRATION AND ENVIRONMENTAL CUES 

Experiment 1 showed that in a landmark-based navigation task, place 

cell activity was coupled to moving landmarks. Specifically, when rats 

shuttled between a variably placed box and a variably placed pair of 

landmarks inside a large arena, some pyramidal cells fired in stable spatial 

relationships to the box, whereas others fired in stable relationships to the 

landmarks. These data led to the conclusion that behaviorally relevant 

objects establish distinct spatial reference frames in which location is encoded. 

Due to limited sampling in the large arena, however, object-related firing 

could be demonstrated only for those cells that fired in close proximity to the 

reference objects. Because the rats' trajectories between the box and the 

landmarks were highly variable, it was not possible to establish the extent to 

which the box or the landmarks influenced cell activity along the journey. 

The main purpose of Experiment 2 was to elucidate how the origin and 

destination of a journey control place cell activity along the route. By 

systematically varying the distance between the origin and the destination of 

a journey, the influence of these cardinal points could be measured 

separately. 

Behavioral apparatus and training 

The behavioral apparatus was a 188x8 cm linear track placed across the 

corner of a large room and surrounded by the recording equipment and 
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laboratory furniture. The recording area was illuminated by a surgical lamp 

that projected a bright light spot on one of the walls of the room. A 27 cm 

high, 32x27 cm sliding cardboard box, mounted on the track, could be moved 

quickly and easily to any of five equally spaced locations along the track (Fig. 

6.1 A). These five locations are henceforth referred to as boxl, box2, box3, etc., 

with boxl being the location at one end of the track. A small food cup was 

mounted in the center of the carpeted floor of the box. A second food cup was 

affixed to the opposite end of the track. 

The task required the rats to run back and forth between the box and 

the fixed goal. While the rat was traveling from the box to the fixed goal, 

(outboimd journey), the box was manually moved to one of the five possible 

box locations along the track. After visiting the fixed goal, the rat returned to 

the box, which was by then in a new location (inbound journey). This way, 

the position of the box was usually different at the beginning and end of a 

trial, and each trial started where the previous trial had ended. Custom 

designed software controlled the randomization of box locations, ensuring 

that in a recording session (usually 75-100 trials), all five box locations were 

sampled equally. The first trial of each recording session, started at boxl (the 

farthest from the fixed goal). Event flags, inserted automatically in the data 

file, marked the time of each box exit and box entry, and also the time of 

reaching the fixed goal and departing from it. Event flags permitted the 

selection and analysis of all the outbound journeys that originated in any of 

the five box locations, or the inbound journeys that ended in any box location 

(see Fig. 6.1 B and C). 
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Figure 6.1. Behavioral apparatus and analysis methods for Experiment 2. 
A. Linear track (to scale), with the five box locations used as the start- and end-

point of each journey. The 188x8 cm track was placed across a comer of the laboratory 
and was surroimded by recording equipment and laboratory furniture. A 27 cm high, 
32x27 cm cardboard box was moimted on the track. On eaA trial the box was moved 
to one of five equally spaced locations. One food cup was mounted in the box, and 
another was fix^ at the opposite end of the track. During each trial, while the rat 
approached the fixed food cup, the box was moved to a new location to which the rat 
then returned. Box locations were randomly assigned, ensuring that all five locations 
were equally probable. 

B. the five types of outbound journeys, labeled boxl-out, box2-out, etc 
C. The five ^es of inboxmd journeys. 
D. The behavioral correlate of each cell was quantified by a slope of a line fitted 

to the firing profiles on the five different types of trials (the "displacement slope"). 
Firing profiles of an idealized cell with a displacement slope of 1.0 on the outboimd 
journeys. This cell fires at the same distance from the box, irrespective of the position of 
the box on the track. The slanted dashed line represents the regression line used to 
calculate the displacement slope. The vertical dashed line points to the location of the 
peak firing on the boxl-out tri^ (approximately 0.25 for this example) 

E. Firing profile of an idealized cell with a displacement slope of 0.0 on the 
inbotmd journeys. The firing field of this cell remains in the same location on the track 
for all trial types. The vertical dashed line gives a displacement slope of 0.0, and also 
indicates the location of peak firing on the boxl-in trials. 
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Training for this task started with 3-5 days of habituation to the 

apparatus. During this period, the rats were placed inside the box, which was 

always in position boxl, and allowed to explore. Chocolate sprinkles were 

strewn along the track. After a few minutes of exploring the box, the rats 

started to explore the track and eat the chocolate. Initially the rats made only 

short excursions from the box, but by the fifth day they ran the full length of 

the track without hesitation. 

The initial experiences of all the animals on the track were with the 

box located at position boxl. For six rats, recording started with the box fixed 

in this position, and the box was moved to new locations only after 2-3 

recording sessions. For two rats, recording started after they had already 

experienced the box moving from trial to trial. Because no differences were 

observed in any of the analyses that could be attributed to these training 

procedure differences, the data from all rats were pooled. 

To control for the possible effects of the occlusion of the distal visual 

cues by the walls of the box, an additional manipulation was performed in 

one rat. Halfway through the last recording session, the rat was briefly 

removed from the apparatus while the walls of the box were removed. The 

rat was then placed back onto the remaining floor of the box and the 

recording was continued according to the normal protocol. With only the 

floor of the box left in place, the rat had full access to the distal visual cues. 

Data analysis 

The spatial firing profile for each cell was calculated by averaging the 

firing rates over all trials (15-20), for each type of outbound and inboimd 
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journey (e.g. boxl-out, box2-out, boxl-in, box2-in, etc.) (see Fig. 6.1). To 

analj^e the relative influences of the box or of the fixed spatial cues on place 

cell firing, the firing profiles from the boxl-out trials were compared to all the 

other firing profiles (box2-out, box3-out, etc.). The offset of the firing rate 

profile relative to the corresponding profile for the boxl position was 

estimated by calculating the spatial cross-correlation between the two rate 

distributions and measuring the spatial shift at which this function was 

maximal. Only points containing non-zero occupancies in both profiles were 

entered into the cross-correlation. For each cell, the distance by which the 

profile shifted was plotted against the corresponding shift of the box relative 

to the position of boxl and a regression line was computed. The slope of the 

regression line was normalized so that, if the firing profile shifted by the same 

amount as the box, then the slope of the line, henceforth termed 

displacement slope, would be 1.0; if the profile did not shift with the box, the 

displacement slope would be 0.0. The slope could not be calculated if the cell 

did not fire for at least two different box locations. Fig. 6.1 D and E depict two 

idealized cells with slopes of 1.0 and 0.0. The location of the peak firing on 

the full track was quantified on a scale from 0 to 1, where 0.0 corresponded to 

the boxl end of the track and 1.0 corresponded to the opposite end, containing 

the fixed food cup. 

Vector correlations were used to compare the population firing 

patterns at different points on the track, across different types of trials. 

Population vectors were constructed for each rat separately. For a given rat, 

all p)a'amidal cells with robust firing during any type of trial were used. Data 

from all available recording sessions were combined for this analysis, but if 
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the same cell was recorded in multiple sessions^ only data from one of these 

sessions was used. The full length of the track was divided into 64 equal bins, 

and the mean firing rate of each cell was calculated for each spatial bin, for all 

10 types of journeys. From these firing rates, an N-element population vector 

was constructed for each spatial location-trial type combination, where N is 

the number of cells used from a rat. The correlation coefficient of each pair of 

population vectors was calculated, and used as a measure of the similarity of 

population firing patterns at different locations on different types of trials. 

To test whether cells whose spatial firing profiles overlapped on the 

shortened track were active simultaneously, we calciilated the temporal cross-

correlation between spike trains for a 1 s window with a 10 ms bin size and 

also for a 200 ms window with a 2 ms bin size. 

Results 

The behavioral apparatus for Experiment 1 was the linear track. All 8 

rats trained on this apparatus acquired the task in 6-7 fraining sessions. The 

rats were trained with the box always in position boxl. They appeared to be 

startled and explored vigorously when they first encoimtered the box in an 

unexpected location. In the next 2-3 trials, however, they habituated to the 

manipulation and showed no further hesitation in entering the box. 

The duration of a trial was approximately 25 s, including the time that 

the rat spent eating in the box and at the fixed food cup. Each rat adopted a 

stereotypical nmning and turning pattern inside the box and at the fixed food 

cup, and hence, at these points, only half of the possible head directions were 

sampled. In a recording session of 75-100 trials, each start-box and end-box 
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location was sampled 15-20 times. The session came to an end when, due to 

fatigue or satiety, the rats slowed down and the trial duration exceeded 45 s. 

From the 603 recorded cells that exhibited activity on the apparatus, 92 

were intemeurons (theta cells), and 511 were pjrramidal (complex-spike) cells. 

Of these, 140 pyramidal cells were eliminated from the main analysis for one 

of the following reasons: 1) the cell fired fewer than 100 spikes during the 

recording session (98 cells); 2) the cell fired on the whole length of the track in 

one direction but not in the other (7 cells); 3) the cell showed no consistent 

firing pattern (35 cells). Clear location-specific firing was seen in 371 cells. 

The great majority of cells showed clear directional preferences: 157 cells were 

outbound-selective, 168 were inbound-selective, and 46 fired in both 

directions. The distribution of place fields was uniform along the track, with 

no tendency to cluster at the reward sites. Because no recordings were made 

during sleep or quiet wakefulness, these numbers should not be taken as a 

measure of the probability that a given cell will be active in a given 

environment (Thompson and Best, 1989). 

Outbound-selective cells 

The outbound journey started when the rat finished eating the reward 

while facing the back wall of the box and turned to exit the box; the journey 

ended when the rat reached the fixed food cup at the opposite end of the track. 

Thus, some outboimd cells fired inside the box, and others on different 

portions of the track. The distribution of displacement slopes for the 

outbound-selective cells revealed that the extent to which the box or the fixed 

cues influenced their firing on the shortened versions of the track was a 
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Figiire 6.2. Relationship between spatial firing properties and box location, for 
outbound and inbound journeys. 

A. Firing profiles of four outbound-selective cells (1, 2,3, and 4), shown for all 
five types of outlraund journey (see Fig. IB). The horizontal lines represent the track 
and the small rectangles, the box. Cell 1 fired immediately after the rat exited the box 
and had a displacement slope of 0.95; cell 2 fired farther away from the box and had a 
displacement slope of 0.72; cell 3 fired approximately halfway between the box and the 
go^ and had a displacement slope of 0.57; cell 4 fired close to the goal and had a 
displacement slope of 0.10. The maximum firing rates for cells 1, 2, 3, and 4 were 11 
Hz, 30 Hz, 18 Hz, and 22 Hz respectively. Note that the firing field of cell 2 shrunk 
progressively as the box moved closer to the goal. Also, the firing rate of this cell was 
very low on box4-out trials and vanished on box5-out trials. Cell 3 showed decreased 
firing rates on box3-out trials and ceased firing on box4-out and box5-out trials. No 
such modulation of firing rate and firing field size were seen in cell 1 or cell 4. 

B. Plot of the displacement slope as a function of the position of the peak firing 
along the track for boxl-out trials (168 outbound-selective cells from 8 rats). The 
horizontal axis represents the location of the peak firing on the track for the boxl-out 
journeys, and is scaled so that the origin corresponds to boxl and 1.0 corresponds to 
the fixed food cup. The vertical axis shows the displacement slope (ratio of the firing-
field shift to the distance that the box was moved), representing the extent to which the 
box confrolled cell activity. A displacement slope of 1 indicates that the cell fired at a 
fixed distance from the box across the 5 types of outbound journeys, whereas a 
displacement slope of 0 indicates that the cell fired at a fixed distance from the fixed 
reward site. This plot shows that all cells that fired on the initial part of the jotuney 
were sfrongly bound to the box. As the rat moved farther along the frack, the 
displacement slope gradually declined. Near the end of the journey, the influence of the 
box was overridden by that of the fixed cues (displacement slope values near 0.0) 

C. Rring proves of 4 inbound-selective cells (5,6,7, and 8), shown for all five 
types of inbovmd journey (see Fig. 1 C). Cell 8 fired immediately after the rat departed 
from the fixed site, and had a displacement slope of 0.0; cell 7 fired further away and 
had a displacement slope of 0.0; cell 6 fired approximately halfway between the fixed 
food cup and the box and had a displacement slope of 0.35; cell 5 fired as the rat was 
entering the box and had a displacement slope of 1.06. The maximimi firing rates for 
cells 5, 6, 7, and 8 were 32 Hz, 27 Hz, 21 Hz, and 11 Hz respectively. Note that cells 6 
and 7 ceased firing when the box was placed inside their firing fields. 

D. Plot of the displacement slope as a function of the position of the peak firing 
along the track for boxl-in trials (157 inboimd-selective cells from 8 rats). More than 
half of the inbound frajectory was marked by firing fields at constant distances from the 
fixed reward site (displacement slopes close to 0.0). Cells with intermediate 
displacement slopes appeared only on the last part of the inbound jotuney, and covered 
a shorter span of the inbovmd journey than cells with intermediate slopes did on the 
outboimd journey. Box-related cells started to fire at a short distance before reaching 
the box and continued firing inside the box. 
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function of the location of the place field on the full track (Fig 6.2 A, B). All 

cells active during the initial part of the outbound journey fired at fixed 

distances from the box, irrespective of box location, and hence had 

displacement slopes of 1 or close to 1. (Recall that a slope of 1 indicated that 

the firing field shifted together with the box, while a slope of 0 indicated that 

the firing field was fixed relative to the track and the static backgroimd cues.) 

No cells with stable fields relative to the fixed cues were active in the vicinity 

of the box, even though after exiting the box, the external cues would 

presumably have been sufficient for the rat to determine its location on the 

track. Cells that fired farther from the box had intermediate displacement 

slopes. Cells showed stable firing fields with respect to the fixed cues 

(displacement slopes near 0) only when the rat reached the vicinity of the 

fixed reward site. The majority of the outbound-selective cells were 

influenced by the box; however, with increasing distance from the box, the 

displacement slopes gradually decreased, indicating that the influence of the 

box diminished while that of the fixed cues gained strength. 

With few exceptions, the outboimd-selective cells that were active close 

to the box fired with comparable rates and for comparable spans of the rat's 

trajectory for all box locations. In contrast, the majority of cells with 

intermediate displacement slopes showed progressively decreasing firing-

field size, and decreasing mean firing rates, from boxl-out to box5-out runs. 

(A few exceptional cells (13) increased their mean rates as the place field was 

compressed.) Usually, on the shortest journey (box5-out), only the cells with 

fields on the full track near the box or the fixed food cup remained active 
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(cells 1 and 4, Fig. 6.2 A), whereas cells with intervening fields were silent 

(cells 2 and 3, Fig. 6.2 A). 

Inbound-selective cells 

The inbound journey started when the rat finished eating the reward at 

the fixed food cup and turned to proceed toward the box; the journey ended 

when the rat reached the food cup inside the box. A large fraction of 

inbound-selective cells had stable firing fields with respect to the fixed cues, 

and hence had displacement slopes of 0 or close to 0. Cells with displacement 

slopes approaching a value of 1, were seen only in the vicinity of the box. On 

the inbound journey, such cells started to fire only 5-10 cm before the rat 

reached the threshold of the box and continued to fire inside the box imtil the 

rat arrived at the food cup. Compared to the outbound journeys, a smaller 

fraction of cells had intermediate displacement slopes, and the transition 

from slope 0 to slope 1 was more abrupt (Fig. 6.2 B, D). 

Those cells that fired in the vicinity of the fixed food cup, on either 

outboimd or inbound journey, had the same field size and firing rates for all 

types of journeys. Cells active in the middle part of the journey ceased firing 

when the box was placed over their firing field (Fig. 6.2 C). To exclude the 

possibility that the lack of visual access to the fixed cues accounts for the 

cessation of firing, in the last recording session for one rat, the walls of the box 

were removed, so that the rat was shuttling between the floor of the box and 

the fixed food cup. The floor of the box alone, placed in the firing field of an 

inbound-selective cell was sufficient to inhibit its firing (data not shown). 
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Figure 6.3. Examples of bi-directional cells. 
For each ceU (1,2,3 and 4), the upper five plots represent the outbound journeys 

and the lower five plots the inbound jotimeys. CeU 1, on the outbound journeys, fired 
shortly after the rat left the box; on the inbound journeys (below) this cell fired at a fixed 
location on the track, irrespective of box location. Cell 2, on the outbound journeys, 
fired at a constant distance from the box, and showed two peaks of firing on the boxl-
out and box2-out journeys; on the inbound journeys, the firing field of this cell was 
stable with respect to the track. Cell 3, on the outbound journeys, fired nearer to the 
fixed site than to the box and hence had a small but positive displacement slope. On 
the inboimd joiimeys this ceU had a place field at almost exactly the same location, but 
the displacement slope was 0.0. Cell 4, on the outboimd journeys, showed a shrinking 
of the firing field and a progressive decline in firing rate; on the inbound journeys, the 
firing field was fixed with respect to the track. This figure Ulustrates that bi-directional 
cells share properties with the outboimd-selective cells on the outbound journeys, and 
with the inbound-selective cells on the inbound journeys. As in Fig. 4, on both journeys 
the firing propjerties of the cells are determined primarily by the landmark of origin of the 
journey. 
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Seven, cells fired on the whole length of the inbound or the outbound 

journey but did not fire at all in the opposite direction. These cells did not 

show any particular characteristics that would differentiate them from 

ordinary complex-spike neurons. 

Bi-directional cells 

Forty-six cells (12%) were bi-directional. Bi-directional cells fired on 

both the outbound and inbound journeys, but there was no apparent 

systematic relationship between the inbound and the outbound firing 

locations. T)rpically, bidirectional cells behaved like outboimd-selective cells 

on the outboimd journey, and like inbound-selective cells on the inbound 

journey (Fig. 6.3 ). 

Interactions between cells with neighboring place fields 

Some simultaneously recorded cells had partially or completely 

overlapping firing fields on the full track. The pattern of spatial overlap 

between cells with neighboring fields was altered when the journeys were 

shortened. Small distortions of the journey (e.g., box2-out) led to a 

proportional compression of the representation, indicated by reduced field 

size, converging field centers and (on average) increased relative overlap 

between adjacent fields (Fig. 6.4 A). Large distortions led to the cessation of 

discharge in those cells that were active in the middle of the journey, so that 

widely separated fields on the full track became adjacent or partially 

overlapping on the shortened track. (The mid-track cell depicted in light gray 

in Fig. 6.4 B was exceptional because it fired on aU five types of outbound 
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Figure 6.4. Temporal cross-correlations between cells with widely separated fields on 
the ftiU track and adjacent or partially overlapping fields on the shortened track. Each 
row corresponds to a parr of simultaneously recorded cells. In each row, the first plot 
shows the firing profiles of the two cells (dark gray and light gray), on all five types of 
journeys. The middle plot shows the temporal cross-corr^tion (1 sec window with 10 
msec, bin size) between the two spike trains. The plots on the right show the same 
cross-correlation, but for a window of 200 msec with a bin size of 2 msec. 

A. Two outbound-selective cells with adjacent but non-overlapping fields on the 
full track, and partially overlapping fields on box5-out trials. The cross-correlations 
show no temporal overlap although the fields appear to be spatially overlapping on the 
box5-out trials. Note that with increased distortion of the track, tiie sizes of the firing 
fields shrink, the centers of the fields converge, and the firing rates decline. 

B. Two outbound-selective cells wiA adjacent but non overlapping fields on the 
full track, and partially overlapping fields on box4-out trials. The cross<orrelations for 
boxl-out, box2-out, and box3-out trials show littie or no temporal overlap. The cross-
correlations for box4-out trials show some overlap, but less than would be predicted 
from the spatial overlap of the firing profiles. 

C. Two inbound-selective cells with widely separated fields on the full track and 
partially overlapping fields on the box3-in and box4-in trials. The cross-correlations 
show no temporal overlap on these trials, although the firing profiles appear to overlap. 
Note that the second cell ceased firing on the box5-in trials. 
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journeys and increased its firing rate on box4-out and box5-out trials.) Even 

in data sets with 25-30 simultaneously recorded cells with clear fields on the 

full track, it was unusual to find pairs of cells with widely separated fields on 

the full track and spatially overlapping fields on the shortened track. Fig. 6.4 

depicts three examples of these rare cases. The spatial overlap between place 

fields on the shortened track results partly from averaging data firom multiple 

trials of the same type, with variable spatial distribution of the first and last 

few spikes, and partly from a true temporal overlap between the two spike 

trains. The temporal cross-correlation between pairs of cells with spatially 

overlapping fields on the shortened track showed the same degree of overlap 

between spike trains, irrespective of shifts in the spatial locus of firing. 

Temporal cross-correlations showed little overlap between cells with widely 

separated fields on the full track and spatially overlapping fields on the 

shortened track. The small overlap that occurred was restricted to less than 

about 250 msec (1-2 theta cycles). 

Population properties 

The directional selectivity, together with the observation that bi

directional cells had unrelated discharge patterns on the outbound and 

inbound journeys indicates that a journey between two landmarks was 

represented by the same population of cells activated in the same order, 

irrespective of start location. The first and last cells of the sequence usually 

fired reliably, but the cells corresponding to the middle part of the journey 

showed dramatic changes when the track was shortened. This effect was 

more pronounced on the outbound journeys. Cells corresponding to the 
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middle part of the outbound journeys gradually decreased their firing rates, 

and often the size of their firing fields, as the journey was shortened (see Fig. 

6.2). Tj^ically, on the shortest (i.e., box5-out) journeys, these cells stopped 

firing as if the population activation skipped the cells in the middle of the 

sequence. We tested the similarity of the population activation on the full 

length journey and on the four types of shortened journeys by correlating 

point-by-point the population vectors computed for each spatial location (see 

Materials and Methods). As seen in Fig. 6.5, for most points on the shortened 

journeys, there was a unique region of high correlation on the full track (red 

ridge in the figure). The location of the high correlation areas shows that the 

population firing patterns in the vicinity of the box and of the fixed food cup 

were always similar, regardless of the box location. 

The point of maximal population vector correlation provides a 

function relating the representation of the shortened track to that of the full 

track (Fig. 6.6). This operation is equivalent to reconstructing the raf s virtual 

location on the full track from the activity recorded on the shortened tracks, 

according the method of Wilson and McNaughton (1993). For all 

configurations, the slope of this function was parallel to the slope of the 

identity mapping at the beginning and end of the journey, and steeper in the 

intervening regions; the shorter the journey, the greater the intervening 

slope. For the most compressed configurations, there was almost always a 

discontinuity, indicating an abrupt jump from one hippocampal 

representation to another, without passing through the intervening states. 

There were individual differences among rats as to whether and where these 

transitions occurred. For one exceptional rat, the transition appeared to 
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Figure 6.5 Population vector correlations between the pattern of firing on the full track 
and on the shortened track for two rats, A and B. 
For each rat, population vector correlations are shown for the outboimd journeys (top 
five plots) and inbound journeys (bottom five plots). For each correlation plot the 
vertical cixis corresponds to the full track, while the horizontal cixis corresponds to the 
length of the track covered by the rat in one of the five trial types (boxl, b«x2, etc.; see 
key at bottom left). Highly correlated firing patterns between one location on the full 
track and a second location on one of the shortened tracks are indicated in red. The 
first plot in each row is a spatial autocorrelation of the population vectors on the full 
track, which gives rise to a perfectly S3mcunetrical pattern, with values of 1.0 along the 
diagonal. The more similar the firing patterns on each shortened track to those on the 
full track, the more closely the correlation matrix for the shortened track resembles the 
autocorrelation. With few exceptions, the firing pattern at each location on each 
shortened track was very similar to the firing pattem of some location on the full track, 
as indicated by the red-colored ridge of high correlation, either continuous or broken into 
two pieces. The exceptions correspond to locations where the ridge is discontinuous. 
The regions of the ridge correspon<^g to the box and to the fixed food cup always had 
high correlations. This indicates that the population firing pattem in the vicinity of the 
box and of the fixed food cup were always similar to the corresponding patterns on the 
full track. Thus, the pattem of high correlation points gives a picture of the "mapping" 
from the shortened track to the full track (also shown in Kg. 8). 

A. Population vector correlations for rat A (78 ceUs). For both outboimd and 
inbound journeys, the pattem of activity on the full track was highly correlated with the 
pattem of activity on the box2-out and box2-in trials. The correlation matrix was 
similar to the autocorrelation, but exhibited a slight deviation fi-om the diagonal. This 
deviation indicates that, on box2 trials the poptdation activity pattem was govemed 
primarily by the origin of the joumey at early times and by the destination of the joiuney 
at later times. Beginning with the third plot, (box3-out and box3-in trials) the 
correlation matrix shows striking differences from the autocorrelation matrix. When the 
track was greatly shortened, e.g., on the box4-out trials (fourth plot to the right) the 
pattem of activity remained correlated at the beginning of the trial when the rat is in the 
vicinity of the box. Then there is an area of low correlation and a sudden jiunp to the 
final part of the joumey, where the activity patterns are highly correlated again, 
indicating that there is a discontinuous shift in the representation. 

B. Population vector correlations for rat B (35 cells). The same general featiu^es 
as for rat A are apparent, except for the correlation pattem for the shortened outbound 
journeys (top row). In contrast to the other seven rats, this rat showed continuous 
transition of the representation on all the outbound journeys. The population vector 
correlations on the inboimd joumey show discontinuity. This indicates individual 
differences between rats in the way the representation responds to shortening of the 
track. 
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Figxare 6.6. Mappings from each shortened track to the full track, derived from the 
correlation plots shown in Fig. 7 for rats A and B. Each black panel shows five 
superimpos^ plots, color cod^ according to the box location (see key at lower left). 
For each rat the left panel shows mappings for the outboimd joiimeys and the right 
panel for the inbound journeys. A schematic outline of the frack is drawn at the bottom 
of each panel, where 1 — 5 indicate the front edge of the box. As illustrated in the key 
(upper left) each curve shows, for every point on one of the shortened journeys, the 
point on the full journey where the hippocampal representation was most similar. In 
other words, the colored points correspond to the red ridges of the correlations plots in 
Fig. 7. In each plot, the white dots aligned along the diagoiuil represent the identity 
mapping, associating the boxl journeys with themselves. In all cases, the red dots, 
representing box2 journeys, form a continuous, slightly curved line indicating a gradual 
transition of the representation between origin and destinatioru Most of the other plots, 
corresponding to shorter journeys, show discontinuities at some point along the journey, 
indicating abrupt shifts in the hippocampal representation. Note that the length of the 
segments in wWch the colored plots are parallel to the identity line reflect the distance 
over, which the representation was dominated by the box. For some outward journeys, 
this was almost 1 m, even though the box was behind the rat, outside of its field of view. 
In contrast, for inboimd journeys, the representation did not become dominated by the 
box until the rat was within about 20 cm. 



1 4 0  

box3 

box4 

boxS 

B 
• Corresponding 
position on 
fuli-iengtli 
journey 

Position on 
shortened 
journey 

1—1—1—1—1 : 1 2 3 4 5 '—1—1—1—1 i 1 2 3 4 5 I o
 

-I 1 1 1 1-1 2 3 4 5 -I 1—1 ^ 1 2 3 4 5 



141 

remain continuous for all outbound journeys; however, it was discontinuous 

on the inbound journeys (Fig. 6.5 B). For all rats, on the inbound journeys, 

the transition occurred a short distance before the rat crossed the threshold of 

the box. For the outbound journeys, however, the transition usually occurred 

midway between the box and the fixed reward site. Thus, the hippocampal 

representation remained aligned with the box for almost half of the outbound 

journey. This is an important observation, because the box was at this time 

behind the rat and thus outside its field of view. 

Cells recorded on the same tetrode did not usually have adjacent firing 

fields. It was common, though, to find cells with very similar firing correlates 

recorded in the same session from different tetrodes. When one cell, with a 

well characterized behavioral correlate, did not fire on one trial, or fired in an 

unexpected location, simultaneously recorded cells with similar correlates 

showed the same behavior. This indicates a strong fimctional coupling 

among cells with similar place fields. 

Discussion 

Experiment 2 examined the place fields of hippocampal pyramidal cells 

in rats that had been trained to shuttle on a narrow track between a box at one 

end and a fixed reward site at the opposite end. During recording, the box was 

shifted ft-om trial to trial to different locations on the track, thereby creating a 

mismatch between the learned relationship of the box to other cues in the 

environment, and the relationship that was actually experienced. We fotmd 

that along a journey, the same cells were active, in the same order, regardless 

of the location of the box. Despite the constancy of the order, the specific 
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locations of the firing fields shifted in a systematic and predictable way as a 

function of box location. Cells on the initial part of the journey fired at fixed 

distances from the box, while cells on the final part of the journey fired at 

fixed distances from the fixed food cup. These facts permitted the use of a 

population vector analysis to construct a "mapping" from each shortened 

frack to the full-length frack. 

The principal finding of the present study was that when a mismatch 

existed between the internal spatial representation and real-world 

coordinates, defined by external cues, this mismatch led to a dynamic 

correction process. For small mismatches, the internal representation, after 

an initial delay, was franslated smoothly through intervening states, faster 

than the animal's actual speed, tmtil the internal representation "caught up" 

with the real-world coordinate. For large mismatches, however, one internal 

representation collapsed and the other representation emerged in its place 

and the intervening coordinates were skipped. For intermediate mismatches, 

a combination of these effects was observed. This description, is derived from 

the variation of the displacement slope as a function of the location of a firing 

field on the full track (Fig. 6.2), from the compression of place fields and 

reduction in firing rate for cells with intermediate displacement slopes during 

intermediate compressions (i.e., box2 and box3), and from the disappearance 

of some mid-frack fields in the highly compressed configiurations (i.e., box4 

and box5). 

An important conclusion can be drawn from the delay in the 

correction of the internal representation on outbound journeys. This delay 

implies that, during the first 50 cm of the journey, the rats updated their 
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internal representations primarily with respect to their distance from the box, 

even though the only external landmark which might serve to anchor the 

representations was the box itself, which was behind the rat, outside of its 

field of view. This indicates that, during this time, the position 

representation was updated on the basis of idiothetic information (i.e., path 

integration), in spite of the mismatch with the external visual cues. This 

conclusion is reinforced by the observation, that on inboimd journeys, even 

though the rat was facing the box, the correction of the mismatch did not 

begin until the rat was within 10-15 cm of the box. The ability of rodents to 

update their position representation on the basis of self-motion cues has been 

demonstrated directly by behavioral experiments (e.g., O'Keefe, 1976; 

Mittelstaedt and Mittelstaedt, 1982; Cheng, 1986; Etienne et al., 1986; Sharp et 

al., 1990; Etienne et al., 1992; Seguinot et al., 1993; Knierim et al., 1995; Alyan et 

al., 1996). Several theoretical models have attempted to account for this 

phenomenon (e.g., Worden, 1992; Wan et al., 1994; Maurer and Seguinot, 

1995; McNaughton et al., 1996; Touretzky and Redish., 1996). 

There is no direct evidence, however, that the hippocampus is critical 

for path integration. Such evidence could come from behavioral data from 

hippocampal-lesioned and control rats trained to expect reward on the basis of 

distance traveled from a variably placed start point. One possibility would be 

to make start point and the external cues non-predictive for the location of 

reward, and deliver the reward only if the animal traveled without stopping a 

certain distance and displayed a behavior signaling his expectation for reward. 

Place cells firing consistent with the distance and angle of the animal from 
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each start location would bring direct evidence for the role of path integration 

in place cell firing. 

But even without direct evidence, the delay in correcting the position 

representation in cases of mismatch suggests that the path integration 

mechanism normally dominates the update process. This is consistent with 

previous observations on the behavior of place and head direction cells in a 

cylindrical apparatus following cue rotation (Knierim et al., 1995). In that 

study, mismatches between the internal angiilar representation and the actual 

directional cues were often corrected only after a delay, and in some cases not 

at all. When corrections occurred, they were usually continuous, as was the 

case for the linear coordinate during small distortions in the present study. 

The plots in Figs. 6.2 B and 6.2 D are reminiscent of a hysteresis loop, 

suggesting that the place cell activity pattern at any moment is determined 

primarily by the previous activity pattern and not by the incoming sensory 

information. This observation, together with the continuous corrections for 

small mismatches, provides compelling evidence that internal 

representations of position are stabilized by intrinsic synaptic interactions and 

are not merely driven by the current exteroceptive input (Tsodyks and 

Sejnowski, 1995; McNaughton et al., 1996). 

The emergence of location-specific firing in the dark and its persistence 

when lights are turned on (Quirk et al., 1990) suggest that the position 

representations themselves are either preconfigured within the connections 

of the network, or developed as a consequence of path integration. Thus, the 

metric for the location representation system appears not to derive from the 

perception of spatial relationships, such as the geometry of the environment. 
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visual angles and retinal image sizes of landmarks, but rather from self-

motion cues. 

The role of path integration in updating the hippocampal spatial 

representation offers an explanation for recent results of CKeefe and Burgess 

(1996) on stretching and doubling of place fields when the size and/or aspect 

ratio of a rectangular recording box were altered. In that study, the rats 

foraged randomly in a two dimensional space and hence would be expected to 

show non-directional place fields, in contrast to the directional firing usually 

seen on linear tracks (McNaughton et al., 1983; MuUer et al., 1994; Markus et 

al., 1995). O'Keefe and Burgess reported that when place fields split or 

elongated as a consequence of stretching the environment, the two half-fields 

were almost always directionally selective. In the light of the present results, 

it is interesting that the directionality of the firing in the two half fields was 

always oriented toward the center of the field, indicating that the wall behind 

the rat was the main predictor of where the cell would fire. This form of 

directional selectivity can be explained by the assimiption that the rats take 

position fixes when they are at or very near the walls, and then update their 

position representation primarily by path integration as the they move away 

from the walls. If this accoimt is correct, then the splitting of place fields in 

the O'Keefe and Burgess study results firom the same kind of hysteresis that 

caused the delay in mismatch correction in the present experiments. 

The results of this experiment are consistent with the idea that place 

fields are controlled by a competitive interaction between path integration 

and external sensory input, primarily vision. The neural substrate of this 

interaction is not yet imderstood, but the essential information is available to 
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the hippocampal formation. External visual information is conveyed to the 

hippocampal formation via the ventral (inferotemporal) visual processing 

stream (Ungerleider and Mishkin, 1982). Information about head direction is 

available in at least two parts of the hippocampal system, the postsubiculum 

and the anterior thalamus (Taube et al., 1990; Taube, 1995). Finally, 

information about self-motion is also available from dngulate and posterior 

parietal cortices (Chen and McNaughton, 1994) and possibly also from the 

medial septum (Ranck, 1973). 

. The present experiment showed that during a journey between two 

familiar landmarks, the shift of reference frame is smooth and continuous, 

but it becomes saltatory when a sensory cue associated with a particular 

location is encoimtered in an imexpected location. A distinct set of cells, that 

belong to different maps, represent location during approach or departure 

from a particular landmark. The shift between maps occurred at the two food 

cups that constituted the origin and destination of each journey. 
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EXPERIMENTS 

CONTEXT-DEPENDENT REPRESENTATION OD SPACE IN OBJECT-
CENTERED REFERENCE FRAMES. 

Experiment 2 showed that each place cell represents location relative to 

the previously visited location. This way, each cell is related to the origin of a 

journey by a sequence of cells that are activated in the same order irrespective 

of the position of the start location in the global reference frame of the 

environment. Because the origin of the journey is marked by landmark 

object, cells that fire upon the animal's departiure from that landmark appear 

to be bound to that landmark. The objective of Experiment 3 was to 

determine whether cells bound to an object would maintain their object-

related firing in a different environment. Object-related firing could, in 

principle, be accounted for by timing to sensory aspects of the object (Otto and 

Eichenbaum, 1992; Young et al., 1994; Korshunov et al., 1996), by 

representation of specific behaviors or reward-contingencies related to that 

object (Eichenbaum et al., 1987; Eichenbaum and Cohen, 1988; Wiener et al., 

1989; Fukuda et al., 1992; Breese et al., 1989), or by participation in a spatial 

map centered on the object (Gothard et al., 1996). This experiment was 

designed to distinguish among these alternatives, by recording hippocampal 

cells in different environments which shared a behaviorally relevant object, 

the box in which each trial started and ended. If the sensory features of the 

box, the reward contingency, or the behavior of walking in or out of the box 

are responsible for the box-related firing, the spatial context would make little 

or no difference, and the cells would maintain their box-related firing in both 

environments. Alternatively, if box-related cells are merely place cells, then 
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one might expect to see different spatial relationships between firing fields in 

different environments (Kubie and Ranck, 1983), regardless of the presence of 

a common object. 

Behavioral apparatus and training 

The subjects of Experiment 3 were four of the eight rats involved in 

Experiment 2. For this task, the box used in Experiment 2 was moved to a 

new recording room, where it became part of a different behavioral apparatus. 

This environment consisted of a 120x120 cm wooden elevated platform in the 

center of a 3.5 m diameter, curtained arena with numerous large visual cues 

at the periphery (Fig. 7.1). The room was illuminated by four symmetrical 

dim lights. The rats were brought to this room without disorientation. 

The rats were trained to run back and forth for a small food reward, 

between a box, which was previously used on the linear track, and a 

cylindrical landmark. An experimenter was permanently present in the 

recording room, who moved the box and the landmark to a new position on 

each trial. The box could be placed at any of three equally spaced locations 

along the east edge of the platform, with the opening facing west, north, or 

south (see Fig. 7.1). The cylindrical landmark could be placed at any of three 

equally spaced goal locations along the west edge of the platform. A trial 

consisted of an outbound journey, from the box to the cylindrical landmark, 

and an inbound journey, from the landmark back to the box. On each trial, 

reward was placed on the platform adjacent to the landmark and in the food 

cup in the box. During the outbound journey, the box was moved by the 

experimenter to a new location and usually rotated 90°. Thus, the position 
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Figure 7.1. Behavioral apparatus for Experiment 3. A 1.2 m x 1.2 m platform was 
placed in the center of a room 3.5 m diameter area surrounded by black curtains. Large 
white objects, serving as distal visual cues, were hung in front of the curtains (not 
shown). The same box used in Experiment 1 was also used in this task. A 5 cm 
diameter, 40 cm high landmark, which indicated the goal location (x), was also placed 
on the platform. 

A. Outboimd journey originating from the middle of the E edge of the platform, 
with the box opening facing W. bi this trial, the landmark was placed in the NW comer 
of the platform. The place of the revyrard is indicated by x. 

B. Inbound journey of the same trial. While the rat approached the landmark to 
eat the chocolate sprinkles placed near it, the box was moved to the NE comer of the 
platform and was rotated 90° to face S. The following trial (not shown) started from 
this box location. Computer software randomized box location, box orientation and 
landmark location. 

C. Seven possible box locations and orientations (1-7) and three possible 
landmark locations (8) were sampled with equal probability in each recording session. 
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and orientation of the box were always different at the beginning and at the 

end of a trial. While the rat was eating the reward inside the box, the 

landmark was placed at a new location, so that consecutive trials had different 

goal locations. Custom designed software controlled the randomization of 

box locations, box orientations and goal locations. The software automatically 

inserted event flags into the data file, which marked the times of arrival at, 

and departure from, the box or the goal and the position and orientation of 

the box for each exit and entry. To prevent interference between the 

representation of the two linear track and the platform task, such as 

remapping of the first environment after exposure to the second one (Barnes 

et al., 1996), training for the second task started when recording for 

Experiment 2 was completed. Rats were considered ready for recording when 

they completed each trial in less than 1 minute. 

Each recording consisted of three sessions, separated by 10-20 min 

breaks. The first session (30 min) was recorded on the linear track, the second 

one (30 min) on the platform, and the third one (10 min) on the linear track 

again. During the 20 min break between the sessions, the rat and the box were 

transported from one room to the other and the cells were monitored while 

that rat was quietly resting, to ascertain that no electrode drift had occurred in 

the previous session. 

Halfway through the last recording session, the task was rotated 90' 

such that the three box locations were switched from the east edge to the 

south edge and the landmark locations from the west edge to the north edge. 
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Figure 7.2. The three reference frames in which cell activity was assessed in both 
experiments. 

A. Three consecutive trials on the linear track. The open squares represent the 
location of the box at the start of a trial, while the gray squares represent the location of 
the box at the end of a trial. Note that the end-box position of the previous trial 
becomes the start-box position for the next trial. The black lines indicate the rat's 
trajectory, and the small back dots represent spikes fired by the cell. In this example, 
the cell foed each time the rat departed from the box. 

B. Each trial is shifted and aligned so that the white squares, representing the 
start-box locations, coincide. Note that if the trials were superimposed the spikes 
would form a single cluster. 

C. Each trial is shifted so that the end-box locations, represented by gray 
squares, coincide. This alignment generates multiple clusters of spikes when trials are 
superimposed. Thus, this idealized cell shows a single place field when the trials are 
aligned in the start-box frame, but multiple place fields in the end-box and track frames. 

D. Three consecutive trials on the platform. The black, gray and stippled lines 
represent the trajectory of the rat. The start-box location is indicated by the box drawn 
with solid lines, while the end-box location is drawn with dashed lines. The large black 
circle shows the position of the landmark in each trial, and the small black dots 
represent cell discharge. This idealized cell is active when the rat enters the box. 

E. The same three trials aligned and superimposed in the start-box frame. In 
this alignment mtiltiple clusters of spikes appear. 

F. The three trials aligned and superimposed in the end-box frame. This 
aligrunent gives rise to a single duster of spikes. Thus, this cell shows a single place field 
when the trials are aligned in the end-box frame, but multiple place fielck in the start-
box and platform frames. 
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Data analysis 

Only those cells were included in the analysis that showed the same 

spike shape and relative spike height on each of the four tetrode channels for 

both environments. To establish the behavioral correlate of each cell, both on 

the linear track and on the platform, firing maps were computed for each cell. 

These maps, which showed the trajectory of the animal and the place where 

each spike occurred, were superimposed in the absolute spatial frame of the 

environment or aligned on the box, either at the beginning or at the end of 

each trial (Fig. 7.2). If a cell fired preferentially when the rat was inside the 

box, then a firing map for that cell in the absolute spatial frame would show 5 

clusters of spikes, corresponding to the 5 possible box locations on the linear 

track, and three clusters for the corresponding box locations on the platform. 

When the same trials are aligned on the start- or end-box frame, only one 

cluster of spikes would appear for both environments. 

Results 

The rats learned in 4-6 training sessions to exit the box, orient toward 

the landmark, and return to the box after consuming the reward; however, 

they occasionally encountered difficulty finding the entrance side of the box. 

(Recall that while the rat was traveling toward the landmark the box was 

moved to a new location and also rotated so that the enfrance was fadng a 

new direction.) As illustrated in Fig. 7.2 D (trial 2) they often walked along 

the walls of the box searching for the entrance. A total of 122 cells, with 

activity in one or both of the environments, were recorded from four rats. Of 

these, 73 were active both on the linear track and on the platform, 18 were 



153 

active only on the linear track and 31 cells were active only on the platform. 

If a cell fired as the rat was either entering or exiting the box, or when it was 

inside the box, the cell was classified as box-related. Only 8 of 27 cells that 

were box-related on the track were box-related on the platform too, indicating 

that neither the sensory features of the box, nor the behavior of entering or 

exiting it, were enough to account for the activity of the cells (Fig. 7.3). In 

addition to the 8 cells that were box-related in both environments, 5 cells fired 

in relation to the box on the platform but were silent on the track. Thus, 

despite the common physical element between the two environments (the 

box) and the common element between the tasks (shuttling between box and 

a goal), the firing correlate on the track did not predict the firing correlate on 

the platform or vice versa. 

As previously observed in Experiments 1 and 2, box-inward cells 

started to fire at very short distances from the box and usually stopped firing 

when the rat reached the food cup inside the box. In contrast, box-outward 

cells fired after the rat exited the box and stayed active for longer stretches of 

the rat's outbound trajectory (Fig. 7.4). Seven box-related cells were selective 

for a particular box orientation, i.e. they fired in stable relationship with the 

box in all three box locations, but only when the opening of the box was facing 

a specific direction (Fig. 7.4). These cells did not show a bias toward any 

particular box-orientation. This observation suggests that although these cells 

represent location with respect to the box, their firing pattern contains 

information about the relationship between the box and the external cues, or 

at least about the rat's internal sense of direction. A similar, directionally 

specific box-related cell was recorded in Experiment 1 and is shown in Fig. 5.7. 
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Figure 7.3. Examples of cells recorded both on the linear track (experiment 2) and on the 
sqiiare platform (experiment 3). 

Each plot is a spatial firing map in which the gray lines represent the 
superimposed trajectories of the rat and the black dots represent cell discharge. For the 
first three cells (A, B, and C) the top panels depict the firing map on the fiiear track 
obtained by superimposing all the trials, the panel below shows the same trials aligned 
and superimposed in the box fiame (see me^ods. Fig. 3) and the bottom panel shows 
the firing map for the same cell on the square platform. For cells D, E, and F, only two 
firing maps are shown. The fine vertical lines on the linear track correspond to the front 
of the five box locations. In the panels depicting the square platform, the box and goal 
locations correspond to three equidistant locations along the right and left ^ge 
respectively (see methods. Fig. 1) 

A. A cell that ffred inside the box on the track and in the vicinity of the 
landmarks on the platform. The top panel shows that the cell fired preferentially in five 
equally spaced locations corresponding to the five box locations on the track. When the 
trials were aligned and superimposed so that the box locations coincided (below), a 
single cluster of firing appeared, indicating that this cell fired specifically when the rat 
was inside the box. On the platform the cell fired exclusively when the rat was at the 
three landmark (goal) locations. 

B. A cell that fired inside the box both on the track and on the platform. The 
three clusters of spikes on the right edge of the platform indicate that the cell fired on the 
platform when the rat was inside the box. 

C. This cell fired on the track just as the rat was leaving the box and it showed 
strong activity near the landmark in all three landmark locations, on the platform. The 
trials in the middle panel are aligned on the start-box frame to show that the firing field 
span the threshold of the box, indicated by a thin vertical line. 

D. This ceU had a bi-directional place field on the track and strong fields inside 
the box on the platform. In the top pand, the lower streak of spikes corresponds to the 
outboxmd journeys and the upper streak to the inbound journeys. A bi-directional cell of 
this type is shown in Hg. 5, cell 1. 

E. This cell had an inboimd-selective place field on the track and a non-
directional place field on the platform. A second field is suggested by the small cluster 
of spikes near the upper left comer of the platform. 

F. This cell was silent on the linear track but fired reliably on the platform when 
the rat was turning from the food cup, ready to exit the box. 

In general, there was no consistent relationship of cells to the box across different 
environments. 
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Figure 7.4. Firing maps for three cells with box-related activity on the platform. Each 
cells is shown in the three plots, on the linear track Qeft upper plot), on the platform 
fleft lower plot) and on the platform with all the trials aligned on the box (plot on the 
right). 

A. The top panel shows that the ceUs fired on the linear track mostly at the 
fixed food cup and when the rat was departing fi-om the box Gess reliably). This cell 
had a consistent box-inward correlate on the platform Gielow) as shown by the three 
equally spaced clusters of spikes along the right edge. The panel on the right shows that 
when all the trials are aligned and superimposed on the box, a single cluster of spikes 
appears. In this alignment is visible that the cells started to fire as the rat crossed the 
t^eshold of the box and stopped firing when the rat reached the food cup. 

B. The top panel shows an inbound-selective cell with a large place field on the 
linear track. The panel below shows several bands of spikes in the central region of the 
platform indicating that this cell fired approximately midway between the box (always 
on the right edge) and the landmark (always on the left edge). The panel on the right 
shows the same trials superimposed and aligned so that the box locations at the 
beginning of each trial correspond. Ih this plot, the spikes are distributed in three major 
bands centered on the box, at 90* from each other, corresponding to the three directions 
in which the rat exited the box (see Fig. 7.1) 

C. The top panel shows the firing map of an outbound-selective cell on the 
linear track. The panel below, shows that this cells fired at two locations on the 
platform, corresponding to the northern boundary of the box. The panel on the right, 
with the trials aligned and superimposed so that the box locations at the start of each 
trials coincide, shows that this cell fired as the rat was exiting the box, but only when 
the rat took a left turn upon exiting the box. Indeed this was the case when the opening 
of the box was facing north. 



A. BOX-INWARD CELL 

B. BOX-OUTWARD CELL 

C. DIRECTIONALLY SELECTIVE BOX-OUTWARD CELL 
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Interestingly, not only box-entry and box-exit cells were orientation-spedfic, 

but also cells that fired while the rat was inside the box (Fig. 7.5). This is 

important because it argues for the possibility that the orientation-spedfidty 

was derived from a combination of signals that the hippocampus received as 

the rat was entering the box and had visual access to both local (box) cues and 

global (room) cues. Moreover, certain box-related cells showed a different 

pattern of firing for each box orientation, e.g., the cells depicted in the top row 

of Fig. 7.5. This cell fired just as the rat crossed the threshold of the box when 

the opening was facing W. When the opening was facing N, the same cell 

fired as the animal was turning away from the food cup and also on the 

initial portion of its outward trajectory . When the opening was facing S the 

cell ceased firing. Despite the randomization of landmark location, box 

location and box orientation at the beginning and at end of a trial (147 trial 

types), which prevented the rat from developing stereotjrpical behavior, a 

remarkable similarity of trajectory and firing pattern was observed on trials of 

the same type. This is illustrated in Fig. 7.6 page 2 (the trials that started from 

the box opening fadng north) which shows the trajectories and the firing 

pattern of an orientation-selective box-outward cell plotted separately for all 

seven possible start positions. 

Similar to Experiment 1, cells on the platform could be box-bound, 

landmark-bound, or fixed frame-bound. The presence of cells v/ith place 

fields bound to the fixed frame of the room (10 cells), suggest that the external 

cues surrovmding the platform had a strong influence on the representation 

although they were insufficient to orient the rat to the box or to the 
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Figure 7.5. Fotir examples of orientation-specific box-related cells. Each row of panels 
correspond to firing maps for a single cell. In each row, the first panel fi-om the left 
shows the firing map with all the trials overlaid. The right edge of the panel corresponds 
to the east edge of the platform where the box could be placed. The second, third and 
fourth panels show superimposed only those trials in which the opening of the box at 
the begiixning of the tri^ was fedng west, north and south respectively. 

The cell depicted in the top row fired on the threshold of the box when the 
opening was facing west, as the rat turned from the food cup, ready to exit the box, 
when the opening was facing north and stopped firing entirely when ttie opening of the 
box was fadng south. A second region of &ing is noticeable on the third panel (opening 
facing north), almost halfway across the platform which is not present in for any other 
box orientation. 

The cell shown in the second row fired only when the opening of the box was 
facing west 

The cell depicted in the third row did not fired (with the exception of a single 
trial) when the opening of the box was facing west but fired consistentiy on trials when 
the opening of the box was facing north or south. 

The cell in the bottom row, fired reliably only on trials when the opening was 
facing north. 

These cells appear to represent the conjunction of the rat's location relative to the 
box and the orientation of the box relative to a directional reference. 
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Figure 7.6. Analysis by trial type of the firing pattern exhibited by an orientation-
selective box-related cell. The 1^ panel in the top row shows the firing map of this cell 
(also shown in Fig. 7.5) and the left panel shows the plot of the directional preference of 
the ceU. In each of the following rows, the left pand is a schematic diagram indicating 
the position and orientation of the box at the beginning of the trials depicted in the panel 
to the right. These diagrams also show the three landmark locations marked 1,2 and 3. 
The three panels to the right from the diagram show the trajectory and the sp^es fired 
by the ceU on trials originating from the box location in^cat^ by the diagram to 
iMidmark locations, 1,2 and 3 Qeft, middle and right panel). Note that the cell did not 
fire when the box opening was fadng west (first page). When the opening of the box 
was facing north (first two rows, second page) the cell fired on each trial with 
remarkably similar rates and for comparable stretches of the outbound trajectory. 
When the opening of the box was facing south (bottom two rows, second page) the cell 
did not fire with the exception of two trials (second row from the bottom, page 2). At 
the end of these trials the box was midway along the edge of the platform with the 
opening facing south (as shown in the schematic diagram below) and the rat attempted 
to enter it on Sie wrong side. The trajectories show that the rat walked along the walls 
of the box until it fotmd the entrance. The spikes occurred during the tmsuccessful 
attempt to enter the box when the rat expected to encounter the opening facing north. 
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landmark. The external cues indicated the edge of the arena where the 

landmark or the box was to be found, but did not indicate where exactly along 

that edge the object would be. 

Of the ten cells that showed clear location-specific firing four cells were 

highly directional. The directional firing did not depend on whether the rat 

was coming or going toward the box or the landmark, it was determined 

simply by the direction the animal was facing in that location (Fig. 7.7). To 

test whether cells boimd to the fixed frame of the room are truly independent 

of box and landmark location and implicitly independent of whether the rat 

was on the outboxmd or inboimd journey, the task was rotated 90° during the 

last recording session. This was done by sudderUy switching the box to the 

south edge of the platform and the landmark to the north edge. This 

manipulation was followed by a short period of confusion (3-4 trials), during 

which the rat searched for the box and the landmark along the previously 

used edges. After the rat resumed running the task in the new orientation, 

place fields that appeared bound to the fixed frame of the room previous to 

the orientation shift, maintained their firing fields and their directional 

preference with respect to the fixed cues (Fig. 7.8). Cells that were bound to 

the box appeared to remain stable in the reference frame of the box and rotate 

their directional preference accordingly. These results confirm our earlier 

observation that when distal cues are present, a fraction of the cells are bound 

to the reference frame described by these cues, even though they do not 

control the animal's behavior and do not predict reward. 
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Figure 7.7. Two cells with directional place fields on the platform. The left and right 
panels are firing maps that show only those spikes that occurred when the rat was 
fadng north on the left panel and south on the right panel. The fine lines attached to the 
dots corresponding to spikes are also indicating the direction the rat was facing when 
the spike occurred. 

A. This cell was practically silent when the rat was facing south but fired 
robustly when the rat was walking dong the west edge of the platform facing north. A 
trial by trial analysis revealed ^at the spikes were not related to approaching or 
departing from the landmark. 

B. This cell fired robustly when the rat was walking along the west edge of the 
platform facing south and show^ less robust firing when the rat was fadng nortii. 

These two cells are comparable with any other directional place cells with place 
fields anchored to the global frame of the environment. Interestingly these two 
complementary cells were recorded simultaneously but from different tetr^es. 
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Discussion 

Experiment 3 was designed to determine whether cells that fire in or 

near the box represent visual-tactile qualities of the box or reward 

contingencies associated with it. If this was the case, box-related cells should, 

in principle, maintain their firing correlate in the presence of the box, even 

when the box is in a new spatial context The results indicated that most cells 

that fired in or near the box in one envirorunent failed to show box-related 

activity in the other environment. Thus, box-related cells are not simply "box 

detectors", rather, they behave like place cells that have uncorrelated firing 

patterns across environments (e.g., Kubie and Ranck, 1983; Quirk et al., 1992). 

In other words these cells were not truly box-related, in the sense that they did 

not represent the box itself. Rather, they represented location relative to the 

box. Presumably these cells would have fired in the same manner, regardless 

of the object that marked the origin of a journey. Thus, box-related cells are 

place cells which encode locations in space relative to an object, and not the 

objects and/or events which occur at these locations. 

The present study replicated, in essence. Experiment 1, which suggested 

that an environment in which animals shuttle between variably placed 

landmarks is represented in multiple maps. To accoimt for the directional 

selectivity of the box-related cells, it was hypothesized that each map was 

aligned to the landmark(s) of origin or the landmark(s) of destination of a 

journey. The position of the animal on either map was established by taking 

in accoimt both self-motion and external sensory cues. On the linear track, 

there were only two sets of cues, the variably place box, and the fixed food cup 

which was in register with the siirroimding fixed objects. In the open arena 
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Directional tuning Directional tuning 

Rgvre 7.8. Firing rate map and directional preference for 7 cells recorded simultaneously 
before and after a 90* rotation of the task. The first panel in each row represent a firing 
rate map for a cell computed for the first half of the recording session when the box and 
the landmark were moving along the east and west edge of the platform respectively. 
The second panel shows a polar plot indicating the directional preference (if any) of the 
cell in the first half of the recording session. The third and fourth panels shows the firing 
rate map and the polar plot for the same cell following the rotation of the task, when the 
box was located along the south edge and the landmark along the north edge. Note that 
the manipulation did not alter the firing field or the directional preference of the fist four 
cells (depicted on page 1) whose firing was not related to the box or the landmark. The 
cells that were box-related (top two rows page 2) shifted their firing fields and their 
directional preference following the manipulation. 
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and on the platform, both the box and goal-predicting landmarks shifted 

relative to the external cues, thus there were three sets of cues each 

establishing a reference frame. Cells bound to the reference frame of the fixed 

cues fired when the animal was in a certain location on the platform facing a 

certain direction, irrespective of where the box and the cylindrical landmarks 

were located. Given that on the platform the rats were free to make variable 

trajectories between the box and the movable landmarks, it was difficiilt to 

identify where the shift of reference frames occurred. 

The existence of directionally-selective box-outward cells indicates that 

trajectories originating from the same box but in different directions, are 

represented by a different set of cells. This implies either that different maps 

correspond to different journeys originating from the same location but in 

different directions, or, that visual cues associated with a particular position 

and direction are able to override the path integration-derived representation 

from the moment of departure from the box. The former explanation is 

highly unlikely, because on journeys with different box orientations, only 

box-outward cells are selective for box orientation, the rest of the place cells 

discharge similarly on all journeys irrespective of box orientation. The latter 

explanation further implies that the gradual shift of coordinate 

representation derived from self-motion cues to a representation derived 

from external landmarks, as seen on linear tracks, may be more complicated 

in two-dimensional tasks. It is possible that a two-dimensional disfribution 

of place fields in the reference frame of the origin corresponds to the sequence 

of cells with gradually decreasing slopes seen on the outbound journeys on 
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the linear track. Therefore, in two-dimensional environments box-related 

cells contain more information than just the distance of the rat from the box. 

Most likely this additional information is the rat's head orientation with 

respect to the static background. 

The existence of directional place fields in the reference frame of the 

static background cues in addition to the box-inward and box-out ward cells 

suggest the existence of multiple maps for the platform. A possible location 

for the shift of maps may be the goal location adjacent to the variably placed 

landmark, but it cannot be excluded that journeys originating from different 

box-location and/or orientations are represented by different maps. Because a 

90° rotation of the task led to an equal rotation of the directional preference of 

box-related cells, but left the directional preference of cells boimd to the fixed 

frame imchanged, it is possible that head direction cells shift directional 

preference when the representation shifts between maps. Simultaneous 

recording of place cells and head direction cells in s similar task could, in 

principle, shed light on the mechanisms of place cell map shifts. 
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A quarter century of research on hippocampal place cells has produced 

a large body of experimental findings and theoretical models. Nevertheless, 

fimdamental questions related to the information these cells represent and 

their role is in spatial navigation remained largely unanswered. The work 

presented in this dissertation was aimed to further our understanding on the 

representation of space in the hippocampus and the neural mechanisms that 

may account for such representations. The common theme of the three 

experiments described here was to examine the hippocampal spatial 

representation in envirorunents that contained variably placed landmarks. 

Altering the position of behaviorally relevant landmarks helped reveal the 

rules that govern the dynamics of spatial representations. 

The point of departure for this work was the cognitive map hypothesis 

(O'Keefe and Nadel, 1978), which proposes that the rodent hippocampus 

fimctions as a cognitive map. Each location in this map is represented by a set 

of place cells that fire when the rat is in a particular location and are silent in 

other locations, irrespective of what the animal does or experiences at that 

location. The imderlying assumption is that the map is imitary and has fixed 

landmarks incorporated into it. Animals can leam, however, to find a 

reward location predicted by landmarks that change their position with 

respect to others (CoUett et al., 1986). If location can be defined with respect to 

both fixed and movable landmarks, then a single reference frame is not 

sufficient to encode location in an environment that contains both types of 

landmarks. 
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The first experiment (open arena) attested to the existence of multiple 

spatial reference frames encoded in the hippocampus. This claim was 

supported by the existence of cells with place fields at stable positions with 

respect to both fixed and variably placed landmarks. Place fields were boimd 

to one or another reference frame in a maimer that appeared dependent on 

the distance of the place field from a given reference object. Simultaneous 

recording of cells bound to different landmarks showed that only one 

reference frame was active at any given time. Upon departure from a 

landmark, all the active cells were bound to the reference frame of that 

landmark; however, by the time the rat reached the landmark of destination, 

the cells were all botmd to the reference frame of the destination. A spatial 

reference frame corresponds to a subset of objects or events in an 

environment that determines the current coordinate representation on a 

map. A map then, is a coordinate system to which representations of objects 

or events are bound, so that it establishes a representation of the spatial 

relationships among objects and events. In a familiar environment, the 

landmarks continuously update the coordinate representation on the map. 

This is a consequence of learned associations between coordinate 

representations and landmarks. It is possible that a novel environment is 

represented initially by an "empty map" which becomes populated by 

landmarks during repeated exposures to that environment (McNaughton et 

al., 1996). This empty map, or coordinate system, is a medimn in which the 

relative locations of arbifrary points are represented. When the landmarks 

shift, the map is most likely re-aligned with the landmark(s) of reference. 

Later, when a new reference frame is selected, the map is re-aligned again. 
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and this process continues until the destination is reached. If navigation can 

be explained in these terms, then some important questions arising from this 

proposal must be answered: when does a landmark become the active 

reference frame, and how does the switch between reference frames occur? 

To investigate these questions, in the second experiment (linear track), 

a mismatch was created between the location predicted by the fixed sensory 

cues and by movable landmarks. The influence of each reference frame was 

assessed by systematically shortening and lengthening the journeys between 

the fixed and the movable landmark. On the initial segment of a journey 

between two landmarks, place fields were bound to the reference frame of the 

origin, while on the final segments, they were bound to the reference frame 

of the destination. The journeys were represented by a cells that fired in the 

same order irrespective of the start location, which maintained strong 

neighborhood relationships with one another. Thus, each place cell signals 

the position of the animal with respect to the rat's immediately preceding 

location and, ultimately, with respect to the point of origin of the journey. 

This process corresponds to path integration, i.e., a stepwise updating of 

spatial coordinates based on self-motion cues. Path integration enables an 

organism to keep track of its location relative to a home-base and to return to 

it even in the absence of external orienting cues. Although previous 

experiments suggested a path integration mechanism for the appearance, 

maintenance and persistence of place fields in the dark (O'Keefe and Conway, 

1987; McNaughton et al., 1989; Quirk et aL, 1990; Markus et al., 1995) and for 

the stability of singular place fields in visually symmetrical environments 

(Sharp et al., 1990), in most cases mnemonic processes could also account for 
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these observations. In the case of the linear track experiment, however, 

mnemonic processes cannot be invoked. Although visual and other sensory 

cues were permanently available, place fields maintained a fixed relationship 

with respect to the point of departure, which was out of the rat's sight. 

If a location on an internal map is established on the basis of path 

integration, what then is the role of landmarks? All three experiments 

showed that familiar landmarks, and in general, fixed sensory cues, can 

correct and override spatial coordinates derived from path integration. On 

the initial part of a journey, cells always fired at fixed distances from the 

landmark of origin, thereby reflecting a process of path integration. By the 

time the destination was reached, all cells fired at fixed locations from the 

landmark of destination, suggesting that along the journey the path 

integration-derived coordinates were updated and corrected by external 

sensory cues This correction process was reflected at the level of the place cell 

population by a switch from the reference frame of the origin to that of the 

destination. The dynamics of this transition depended on the degree of 

distortion of the environment. For small mismatches between the initially 

learned, full-length journey and a moderately shortened journey, the 

population vector moved smoothly but in an accelerated fashion through the 

intervening coordinates, until the mismatch was corrected. For large 

mismatches, the population vector jumped abruptly to the new coordinate, 

skipping intervening ones. The variable degree of the influence of self-

motion and sensory cues can be explained by assuming that each place cell 

receives information from two main sources: intrinsic cormections signal 

coordinate values relative to the previously visited location, whereas 
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extrinsic cormections provide information about coordinates relative to 

landmarks. With repeated coincidental input from the same two sources, the 

cormections are set such that the visual landmarks alone can trigger cell 

activity. Because of amiulative error, path integration is efficient only for 

short-range navigation (Etienne et al, 1987). It is conceivable, therefore, that 

during navigation, sensory cues are used to compensate for error, or, in the 

presence of a conflict, to re-align the internal map on the landmark of 

reference. 

- Although these experiments were aimed at understanding the nature 

of spatial representation in the hippocampus and not to confirm or refute 

more general hypotheses about the role of the hippocampus in learning and 

memory, these results bring into question hippocampal theories that require 

representation of specific stimulus by the hippocampus (Rawlins, 1985; Gray, 

1982; Gluck, 1992; Cohen and Eichenbaum, 1993). In contrast to these theories, 

the present results suggest that the hippocampus does not contain specific 

representations about the sensory qualities of objects, but merely provides 

information on the spatial context in which these objects or events occur. 

The open platform experiment indicated that cells do not remain bound to 

the same landmark in a second environment, and suggested that the place 

cell map does not contain explicit landmark representations. Although this 

observation does not exclude explicit stimulus representation in all possible 

experimental situations, it strongly suggests that hippocampal cells represent 

location in space relative to a stimulus which happened to be associated with 

a particular coordinate in the map, and not the stimulus itself. 
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Recent evidence from lesion and physiological experiments show that 

the components of the medial temporal lobe memory system are functionally 

segregated (Meunier et al., 1996; Suzuki, 1996). In this system, the 

hippocampus appears to be allocated for spatial representations (Angeli et al, 

1995; Gaffan, 1994; Murray et al, 1995; Murray et al., 1996), while the 

entorhinal, perirhinal and parahippocampal cortices represent objects, events, 

and possibly the nonspatial relationships among them (Eichenbaum et al., 

1995; Leonard et al., 1995; Alvarez et al., 1995; Zola-Morgan et al., 1994; Squire, 

1993; Zola-Morgan and Squire, 1993). 

Taken together, all three experiments point toward the existence of 

multiple spatial reference frames in the rat hippocampus. The observation 

that only one reference frame was active at any time, suggests that during 

navigation the hippocampal spatial representation goes through transitions 

from one reference frame to another. These reference frame shifts show that 

the hippocampus functions in a manner similar to other cortical sfructures 

involved in spatial information processing, such as the posterior parietal 

cortex and the venfral premotor area. These structures perform coordinate 

transformations and represent objects and movements in multiple spatial 

reference frames. While these structures are concerned with visual, 

oculomotor, or limb-movement space, the hippocampus uses multiple 

reference frames to chart the waters of environmental space. 

Finally, because of the tremendous convergence of sensory and limbic 

input at the level of the hippocampus, it seems inadequate to search for any 

represented entity in hippocampal single cell activity. However, given the 

paradigm of behavioral neurophysiology, cell activity can always be attributed 



Ill 

to the presence of a set of stimuli or a set of motor corespondents, time-locked 

to the spike train. This approach proved to be valuable in exploring, for 

example, the visual pathways, but it may lead to false avenues in 

imderstanding the hippocampus. The data presented in this dissertation 

indicates that hippocampal representations cannot be accoimted for only in 

terms of external stimuli, and points toward an internal component that 

primarily determines place cell activity. The logical structure and dynamics 

of this internal component, or mental model, represents the next frontier to 

be conquered by behavioral neurosdence. This dissertation was one step 

along that journey. 



1 7 8  

REFERENCES 

Aggleton JP (1985) One trial object recognition by rats. Quarterly Journal of 
Experimental Psychology 37B: 279-294. 

Aggleton JP, Hunt PR, Rawlins JN (1986) The effects of hippocampal lesions 
upon spatial and non-spatial tests of working memory. Behavioral Brain 
Research 19: 133-146. 

Allen GV, Hopkins DA (1989) Mammillary body in the rat: topography and 
sjmapatology of projections from the subicidar complex, prefrontal cortex and 
midbrain tegmentum. Journal of Comparative Neurology 286: 311-336. 

Alyan SH (1996) Directing path integration at goal points. Ethology (in press). 

Amaral DG (1993) Emerging principles of intrinsic hippocampal organization. 
Current Opinion in Neurobiology 3: 225-229. 

Amaral DG, Dolorfo C, Alvarez-Royo P (1991) Organization of CAl 
projections to the subiculum: a PHA-L analysis in the rat. Hippocampus 1: 
415-436. 

Amaral DG, Ishizuka N, Claiborne B (1990) Neurons, numbers, and the 
hippocampal network. In: Understanding the Brain through the 
Hippocampus, edited by J. Storm-Mathisen, J. Zimmer and O. P. Ottersen. 
Amsterdam; Elsevier, 1990. 

Amaral DG, Witter MP (1995) Hippocampal formation. In: The rat nervous 
system. New York: Academic Press, 1995, p. 443-493. 

Amaral DG, Witter MP (1989) The three-dimerisional organization of the 
hippocampal formation: a review of anatomical data. Neuroscience 31: 571-
591. 

Angeli SJ, Murray EA, Mishkin M (1993) Hippocampectomized monkeys can 
remember one place but not two. Neviropsychologia 31: 1021-1031. 

Balint R (1909) Stellenlahmung des "Schauens", optische Ataxie, raiimliche 
Stonmg der Aufmerksamkeit. Monatschrift Psychiatr. Neurolog. 

Barlow JS (1964) Inertial navigation as a basis for animal navigation. Journal 
of Theoretical Biology 6: 76-117. 



1 7 9  

Barnes CA (1979) Memory deficits associated with senescent: a 
neurophysiological and behavioral study in the rat. Journal of Comparative 
and Physiological Psychology 93: 74-104. 

Barnes CA (1988) Spatial learning and memory processes: the search for their 
neurobiological me^anisms in the rat. Trends in Neurosdences 11: 163-169. 

Barnes CA, Nadel L, Honig KW (1980) Spatial memory deficit in senescent 
rats. Canadian Journal of Psychology 34: 29-39. 

Baylis GC, Moore BO (1994) Hippocampal lesions impair spatial response 
selection in the primate. Experimental Brain Research 98: 110-118. 

Bechara A, Tranel D, Damasio H, Adolphs R, Rockland C, Damasio AR (1995) 
Double dissociation of conditioning and declarative knowledge relative to the 
amygdala and hippocampus in humans. Science 269: 1115-118. 

Berger TW (1984) Neural representation of associative learning in the 
hippocampus. In: Neuropsychology of memory, edited by L. R. Squire and N. 
Butters. New York, London: The Guilford Press, 1984, p. 443 - 461. 

Berger TW, Rinaldi PC, Weisz DJ, Thompson RF (1983) Single-imit analysis 
of different hippocampal cell types during classical conditioning of the 
nictitating membrane response. Joiimal of Neurophysiology 50: 1197 - 1219. 

Best PJ, Thompson LT (1989) Persistence, reticence and opportunism of place-
field activity in hippocampal neurons. Psychobiology 17: 236-246. 

Biegler R, Morris RGM (1993) Landmark stability is a prerequisite for spatial 
but not discrimination learning. Nature 361: 631-633. 

Bingman VP, Mench JA (1990) Homing behavior of hippocampus and 
parahippocampus lesioned pigeons following short-distance releases. 
Behavioral Brain Research 40: 227-238. 

Bostock E, MuUer RU, Kubie JL (1991) Experience-dependent modifications of 
hippocampal place cell firing. Hippocampus 1:193-206. 

Bradley TH, Van Hoesen GW, Damasio AR, Barnes CL (1984) Alzheimer's 
disease: cell-specific pathology isolates the hippocampal formation. Science 
255:1168-1170. 



1 8 0  

Breese CR, Hampson RE, Deadwyler SA (1989) Hippocampal place cells: 
stereotypy and plasticity. The Journal of Neuroscience 9:1097-1111. 

Bunsey M, Eichenbaum H (1996) Conservation of hippocampal memory 
function in rats and htunans. Nature 379: 255-257. 

Burwell RD, Witter MP, Amaral DG (1995) Perirhinal and postrhinal cortices 
in the rat: a review of the neuroanatomical literatiore and comparison with 
findings from the monkey brain. Hippocampus 5: 390-408 

Buttner U, Buttner UW (1978) Parietal cortex (2v) neuronal activity in the 
alert monkey during natural vestibular and optokinetic stimulation. Brain 
Research 153: 392-397. 

Caminiti R, Johnson PB, Urbano A (1990) Making arm movements within 
different parts of space: Dynamic aspects in the primate motor cortex. Journal 
of Neuroscience 10: 2039-2058. 

Chen LL, Lin L-H, Barnes CA, McNaughton BL (1994) Head-direction cells in 
rat posterior cortex: n. Contributions of visual and idiothetic iivfonnation the 
directional firing. Experimental Brain Research 101: 24-34. 

Chen LL, Lin L-H, Green EJ, Barnes CA, McNaughton BL (1994) Head-
direction cells in the rat posterior cortex. L Anatomical distribution and 
behavioral modulation. Experimental Brain Research 101: 8-23. 

Cheng K (1986) A pvirely geometric model in the rat's spatial representation. 
Cognition 23: 149-178. 

Claiborne BJ, Amaral DG, Cowan WM (1986) A light and electron microscopic 
analysis of the mossy fibers of the rat dentate gyrus. Journal of Comparative 
Neurology 246: 571-591. 

Clark FI, Horeb KW, Bach SM, Larson GP (1979) Contribution of cutaneoxis 
and joint receptors to static knee position sense in man. Journal of 
Physiology 42: 877-888. 

Cohen NJ, Eichenbaum H (1993) Memory. Amnesia, and the Hippocampal 
System. London,: The MIT Press. 

CoUett TS, Cartwright, B.A., Smith, B.A. (1986) Landmark learning and visuo-
spatial memories in gerbils. Journal of Comparative Physiology 158: 835-851 . 



1 8 1  

Cooper BG, Mizumori SJY (1994) Sensory dependence of spatial cells recorded 
from superior coUiculus of freely-behaving rats. Society for Neuroscience 
Abstracts. 2:805. 

Corkin S (1984) Lasting consequences of bilateral medial temporal lobectomy: 
Clinical course and experimental findings. Seminars in Neurology 4: 249-259. 

Corkin S, Amaral DG, Johnson KA, Hyman BT (1994) H.M.'S MRI scan shows 
sparing of the posterior half of the hippocampus and the parahippocampal 
gjrrus. Society for Neuroscience Abstracts 20:1289. 

Deadwyler SA, Hampson RE (1995) Ensemble activity and behavior: What's 
the code? Science 270:1316-1318. 

Duhamel J, Colby CL, Goldberg ME (1992) The updating of the representation 
of visual space in parietal cortex by intended eye movements. Science 255: 90-
92. 

Duva CA. A re-examination of the role of the hippocampus in object-
recognition memory using neurotoxic lesions and ischemia in rats. Ph.D. 
Dissertation, University of British Columbia, 1996. 

Eichenbaum H, Stewart, C., Morris, RGM (1990) Hippocampal representation 
in place learning. Journal of Nevirosdence 10: 3531-3542 

Eichenbaum H, Kuperstein M, Pagan A, Nagode J (1987) Cue-sampling and 
goal-approach correlates of hippocampal imit activity in rats performing an 
odor-discrimination task. Joiimal of Neuroscience 7: 716-732. 

Eichenbaum H, Otto T, Cohen NJ (1994) Two functional components of the 
hippocampal memory system. Behavioral and Brain Sciences 17: 449-472. 

Etienne AS (1992) Navigation of a small mammal by dead reckoning and 
local cues. Current Directions in Psychological Science 1: 48-52. 

Etierme AS, Maurer, R., Saucy, F. and Teroni, E. (1986) Short-distance homing 
in the golden hamster after a passive outward journey. Arumal Behaviour 
34: 696-715. 

Etienne AS, Joris S, Maurer R, Teroni E (1990) Enhancing the impact of visual 
extra-maze cues in a spatial orientation task. Behavioural Brain Research 38: 
199-210. 



1 8 2  

Feigenbamn JD, Rolls ET (1991) AUocentric and egocentric spatial information 
processing in the hippocampal formation of the behaving primate. 
Psychobiology 19:21-40. 

Foster TC, Castro CA, McNaughton BL (1989) Spatial selectivity of 
hippocampal neiirons: Dependence on preparedness for movement. Science 
244:1580-1582. 

Freund T, Buzsaki G (1996) Intemeurons of the hippocampus. Hippocampus 
(in press). 

Fukuda M, Kobayashi T, Ono T, Tamura R (1992) Effects of learning place 
significance in rat hippocampal place cells. Society for Neuroscience 
Abstracts, 2:1426. 

Gaffan D (1989) A comparison of the effects of fornix transection and sulcus 
principalis ablation upon spatial learning in monkeys. Behavioral Brain 
Research 31:207-220 

Gaffan D (1977) Monkey's recognition memory for complex pictures and the 
effects of fornix transection. Quartemal Journal of Experimental Psychology. 
29:505-514. 

Gaffan D (1974) Recognition impaired and association intact in the memory of 
monkeys after transection of the fornix. Journal of Comparative Physiology 
86:1100-1109. 

Gaffan D (1994) Scene-specific memory for objects: a model of episodic 
memory impairment in monkeys with fornix transection. Journal of 
Cognitive Netiroscience 6: 305-320. 

Gaffan D, Saimders RC, Gaffan EA, Harrison S, Shields C, Owen MJ (1984) 
Effects of fornix transection upon associative memory in monkeys; role of the 
hippocampus in learned action. Quarterly Journal of Experimental 
Psychology 26:173-221. 

Gallagher M, Holland PC (1992) Preserved configural learning and spatial 
learning impairment in rats with hippocampal damage. Hippocampus 2: 81-
88. 

Gallistel CH (1989) The Organization of Learning. Cambridge MA: MIT Press . 



1 8 3  

Gerstmann J (1927) Fingeragnosie: Eine umschriebene Storung der 
Orientierung am eigenen Korper. Viemi Klinishe Wochenschrift 37: 1010-
1012. 

Gilbert CD, Wiesel TN (1985) Intrinsic connectivity and receptor field 
properties in visual cortex. Vision Research 25: 365-374. 

Gisquet-Verrier P, Delatour B (1993) Fvmctions of the prelimbic area of the 
prefrontal cortex: Behavioral analysis in ibotenic acid lesioned rats. Society 
for Neuroscience Abstracts 19: 364. 

Goodridge JP, Taube JS (1995) Preferential use of landmark navigational 
system by head direction cells. Behavioral Neuroscience 109: 49-61. 

Goodwin GM, McCloskey DI, Mathews PBC (1972) The contribution of mviscle 
afferents to kinesthesia shown by vibration induced illusions of movement 
and by the effects of paralyzing joint afferents. Brain 95: 705-748. 

Gothard KM, Skaggs WE, McNaughton BL (1995) Interactions between 
multiple spatial reference frames in the rat hippocampus. Society for 
Neuroscience Abstracts 21: 941. 

Gothard KM, Skaggs WE, Moore KM, McNaughton BL (1994) Behavioral 
correlates of rat hippocampal CAl pyramidal cells in a landmark-based 
navigation task. Society for Neuroscience Abstracts 20: 1207. 

Gothard KM, Skaggs WE, Moore KM, McNaughton BL (1996) Binding of 
hippocampal CAl neural activity to Multiple Reference Frames in a 
landmark-based navigation task. Journal of Neuroscience 16: 823-835. 

Gray JA (1982) The Neuropsychology of Anxiety: An Inquiry into the 
Functions of the Septo-Hippocampal System. New York London: Oxford 
University Press. 

Gray JA, McNaughton N (1983) Comparison between behavioral effects of 
septal and hippocampal lesions: A review. Neuroscience and Behavioral 
Reviews 7: 119-188. 

Gross CG, Graziano MSA (1995) Multiple Representations of Space in the 
Brain. The Neuroscientist 1: 43-50 . 



1 8 4  

Gnisser OJ, Pause M, Schreiter U (1990) Vestibular Neurones in the parieto-
insular cortex of monkeys (Macaca fascicularis): visual and neck receptor 
resporises. Journal of Physiology 430: 559-583. 

Hampson RE, Heyser CJ, Deadwyler SA (1993) Hippocampal cell firing 
correlates of delayed-match-to-sample performance in the rat. Behavioral 
Neuroscience 107: 715-739. 

Harley CW (1979) Arm choices in a sunburst maze: effects of 
hippocampectomy in the rat Physiology and Behavior 23: 283-290. 

Hill AJ (1978) First occurrence of hipocampal spatial firing in a new 
environment. Experimental Neurology 62: 282-297. 

Hiir AJ, Best PJ (1981) Effects of deafness and blindness on the spatial 
correlates of hippocampal tmit activity in the rat. Experimental Neurology 
74: 207-217. 

Hirsh R (1974) The hippocampus and contextual retrieval of information 
from memory: a theory. Journal of Behavioral Biology 12: 421-444. 

Hirsh R (1980) The hippocampus, conditional operations and cognition. 
Physiological Psychology 8:175-182. 

Hodges JR, Carpenter K (1991) Anterograde amnesia with fornix damage 
following removal of a Dlrd ventricle colloid cyst. Journal of Neurology, 
Neiirosurgery and Psychiatry 54: 633-638. 

Isaacson RL, Douglas RJ (1961) The effect of radial hippocampal ablation on 
acquisition of avoidance response. Journal of Comparative and Physiological 
Psychology 54: 625-628. 

Ishizuka N, Weber J, Amaral DG (1990) Organization of intrahippocampal 
projections originating from CAS pyramidal cells in the rat. Journal of 
Comparative Neurology 295:580-623. 

Jarrard EL (1993) On the role of the hippocampus in learning and memory in 
the rat. Behavioral and Neural Biology 60: 9-26. 

Jung MW, McNaughton BL (1993) Spatial selectivity of unit activity in the 
hippocampal granular layer. Hippocampus 3: 165-182. 



1 8 5  

Kelly JP (1985) Anatomical basis of sensory perception and motor 
coordination. In: Principles of Neural Science, edited by E. R. Kandel and J. H. 
Schwartz. New York, Amsterdam, Oxford: Elsevier, p. 222-243. 

Kim J], Fanselow MS (1992) Modality-specific retrograde amnesia of fear. 
Science 256: 675-677. 

Knierim JJ, Kudrimoti HS, McNaughton BL (1995) Place cells, head direction 
cells, and learning of landmark stability. Journal of Neturosdence 15: 1648-
1659. 

Knierim JJ, McNaughton BL, Duffield C, Bliss J (1993) On the binding of 
hippocampal place fields to the inertial orientation system. Society for 
Neurosdence Abstracts 19: 795. 

Kohler C (1985) Intrinsic projections of the retrohippocampal region in the rat 
brain. I. The subicular complex. Jotunal of Comparative Neurology 236: 504-
522.. 

Kolb B, Buhrmann K, McDonald R, Sutherland RJ (1994) Dissociation of the 
medial prefrontal, posterior parietal, and posterior temporal cortex for spatial 
navigation and recognition memory in rat. Cerebral Cortex 4: 664-680 . 

Kolb B, Walkey J (1987) Behavioral and anatomical studies of the posterior 
parietal cortex in the rat. Behavioral Brain Research 23: 127-145. 

Korshunov VA, Wiener SI, Korshunova TA, Berthoz A (1996) Place- and 
behavior independent sensory triggered discharges in rat hippocampal CAl 
complex spike cells. Experimental Brain Research (in press). 

Krieg WJS (1946) Connections of the cerebral cortex. Joiimal of Comparative 
Neurology 84: 227-321. 

Kubie JL, Ranck JB Jr (1983) Sensory-behavioral correlates in individual 
hippocampal neurons in three situations: space and context. In: Neurobiology 
of the hippocampus., edited by W. Seifert. London: Academic Press, p. 433-447. 

Lavoie AM, Mizumori SJ (1994) Spatial, movement-and reward-sensitive 
discharge by medial ventral striatum neurons of rat. Brain Research 638: 157-
168. 

Leonard B (1990) The contribution of velocity, spatial experience, and 
proximal visual complexity to the location- and direction-specific discharge of 



1 8 6  

hippocampal complex-spike cells in the rat. Ph.D. dissertation. University of 
Colorado, Co. 

Leonard BW, McNaughton BL (1990) Spatial representation in the rat: 
conceptual, behavioral and neurophysiological perspectives. In: Neurobiology 
of Comparative Cognition, edited by D. S. Olton. and R. P. Kesner. Hillside, 
N.J.: Erlbaum. 

Li X-G, Somogyi P, Ylinen A, Buzsaki G (1994) The hippocampal CAS 
network: an in vivo intracellular labeling study. Journal of Comparative 
Neurology 339: 181-208. 

Liu R, Chang L, Wickem G (1984) The dorsal tegmental nucleus: an 
axoplasmic transport study. Brain Research 310: 123-132. 

Lopes da Silva FH, Witter MP, Boeijinga PH, Lohman AHM (1990) Anatomic 
orgariization and physiology of the limbic cortex. Physiological Reviews 70: 
453-511. 

MacLean PD (1954) The limbic system and its hippocampal formation. Studies 
in animals and their possible application to man. Journal of Neurosurgery 
11:29-44. 

MacLean PD (1990) The triune brain in evolution. Role in paleocerebral 
functions. New York and London: Plenum press. 

Mahut H (1972) A selective spatial deficit in monkeys after transection of the 
fornix. Neviropsychologia 10: 65-74. 

Markus EJ, Barnes CA, McNaughton BL, Gladden VL, Skaggs WE (1994) 
Spatial information content and reliability of hippocampal CAl neurons: 
effects of visual input. Hippocampus 4: 410-421. 

Markus EJ, Qin Y, Leonard B, Skaggs WE, McNaughton BL, Barnes CA (1995) 
Interactions between location and task affect on the spatial and directional 
firing of hippocampal neurons. Journal of Neuroscience 15: 7079-7094. 

Marr D (1971) Simple memory: a theory for archicortex. Philosophical 
Transactions of the Royal Society B 262: 23-81, 

Matthews BL, Ryu JH, Bockaneck C (1989) Vestibular contribution to spatial 
orientation. Acta Otolaryngologica. 468 (Suppl): 149-154. 



1 8 7  

Matthews PBC (1982) Where does Sherrington's "muscular sense" originate? 
Muscles, joints, corollary discharges. In: Annual Reviews in Neuroscience. 
1982, p. 189-218. 

Maurer R, Seguinot V (1995) What is modeling for? A critical review of 
models of path integration. Journal of Theoretical Biology 175: 457-475 . 

McCloskey DI (1981) Corollary discharges and motor commands. In: 
Handbook of Physiology - The nervous system IE Motor control, edited by V. 
B. Brooks. Bethesda, MD. 

McNaughton BL, Mizumori SJY, Barnes CA, Leonard BJ, Marquis M, Green EJ 
(1993) Cortical representation of motion during spatial navigation in the rat. 
Cerebral Cortex 4:27-39. 

McNaughton BL, Barnes CA, Gerrard JL, Gothard KM, Jimg MW, Knierim JJ/ 
Kudrimoti H, Qin Y, Skaggs WE, Suster M, Weaver KL (1996) Deciphering the 
hippocampal polyglot: the hippocampiis as a path integration system. Journal 
of Experimental Biology 199: 173-185. 

McNaughton BL, Barnes CA, Meltzer J, Sutherland RJ (1989) Hippocampal 
granule cells are necessary for spatial learning but not for spatially-selective 
pyramidal cell discharge. Experimental Brain Research 76: 485-496. 

McNaughton BL, Barnes CA, O'Keefe J (1983) The contributions of position, 
direction, and velocity to single uiut activity in the hippocampus of freely-
moving rats. Experimental Brain Research 53: 41-49. 

McNaughton BL, Chen LL, Markus EJ (1991) "Dead Reckoning", landmark 
learning and the serise of direction: A neurophysiological and computational 
hypothesis. Journal of Cognitive Neuroscience 3: 190-202. 

McNaughton BL, Gothard KM, Skaggs WE (1995) Context-dependent binding 
of hippocampal "place cells" to different feature-centered reference frames. 
Society Neuroscience Abstracts 21: 941. 

McNaughton BL, Knierim JJ, Wilson MA (1994) Vector encoding, and the 
vestibular foundations of spatial cognition: Neurophysiological and 
computational mechaiusms. In: The Cognitive Neurosciences. edited by M. 
Gazzaniga. Boston: MIT Press, 1994. 

McNaughton BL, Leonard BL, Chen L (1989) Cortical-hippocampal 
interactions and cognitive mapping: A hj^othesis based on reintegration of 



1 8 8  

the parietal and inferotemporal pathways for visual processing. 
Psychobiology 17:230-235. 

McNaughton BL, Mizumori SJY, Barnes CA, Leonard BJ, Marquis M, Green EJ 
(1994) Cortical representation of motion during imrestrained spatial 
navigation in the rat. Cerebral Cortex 4: 27-39 

McNaughton BL, Nadel L (1989) Hebb-Marr Networks and the 
Neurobiological Representation of Action in Space. In: Neuroscience and 
Connectionist Theory, edited by M. A. Gluck and D. E. Rimielhart. HiUside, 
NJ: Lawrence Erlbaum Associates, p. 1-63. 

McNaughton BL, O'Keefe J, Barnes CA (1983) The stereotrode: A new 
technique for simultaneous isolation of several single units in the central 
nervous system from multiple tmit records. Journal of Neuroscience 
Methods 8: 391-397. 

Mendoza JE, Thomas RK (1975) Effects of posterior parietal and frontal 
neocortical lesions in the squirrel monkey. Journal of Comparative 
Physiological Psychology 89:170-182. 

Meunier M, Hadfield W, Bachevalier J, Murray EA (1996) Effects of rhinal 
cortex lesions combined with hippocampectomy on visual recognition 
memory in rhesus monkeys. Journal of Neurophysiology 75: 1190-1205. 

Miller, Best (1980) Spatial correlates of hippocampal unit activity are altered 
by lesions of the fornix and the entorhinal cortex. Brain Research 194: 311-
323. 

Miller EK, Li L, Desimone R (1991) A neural mechanism for working and 
recognition memory in inferior temporal cortex. Science 254: 1377-1379. 

Miller S, Potegal M, Abraham L (1983) Vestibular involvement in passive 
transport and return task. Physiological Psychology 11: 1 -10. 

Milner B (1965) Visually-guided maze learning in man: Effects of bilateral 
hippocampal, bilateral frontal, and unilateral cerebral lesions. 
Neuropsychologia 3: 317-338. 

Mishkin M (1978) Memory in monkeys severely impaired by combined but 
not by separate removal of amygdala and hippocampus. Nature 273: 297-298. 



1 8 9  

Mishkin M, Malamut BJ, Bachevalier J (1984) Memories and Habits: Two 
Neural Systems. In: Neurobiology of Learning and Memory, edited by G. 
Lj^nch, J. L. McGaugh and N. M. Winberger. New York: Guilford Press, p. 65-
88. 

Mittelstaedt H, Mittelstaedt ML (1982) Homing by Path Integration. In: Avian 
navigation, edited by Papi F, Wallraff HG. Berlin: Springier Verlag, p. 290-297. 

Mizumori SJY, Cooper BG (1995) Spatial representation of dorsal caudate 
neurons of freely-behaving rats. Society for Nexiroscience Abstracts 21: 1929 . 

Mizumori SJY, Williams JD (1993) Directionally selective mnemonic 
properties of neurons in the lateral dorsal nucleus of the thalamus of rats. 
Journal of Nexiroscience 13:4015-4028. 

Mizumori SJY, Williams JD (1992) Interdependence of hippocampal and 
lateral dorsal thalamic representations of space. Society for Neuroscience 
Abstracts 18: 708. 

Mizumori SJY, Williams JD (1991) Mnemonic properties of visual-sensitive 
head direction cells in lateral dorsal thalamus. Society for Neuroscience 
Abstracts 17:482. 

Morris RGM (1981) Spatial localization does not require the presence of local 
cues. Learning and Motivation 12: 239-260. 

Morris RGM, Garrud P, Rawlins JNP, O'Keefe J (1982) Place navigation in rats 
with hippocampal lesions. Nature 297: 681-683. 

Moser EI, Moser MB, Andersen P (1993) Spatial learning impairment parallels 
the magnitude of dorsal hippocampal lesions, but is hardly present following 
ventral lesions. Journal of Neuroscience 13: 3916-3925. 

MuUer RU, Bostock E, Taube JS, Kubie JL (1994) On the directional firing 
properties of hippocampal place cells. Journal of Nexiroscience 14: 7235-7251. 

MuUer RU, Kubie JL (1987) The effects of changes in the environment on the 
spatial firing of hippocampal complex-spike cells. Journal of Neuroscience 77: 
1951-1968. 

MuUer RU, Kubie JL, Bostock EM, Taube JS, Quirk GJ (1991) Spatial firing 
correlates of neurons in the hippocampal formation of freely moving rats. In: 



1 9 0  

Brain and Space, edited by J. Paillard. New York: Oxford University Press, p. 
296-333. 

Muller RU, Kubie JL, Ranck JBJ (1987) Spatial firing patterns of hippocampal 
complex-spike cells in a fixed environment. Journal of Neuroscience 7: 1935-
1950. 

Murray EA (1991) Contributions of the amygdalar complex to behavior in 
macaque monkeys. Progress in Brain Research 87: 167-180. 

Murray EA, Davidson M, Gaffan D, Olton D, Suomi SJ (1989) Effects of fornix 
transection and cingulate cortical ablation on spatial memory in rhesus 
monkeys. Experimental Brain Research 74: 173-186. 

Mvifray EA, Gaffan D (1993) Effects of lesions of rhinal cortex, hippocampus, 
or parahippocampal gyrus in rhesus monkeys on object and spatial reversals. 
Society for Neuroscience Abstracts, 186.7. 

Murray EA, Gaffan D, Mishkin M (1993) Neural substrates of visual stimulus-
stimulus association in rhesus monkeys. Journal of Neuroscience 13: 4549-
4561. 

Nadel L (1991) Forum: Is the hippocampal formation preferentially involved 
in spatial behavior? Hippocampus 1: 221-29 . 

Nadel L (1992) Multiple Memory Systems: What and Why. Journal of 
Cognitive Neuroscience 4: 179-188. 

Nadel L (1995) The role of the hippocampus in declarative memory: a 
comment on Zola-Morgan, Squire, and Ramus. Hippocampus 5: 232-234. 

Nadel L, MacDonald L (1980) Hippocampus: cognitive map or working 
memory? Behavioral and Neural Biology 29: 405-409. 

Nadel L, Willner J (1985) Context and conditioning: a place for space. 
Physiological Psychology 8: 218-228. 

Nauta WJH, Pritz MB, Lasek RJ (1974) Afferents to the rat caudato-putamen 
studied with HRP. An evaluation of retrograde neuroanatomical research 
method. Brain Research 67: 219-238. 



1 9 1  

Nonneman AJ, Voigt J, Kolb B (1974) Comparisons of behavioral effects of 
hippocampal and prefrontal cortex lesions in the rat. Journal of Comparative 
Physiological Psychology 87: 249-260. 

O'Keefe J (1976) Place units in the hippocampus of the freely moving rat. 
Experimental Neurology 51: 87-109. 

O'Keefe J, Conway DH (1978) Hippocampal place units in the freely- moving 
rat: why they fire where they fire. Experimental Brain Research 31: 573-590. 

O'Keefe J, Dostrovsky J (1971) The hippocampus as a spatial map. Preliminary 
evidence from unit activity in the freely moving rat. Brain Research 34: 171-
175. 

O'Keefe J, Nadel L (1978) The Hippocampus as a Cognitive Map. Oxford, UK: 
Claredon University Press 

O'Keefe J (1991) An allocentric spatial model for the hippocampal cognitive 
map. Hippocampus 1: 230-235. 

O'Keefe J (1990) A computational theory of the hippocampal cognitive map. 
Progress in Brain Research 83: 301-312. 

O'Keefe J (1979) A review of the hippocampal place cells. Progress in 
Neurobiology 13: 419-439. 

O'Keefe J, Burgess N (1996) Geometric Determinants of the Place Fields of 
Piippocampal Neurones. Nature (in press). 

O'Keefe J, Conway DH (1980) On the trail of the hippocampal engram. 
Physiological Psychology 2: 229-238. 

O'Keefe J, Speakman A (1987) Single unit activity in the rat hippocampus 
during a spatial memory task. Experimental Brain Research 68: 1-27. 

Olton DS, Branch M, Best PJ (1978) Spatial correlates of hippocampal unit 
activity. Experimental Neurology 58: 387-409. 

Olton DS, Feustle WA (1981) Hippocampal function required for nonspatial 
working memory. Experimental Brain Research 41: 380-389. 

Olton DS, Papas BC (1979) Spatial memory and hippocampal function. 
Neuropsychologia 17: 669-682. 



1 9 2  

Olton DS, Samuelson RJ (1976) Remembrance of places passed: spatial 
memory in rats. Journal of Experimental Animal Behavior Proceedings 2: 97-
116. 

Ono T, Nakamura K, Nishijo H, Eifuku S (1993) Monkey hippocampal 
neurons related to spatial and nonspatial functions. Journal of 
Neurophysiology 70: 1516-1529. 

Otto T, Eichenbaum H (1992) Neuronal activity in the hippocampus during 
delayed non-matching to sample performance in rats: evidence for 
hippocampal processing in recognition memory. Hippocampiis 2: 323-334. 

Parkinson JK, Murray EA, Mishkin MA (1988) A selective mnemonic role for 
the hippocampus in monkeys: memory for the locations of objects. Journal of 
Neuroscience 8: 4159-4167. 

Patton PE, McNaughton BL (1995) Connection Matrix of the Hippocampal 
Formation: I. The Dentate G5nnis. Hippocampus 5: 245-286. 

Pigott S, Milner B (1993) Memory for different aspects of complex visual 
scenes after imilateral temporal - or frontal- lobe resection. Neuropsychologia 
31:1-15. 

Potegal M (1982) Vestibular and neostriatal contribution to spatial orientation. 
In: Spatial Abilities. Development and Physiological Foimdations. New York: 
Academic Press, p. 361-387. 

Poucet B, Buhot MC (1994) Effects of medial septal and unilateral 
hippocampal inactivations on the reference and working spatial memory in 
rats. Hippocampus 4: 315-321. 

Poucet B, C. T-B, Muller RU (1994) Place cells in the ventral hippocampus of 
rats. Neuroreport 5: 2045-2048. 

Poucet BJ (1993) Spatial cognitive maps in animals: new hypotheses on their 
neviral mechanisms. Psychological Review 100: 163-182. 

Qin Y, Markus EJ, McNaughton BL, Barnes CA, Gothard KM (1993) Place field 
directionality: Relation to visual, behavioral and spatial variables. Society for 
Neuroscience Abstracts 19: 794. 



1 9 3  

Quirk GJ, MuUer RU, Kubie JL (1990) The firing properties of hippocampal 
place cells in the dark depends on the rat's recent experience. Journal of 
Neuroscience 10: 2008-2017. 

Quirk GJ, Muller RU, Kubie JL, Ranck JB Jr (1992) The positional firing 
properties of medial entorhinal neurons: description and comparison with 
hippocampal place cells. Journal of Neuroscience 12:1945-1963. 

Ranck JB Jr. (1984) Head-direction cells in the deep layers of dorsal 
presubicvdum in freely moving rats. Society for Neuroscience Abstracts 10: 
599. 

Ranck JB Jr (1973) Studies on single neurons in dorsal hippocampal 
formation and septum in tmrestrained rats. Experimental Neturology 41: 461-
555". 

Rasmussen M, Barnes CA, McNaughton BL (1989) A systematic test of 
cognitive mapping, working-memory, and temporal discontinuity of 
hippocampal flection. Psychobiology 17: 335-348. 

Rawlins JNP (1985) Associations across time: The hippocampus as a 
temporary memory store. Behavioral and Brain Sciences 8: 479-496. 

Recce ML, Speakman A, O'Keefe J (1991) Place fields of single hippocampal 
cells are sm^er and more spatially localized than you thought. Society for 
Neuroscience Abstracts 17: 4M. 

Reece ML. The representation of space in the rat hippocampus as revealed 
using new computer-based methods. Ph.D. Dissertation University College, 
London., 1994. 

Recce ML, O'Keefe J (1989) The tetrode: An improved technique for multi-
vinit extracellular recording. Society for Neuroscience Abstracts 15: 1250. 

Rolls ET, Cahusac PMB, Feingenbaum JD, Miyashita Y (1993) Responses of 
single neurons in the hippocampus of the macaque related to recognition 
memory. Experimental Brain Research 93: 299-306. 

Rolls ET, Miyashita Y, Cahusac PMB, Kesner RP, Niki H, Feigenbaum J, Bach 
L (1989) Hippocampal neurons in monkey with activity related to the place in 
which a stimvdus is shown. Journal of Neiiroscience 9: 1835-1845. 



1 9 4  

Rolls ET, O'Mara S (1993) Neurophysiological and theoretical analysis of how 
the hippccampxis functions in memory. In: From Neuron to Behavior, edited 
by T. Ono, L. R. Sqiiire, M. E. Raichle, D. I. Perrett and M. Fukuda. New York; 
Oxford University Press, p. 276-300. 

Scoville WB, Milner B (1957) Loss of recent memory after bilateral 
hippocampal lesions. Jovumal of Neurology, Neurosurgery and Psychiatry 20; 
11-21. 

Seguinot V, Maurer R, Etienne AS (1993) Dead reckoning in a small 
mammal: the evaluation of distance. Journal of Comparative Physiology A-
Sensory Neural and Behavioral Physiology 173; 103-113. 

Sharp PE (1991) Computer simulation of hippocampal place cells. 
Psychobiology 19; 103-115. 

Sharp PE, Blair HT, Etkin D, Tzanetos DB (1995) Influences of vestibular and 
visual motion information on the spatial firing patterns of hippocampal 
place cells. Journal of Neuroscience 15; 173-189. 

Sharp PE, Green C (1993) Spatial correlates of firing patterns of single cells in 
the subiculum of the freely moving rat. Jovtmal of Neuroscience 14; 3093-
3105. 

Sharp PE, Green C (1994) Spatial correlates of firing patterns of single cells in 
the subicxilum of the freely moving rat. Journal of Neuroscience 14; 2339-
2356. 

Sharp PE, Kubie JL, Muller RU (1990) Firing properties of hippocampal 
neurons in a visually symmetrical environment: Contributions of multiple 
ser^sory cues and mnemonic processes. Joximal of Neuroscience 10:3093-3105. 

Sherry DF, Jacobs LF, Gaulin JC (1992) Spatial memory and adaptive 
specialization of the hippocampus. Trends in Neuroscience 15: 298-303. 

Sik A, Ylinen A, Penttonen M, Buzsaki G (1994) Inhibitory CAl-CA3-hilar 
region feedback in the hippocampus. Science 265; 1722-1724. 

Squire LR (1987) Memory and Brain: New York; Oxford University Press. 

Squire LR (1992) Memory and the hippocampus: a synthesis from findings 
with rats, monkeys, and humans. Psydiologic^ Review 99:195-231. 



1 9 5  

Squire LR, Zola-Morgan S (1991) The medial temporal lobe memory system. 
Science 253:1380-1386. 

Stackman RW, Taube JS (1995) Influence of vestibular system lesions upon 
anterior thalamic head-direction cell activity. Society for Neuroscience 
Abstracts 21:945. 

Sutherland RJ, Kolb B, Whishaw IQ (1982) Spatial mapping: definitive 
disruption by hippocampal or medial frontal cortical damage in the rat. 
Neuroscience Letters 31: 271-276. 

Sutherland RJ, Rudy JW (1989) Configural association theory: The role of the 
hippocampal formation in learning, memory, and amnesia. Psychobiology 
17:129-144. 

Sutherland RJ Linggard R. (1982) Being there: A novel demonstration of 
latent spatial learning in the rat. Behavioral and Neural Biology 36: 103-107. 

Sutherland RJ, Rudy JW (1991) Exceptions to the rule of space, fiippocampus 
1: 250-252. 

Suzuki W (1996) Neuroanatomy of the monkey entorhinal, perirhinal and 
parahippocampal cortices: Organization of cortical inputs and 
interconnections with amygdala and striatum. Seminars in the 
Neurosciences 8: 3-12. 

Suzuki WA, Zola-Morgan S, Squire LA, Amaral DG (1993) Lesions of the 
perirhinal and parahippocampal cortices in the monkey produce long-lasting 
memory impairments in the visual eind tactual modalities. Journal of 
Neuroscience 13: 2430-2451. 

Swanson LW, Cowan WM (1977) An autoradiographic study of the 
organization of the efferent connections of the hippocampal formation in the 
rat. Journal of Comparative Neurology 172: 49-84. 

Swanson LW, Kohler C (1986) Anatomical evidence for direct projections 
from the entorhinal area to the entire cortical mantle of the rat. Jovimal of 
Neuroscience 6: 3010-3032. 

Swanson LW, Kohler C, Bjorklimd A. (1987) The limbic region I: The 
hippocampal system. In: Handbook of chemical neuroanatomy. Vol. 5: 
Integrated systems of the CNS, Part I, edited by T. H. A. Bjorklimd, and L.W. 
Swanson. Amsterdam: Elsevier Science, p. 125-277. 



1 9 6  

Taube J, MuUer RU, Ranck JB Jr (1990a) Head direction cells recorded from the 
postsubicultun in freely moving rats. I. Description and quantitative analysis. 
Journal of Neuroscience 10; 420-435. 

Taube JS, Muller, R.U. Ranck J.B Jr, (1990b) Head direction cells recorded from 
the postsubiculum in freely moving rats. II. Effects of environmental 
manipulations. Journal of Neuroscience 10: 436-447. 

Taube JS (1995) Head direction cells recorded in the anterior thalamic nuclei 
of freely moving rats. Journal of Netiroscience 15: 1953-1971. 

Taube JS, MuUer, R.U. & Ranck, JB Jr. (1987) A quantitative analysis of head-
direction cells in the postsubiculum. Society for Neuroscience Abstracts. 13: 
1332. 

Thinxis-Blanc C, Durup M, Poucet B (1992) The spatial parameters encoded by 
hamsters during exploration: a further study. Behavioural Processes 26: 43-57. 

Thomas GJ, and Gash, D.M. (1990) Movement-associated neural excitation as 
a factor in spatial representational memory in rats. Behavioral Neuroscience 
104:552-563. 

Thompson LT, Best PJ (1989) Place cells and silent cells in the hippocampus of 
freely-behaving rats. Journal of Neuroscience 9: 2382-2390. 

Thompson SM, Robertson RT (1987) Organization of subcortical pathways for 
sensory projections to the limbic cortex I. Subcortical projections to the 
medial limbic cortex in the rat. The Journal of Comparative Neurology 265: 
175-188. 

Tolman EC (1948) Cognitive maps in man and animals. Psychological 
Review 55: 189-208. 

Touretzky DS, Redish AD (1996) A theory of rodent navigation based on 
interacting representations of space, (in press). 

Touretzky DS, Redish AD, Wan HS (1993) Neural representation of space 
using sinusoidal arrays. Neioral Computations 5: 869-884. 

Tsodyks M, Sejnowski TJ (1995) Associative memory and hippocampal place 
celb. International Journal of Neural Systems 6: 81-86. 



1 9 7  

Tucker DM, Roeltgen DP, Tully R, Hartmann J, Boxell C (1988) Memory 
dysfunction following unilateral transection of the fornix; a hippocampal 
disconnection syndrome. Cortex 24: 465-472. 

Turner BH, Mishkin M, Knapp M (1980) Organization of the amygdalopetal 
projections from modality-specific cortical association areas in the moiikey. 
Journal of Comparative Neurology 191: 515-544. 

Ungerleider LG, Mishkin M (1982) Two cortical visual systems. In: Analysis of 
visual behavior, edited by D. J. Ingle, M. A. Godale and R. J. W. Masfield. 
Cambridge, Mass.: MIT Press. 

Ungerleider LG Brody, BA (1977) Extrapersonal spatial orientation: The role of 
posterior parietal, anterior frontal and inferotemporal cortex. Experimental 
Neurology 56: 256-280. 

Van Groen T, Wyss JM (1990) The connections of presubiculum and 
parasubiculxim in the rat. Brain Research 518: 227-243. 

Vanderwolf CH, Bland BH, Whishaw IQ (1973) Diencephalic hippocampal 
and  neocor t ica l  mechanisms  in  vo lun ta ry  movement .  In :  Ef fe ren t  
organization and the integration of behavior, edited by Maser JD. New York: 
Academic Press, p. 229-262. 

Vanderwolf CH, Kramis R, Gillespie LA, Bland BH (1975) Hippocampal 
rhythmical slow activity and neocortical low voltage fast activity: relations to 
behavior. In: The Hippocampus, edited by Isaacson RL and Pribram KH, New 
York: Plenum, p. 101-128. 

von Cramon DY, Schiiri U (1992) The septo-hippocampal pathways and their 
relevance to hvunan memory: a case report. Cortex 28: 411-422. 

Von Hoist E, Mittelstaedt H (1950) The reafference principle. Intersection 
between the central nervous system and the periphery. In: Selected papers of 
Erich von Hoist: The behavioral physiology of animals and man. London: 
Methuen, p. 139-173. 

Wan HS, Touretzky DS, Redish AD (1994) A rodent navigation model that 
combines  p lace  code ,  head  d i rec t ion  and  pa th  in tegra t ion .  Soc ie ty  for  
Nexiroscience Abstracts 20: 1205. 

Wan HS, Touretzky DS, Redish DA. Towards a Computational Theory of Rat 
Navigation (1994) In: Proceedings of the 1993 Connectionist Models Summer 



1 9 8  

School, edited by M. C. Mozer, P. Smolensky, D. S. Toxiretzky, J. L. Elman and 
A. S. Weigend. Hillsdale, N.J.: Erlbamn Associates, p. 11-19. 

Wanatabe T, Niki H (1985) Hippocampal unit activity and delayed response in 
the morikey. Brain Research 325: 241-254. 

Weisend MP, Sutherland RJ (1996) Hippocampal-dependent memory 
consolidation and the kinds of memories affected by amnesia after 
hippocampal damage. Cognitive Neurosdence Society Abstract. 

Whishaw IQ (1991) Latent learning in a swimming pool place task by rats: 
Evidence for the use of associative and not cognitive mapping processes. 
Quarterly Joximal of Experimental Psychology 43B: 83-103. 

Whishaw IQ, Mittleman G, Bunch ST, Dimnett SB (1987) Impairments in the 
acquisition, retention and selection of navigation strategies after medial 
caudate-putamen lesior^s in rats. Behavioral Brain Research 24: 125-138. 

Wiener SI, Berthoz A (1991) Simultaneous recordings of hippocampal and 
caudate nucleus units in rats performing in an open field radial arm maze. 
European Journal of Neviroscience 4: 154. 

Wiener SI, Garcia R, Berthoz A (1992) Spatial reference frames of 
hippocampal place cells in rats. Society for Neurosdence Abstracts 18: 706. 

Wiener SI, Korshunov VA, Garda R, Berthoz A (1995) Inertial, Substratal and 
Landmark Cue Control of Hippocampal CAl Place Cell Activity. European 
Journal of Neuroscience 7: 2206-2219. 

Wiener SI, Paul CA, Eichenbaum H (1989) Spatial and behavioral correlates of 
hippocampal neuronal activity. Journal of Neviroscience 9: 2737-2763. 

Wilson MA, McNaughton BL (1993) Dynamics of the hippocampal ensemble 
code for space. Sdence 261:1055-1058 . 

Wilson MA, McNaughton BL, Stengel K (1991) A high density miniature 
microdrive array for chronic stimulation and recording of patterned multiple 
single-unit activity in the rat hippocampus. Society for Neuroscience 
Abstracts 17:1395. 

Witter MP (1986) A survey of the anatomy of the hippocampal formation, 
with emphasis on the septotemporal organization of its intrinsic and extrinsic 



1 9 9  

connections. In: Excitatory Amino Acids and Epilepsy, edited by R. Schwartz 
and Y. Ben-Ari. New York: Plentim Press, p. 67-82. 

Witter MP, Amaral DG (1991) Entorhinal cortex of the monkey: V. Projectioris 
to the dentate g3nnis, hippocampus, and subicular complex. Journal of 
Comparative Neurology 307: 437-459. 

Witter MP, Groenewegen FM, Lopes da Silva FH, Lohman AHM (1989) 
Functional organization of the extrinsic and intrinsic circuitry of the 
parahippocampal region. Progress in Neurobiology 33: 161-153. 

Witter MP, Groenewegen HJ (1984) Laminar origin and septotemporal 
distribution of entorhinal and perirhinal projections to the hippocampus in 
the cat. The Journal of Comparative Neurology 224: 371-385. 

Worden R (1992) Navigation by fragment fitting: a theory of hippocampal 
function. Hippocampus 2: 165-187. 

Yoting BJ, Fox GD, Eichenbaum H (1994) Correlates of hippocampal complex-
spike activity in rats performing a nonspatial radial maze task. Journal of 
Neuroscience 14: 6553-6563. 

Zhang K (1996) Representation of spatial orientation by the intrinsic dynamics 
of the head direction cell ei\semble: A theory. Journal of Neuroscience 16: 
2112-2126. 

Zilles K (1985) The Cortex of the Rat, a Stereotaxic Atlas. Berlin: Springler-
Verlag. 

Zilles K, Zilles B, Schleicher A. (1980) A quantitative approach to 
cytoarchitectorucs. Anatomy and embryology 159: 335-360. 

Zola-Morgan S, Squire LR (1986) Memory impairment in monkeys following 
lesions of the hippocampus. Behavioral Neuroscience 100: 155-160. 

Zola-Morgan S, Squire LR (1993) Neuroanatomy of memory. Annual Review 
of Neuroscience 16: 547-563. 

Zola-Morgan S, Squire LR, Amaral DG (1986) Human amnesia and the 
medial temporal region: enduring memory impairment following a bilateral 
lesion limited to field CAl of the hippocampus. Journal of Neuroscience 6: 
2950-2967. 



2 0 0  

Zola-Morgan S, Squire LR, Amaral DG, Suzuki WA (1989) Lesions of the 
perirhinal and parahippocampal cortex that spare the amygdala and 
hippocampal formation produce severe memory impairment. Journal of 
Neurosdence 9: 4355-4370. 

Zola-Morgan S, Squire LR, Rempel NL, Clower RP, Amaral DG (1992) 
Enduring memory impairments in monkeys after ischemic damage to the 
hippocampus. Journal of Neurosdence 12:2582-2596. 

Zola-Morgan SM, Squire LR, Ramus SJ (1994) Severity of memory 
impairment in monkeys as a function of locus and extent of damage vydthin 
the medial temporal lobe memory system. Hippocampus 4: 483-495. 


